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exhibitors.
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The Conferences 
 
The first conference in the series was on Uranium Mill Tailings Management and was held in 
1978. It was organized by the Geotechnical Engineering Program of the Civil Engineering 
Department of Colorado State University, Fort Collins, Colorado. The organizing committee 
consisted of John Nelson, Thomas Shepherd, Steven Abt, Wayne Charlie, and John Welsh.  The 
series of conferences on uranium mill tailings continued through 1985. The nine volumes of 
proceedings were published totaling some 3,700 pages. By 1984, the Uranium Mill Tailings 
Remedial Action (UMTRA) Project was well underway. The development of new uranium mines 
had declined and interest in uranium tailings was no longer wide-spread.   Thus in 1984 and 1985, 
the conference title was expanded to Management of Uranium Mill Tailings, Low-level Waste 
and Hazardous Waste.  
 In 1986, the organizing committee, this time consisting of Steve Abt, John Nelson, 
Richard Wardwell, and Dirk van Zyl, changed the title and focus to Geotechnical and 
Geohydrological Aspects of Waste Management. They noted the following reasons for this 
change in the preface: “The first five annual symposia focused on the design, construction, and 
operation of uranium tailings impoundments. The sixth and seventh were of broader scope, and 
included low-level and hazardous waste management. This eighth symposium continues the 
process of technology transfer but focuses more precisely on the geotechnical and 
geohydrological aspects of waste management: the two engineering areas of prime importance in 
the design and operation of waste disposal facilities.” This symposium attracted about fifty-five 
papers with the proceedings being 558 pages.   This same focus was maintained for the 1987 
conference. 
 By 1988 the uranium market had declined, uranium mills had closed, and support for a 
symposium on uranium mill tailings, hazardous waste, or most any topic associated with mine 
waste had declined. Thus the conference was not held from 1988 until 1994.   In 1994, Colorado 
State University, the sponsor of the uranium mill tailings conferences, resuscitated the conference 
series as Tailings and Mine Waste, the title by which the series goes today.  The proceedings of 
1994 contain twenty-seven papers. The proceedings from 1995 contain a mere fourteen. By 2003, 
the paper count was up to sixty and the venue was Vail, Colorado. In 2004 the paper count and 
attendance reduced leading to a negative financial situation for the conference and reluctance on 
the part of the management of the Department of Civil Engineering at Colorado State University 
to support the conference series, thus the conference was not held from 2005 until 2008.  
 In late 2007 an organizational committee was established in Colorado and through the 
support of a number of consulting engineering companies, Engineering Analytics, Golder, Knight 
Piésold, MWH Global, Robertson GeoConsultants, Inc., SRK Consulting, Inc. Tetra Tech, Inc. 
and URS Corporation, a stable financial basis was established for the conferences in Colorado. It 
was also decided to rotate the conference series between Colorado State University and two 
Canadian Universities. The following sequence was established:  even years, Colorado State 
University, odd years alternating between University of Alberta and University of British 
Columbia. 

There now are specialty conferences on mine closure, paste tailings, and many other focus 
topics that were once part of this series. In spite of the specialty meetings, this series remains the 
best attended and provides the most overall focus of tailings and mine waste. 
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1 INTRODUCTION 

Mining operations produce large volumes of waste products. Tailings, which equates for a 
significant percent of mining waste, is a fine grain waste material managed in tailings 
management facilities (TMFs). Often these facilities are surrounded by dam structures i.e. 
tailings dams. The tailings dams can be designed and constructed with different methods, all 
depending on the local mining and site conditions. 
    Deposition of tailings often takes place hydraulically i.e. tailings is pumped into the TMF as a 
slurry of solid particles and water. As a result, the TMF will store tailings and water resulting in 
a non-static condition where the surrounding tailings dams are required to be continuously 
raised. 

Dam Stability – How to Verify the Actual Stability? 

Annika Bjelkevik 
Tailings Consultants Scandinavia AB, Stockholm, Sweden 

Roger Knutsson 
Luleå Technical University, Luleå, Sweden 

Sven Knutsson 
Luleå Technical University, Luleå, Sweden 

ABSTRACT: Mining operations produce huge volumes of waste products. Tailings, which 
equates for a significant percent of mining waste, is a fine grain waste material often managed in 
tailings management facilities (TMFs) surrounded by dam structures i.e. tailings dams. Stability 
of tailings dams is an increasing concern as tailings dams continue to fail around the world. There 
is not one single factor causing tailings dam failures, however, good tailings management and 
good tailings dam safety are critical for dam stability 

Dam stability can be divided into two main parts: stability analysis and surveillance and 
monitoring. Stability analysis is carried out at the initial design, normally by consultants, and is 
updated during operation of the TMF. A commonly used method for the analysis is the limit 
equilibrium method (LE). A factor of safety (FS) is calculated for this method, in Sweden this is 
normally 1,5. Surveillance and monitoring is adopted in order to verify the behavior of the dam. 
Typically pore pressures, horizontal and vertical movements and seepage are monitored in order 
to find changes or trends in the readings or to identify unexpected behavior. There is, however, 
no way of linking the readings to the stability analysis as the LE analyses are based on analysis 
of the conditions at failure. Thus it is not possible to describe the behavior of the dam before 
failure  and  the  monitoring  cannot  be  used  to  “give”  warning  signals  before  failure.   

This paper describes a case study where advanced numerical modelling has been used to 
determine deformations in the dam structure that have been verified by inclinometer readings. It 
has been possible to verify the actual stability for the dam as it has been possible to link in-situ 
readings to the model. The concept described is not only applicable to tailings dams, but can also 
be used for any type of dam. 
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The purpose of the tailings dams is to store the tailings safely with regard to physical stability 

and environmental safety. This paper focuses on the physical stability and how this can 
continuously be assessed in terms of the factor of safety (FS). To continuously follow the factor 
of safety and being able to communicate the development of this, in particular with local 
communities and mine regulators, is important for a company’s Social License to Operate and to 
continue its operations. FS calculated values obtained at the design of the TMF will continually 
change as the tailings dams are raised due mainly to changes in loading conditions. Therefore, it 
is an understandable interest from tailings dam owners, communities and mine regulators to 
continuously follow how the FS changes with time. 

The safety and stability of a tailings dam is depending on: 
 
− Design  
− Construction  
− Operation (i.e. deposition of tailings) 
 

All three factors are required to be addressed and dealt with correctly by relevant experts. The 
upstream construction operation involves continuous construction of dams and the operating staff 
have to be well trained in order to secure a well-constructed and safe dam, as deposition of tailings 
is equal to dam construction. For downstream construction the dam may be constructed in stages 
under supervised conditions. The downstream dam does not rely on the characteristics of the 
deposited tailings. Normally the dam designer does not have control over the operation and 
corresponding deposition. Therefore, an upstream design carrier a higher risk that mining 
companies and dam owners must address. 

Dam safety issues for tailings dams often arise during the construction and the operation phases. 
The characteristics of the tailings material might change with time due to the processes involved, 
deposition technology, etc. The dam designer will be required to address such changes. The 
‘design  as  you  go’  methodology  is  therefore  often  used  meaning  that  the  tailings  characteristics 
must be regularly checked and the design outcomes of tailings dam construction needs continuous 
adjustments according to real material properties, including a continuous review of stability. This 
will affect the FS, which has to be continuously communicated. Standard procedures during 
construction therefore include supervision of construction and testing of materials.  

2 DAM STABILITY 

The stability of a tailings dam has to be proved to be stable and safe and be described in an 
understandable way for non-experts. The issue has two main components stability analysis and 
verification of the actual stability. The first is dealt with by calculations normally by a consultant, 
at the initial design stage and the latter through continuous surveillance and monitoring. However, 
the level of safety (or the FS) itself cannot be measured directly. Normally pore water pressures, 
deformations and seepage are monitored and readings analyzed for changes and trends. 

Below two methods for stability analysis are briefly described. The limit equilibrium method 
(LE) and numerical modeling (for example finite element methods). Numerous guidelines and 
literature on the subject are available (GruvRIDAS, 2012, ICOLD, 2011 & Fell et.al. 2005). 

2.1 Limit equilibrium method 

The most common method used for stability analyses for dams is the limit equilibrium (LE) 
method which is well-established and provides reliable results in terms of FS. With this method 
the failure mode is analyzed in order to reach a certain FS, for example, this is often set at 1,5.  

The stability of the constructed tailings dam is normally verified through surveillance and 
monitoring. Surveillance comprise of visual inspections at different intervals. Monitoring 
comprises typically of pore water pressures, deformations and seepage. Readings from gauges are 
analyzed in terms of changes or trends over time. If changes are observed than it is assumed to 
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indicate  that  something  is  “occurring”  in  the  structure.  This  can  be  interpreted  as  a  potential  dam  
safety risk i.e. the readings are expected to give a warning.  

Linking the readings to the stability analysis is not possible as the LE method analyzes a failure 
mode without describing the behavior of the dam before failure. Therefor readings of this type 
cannot describe a change in the calculated FS. Monitoring cannot therefore describe a change in 
the FS. The LE method therefore has limitations with regard to evaluating the actual stability of 
the dam. In addition, tailings dams are continuously raised meaning changes over time are 
expected that result in a situation where expected changes need to be separated from non-expected 
changes.  

2.2 Numerical modeling 

Numerical modeling (for example finite element methods) is using continuum mechanics with the 
corresponding need for more and better in-put data. Data is normally derived from field and 
laboratory testing. The great benefit is that the behavior of the structure can be continuously 
modelled.  

Through numerical modelling deformations and pore water pressures may be calculated and as 
these results can be checked against measurements taken the model can be verified. If the model 
can be relied upon it is then possible to simulate the future behavior of the dam as function of time 
and space. When it is known what to expect, with regard to movements and pore water pressures, 
alert levels can bet set. 

By using finite element modeling, the time aspect of the stability for continuous raised 
constructions can be taken into consideration with staged construction computations. 
Additionally, the effect of excess pore water pressures, that might develop during construction, 
can be considered (Ormann et.al., 2013). For complicated dam structures, such as tailings dams, 
numerical modeling becomes a valuable tool to simulate dam behavior and to assess the actual 
stability. Further, it is also possible to set alert levels based upon simulated dam behavior. 

3 CASE STUDY – NUMERICAL MODELLING 

Advanced modeling of a tailings dam using numerical modelling was undertaken at a copper mine 
site in northern Sweden. The aim was to model deformations and pore water pressures which then 
could be verified by measurement readings making it possible to verify the actual stability of the 
dam as the in-situ readings could be compared to those obtained from the model. The concept 
described is not only applicable to tailings dams, but can be used for any type of dam structure. 

3.1 Site specifics 

The copper mine has been in operation since 1968 and the dam studied (dam E-F), see Figure 1, 
was originally holding water as the tailings was deposited towards this dam from the opposite side 
of  the  facility.  In  the  mid  80’s  a  separate  clarification  pond  was  constructed  where  tailings  were  
then cycloned and deposited from dam E-F creating a beach approximately 20-30 meters wide. 
The beach served as foundation for the next lift that was constructed of glacial till. From the year 
2000 the lifts have been constructed of tailings with a protection layer of crushed waste rock on 
the downstream face. Spigotting from dam E-F started in 2003 with a beach now reaching 100 
meters or more. A typical cross section from year 2013 is shown in Figure 2.  

Dam E-F is surveyed and monitored in accordance with Swedish dam safety guidelines. 
Surveillance is carried out by operating staff at every shift in the plant (i.e. 3 times a day) daily 
and quarterly by the dam safety staff. Bi-annually an external inspection is carried out and 
approximately every 10 years a comprehensive inspection is carried out by an independent 
consultant. Instrumentation used are standpipes, piezometers and inclinometers. Monitoring data 
to date has mainly been evaluated in terms of changes with time. However, it cannot tell whether 
constant changes are in the serviceability state or not. Due to the continuous raise of the tailings 
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dam and the impoundment level, normal deformations in the serviceability state are not easy to 
estimate. Predictions by using numerical modelling have therefore been used. 

 

 
 
Figure 1. Layout of the Tailings Management Facility (TMF) (red line indicates the cross-section presented 
in Figure 2). 

 

 
 
Figure 2. Typical cross section of dam E-F from year 2013. 

3.2 Finite element modeling 

Based on field and laboratory testing the geometry of the structure and the characteristics of the 
materials were established. Testing has been carried out in different campaigns, the latest in 2013. 
Cone penetration tests (CPTu) showed that the deposited tailings in the impoundment are stratified 
in  nearly  horizontal  layers  described  as  both  “loose” and  “dense”  (Jonasson,  2013).  Undisturbed  
samples of tailings were taken with a thin-walled piston sampler (ø50 mm) and tested at Luleå 
University of Technology (Bhanbhro, 2014). 
For  the  tailings  material  the  constitutive  model  ‘hardening  soil’  was  chosen and judged to fit 

well with derived test results (Knutsson and Knutsson, 2014). The hardening soil model has the 
Mohr-Coulomb failure criteria (described with strength parameters such as cohesion and friction 
angle), but utilizes additional stiffness parameters in order to simulate soil deformations more 
accurately than the linear-perfectly plastic Mohr-Coulomb model (Brinkgreve et.al., 2014). 

A model of a cross-section dam E-F, see red line in Figure 1, was built in PLAXIS 2D with 
assumption of plane strain conditions. PLAXIS is a finite element program developed for the 
analysis of deformation, stability and groundwater in geotechnical engineering (Brinkgreve et.al., 
2014). The geometry was based on as-built drawings, airborne data surveys (performed every 
second year, giving history of the impoundment level) and CPTu-results (the tailings stratigraphy 
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in the impoundment). The rock fill buttress on the downstream face has been placed in order to 
improve stability. Future dam raises, 3 m per year, are planned in the upstream direction. These 
will be constructed with a downstream slope of 1:6 (V:H), see Fig. 3.  

 
 
Figure 3. Geometry of the modelled cross section (dam E-F)  
(pink = till, blue = cyclone tailings, brown = compacted tailings, green = crushed erosion protection) 

 
Each geometry region (soil layer) was given material properties obtained from laboratory tests. 

Tailings  materials  were  simulated  with  the  ‘hardening  soil’  model,  and  the  remaining  materials  
were simulated with Mohr-Coulomb model (Sweco VBB, 2008). All materials were simulated 
with undrained behavior with an effective stress analyses. This allowed for simulation of excess 
pore pressures build up and corresponding dissipation during consolidation.  

Computations were performed to model the staged constructions. The initial stage chosen was 
the geometry at 1992. The PLAXIS model was created according to the documented history of 
dam activities (embankment constructions, increased impoundment levels and remedial works) 
between 1992 and 2013. 
Future  raises,  from  2013  onwards,  were  based  on  a  ‘standard  year’  model  for  planned  events  at  

the dam E-F (Marthin, 2013). This comprised; dam embankment raises, beach constructions 
(increased impoundment level) and resting phases. The standard year has the following structure; 

 
− construction of dam embankments to be performed in 15 days, starting at the August 15;  
− 15 resting days (representing the time were the embankment has been raised, but spigotting 

has not restarted);  
− spigotting one month (deposition of tailings);  
− second resting phase until the May 1, the following year. This resting phase represents the time 

with no spigotting due to risk of freezing;  
− spigotting three months; 
− 15 resting days, followed by construction of a new embankment.  

 
This  ‘standard  year’  was  used  for  ten  years  ahead  in  order  to  simulate  future  behavior  of  the  

dam. An illustration of the activities during the year is presented in Figure 4. 
 
 

 
 

Figure  4.  Simulated  activities  during  a  “standard  year” 
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For all stages the phreatic surface was assumed to be at the tailings surface in the impoundment 

up to the upstream face of the tailings dam. From the upstream face of the dam embankment, the 
phreatic surface was assumed to be linear and parallel to the downstream slope down to the starter 
till dike. From the starter dike the phreatic surface is horizontal due to the downstream water level 
in the clarification pond.  

In addition to stresses and strains (deformations), the global FS was computed for every stage 
of embankment construction. According to Swedish dam safety guidelines (GruvRIDAS, 2012), 
the FS should be at least 1.5 during normal conditions. In order to achieve this, support fill of 
waste rock had to be added on the downstream side. Based upon this the simulations alert levels 
were set for most of the instruments in the dam. 

3.3 Results 

The output from the modeling i.e. results from specific points in the dam where instruments are 
installed, were compared with observed field measurements. The study focus aimed to simulate 
and observe pore water pressures and horizontal deformations. 

Pore water pressure has a major influence on the dam stability. Excess pore water pressures 
and the calculated most probable failure mechanism are presented for a situation directly before 
raising the dam in 2015, see Figure 5. Comparison can be made with Figure 6 that shows the same 
situation after the dam raise in 2015. As can be seen in Figure 6, excess pore pressure is developing 
under the load due to the raise of the dam. This affects the failure mechanism and the global FS. 
Before the dam raise the failure mechanism covers the whole dam and has a calculated FS of 1.58. 
After the raise of the dam the failure mechanism is influenced by the excess pore pressures 
concentrated to the upper part of the slope with a corresponding reduction of the FS to 1.49. After 
consolidation and corresponding dissipation of excess pore pressure, the effective stresses are 
increased and the FS is again increased.  
 
 

 
 

Figure 5. Before dam embankment raise 2015.  
Upper; Excess pore water pressure. Lower; Most probable failure mechanism (FS = 1.58) 
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Figure 6. After dam embankment raise 2015.  
Upper; Excess pore water pressure. Lower; Most probable failure mechanism (FS = 1.49) 
 

By adding rock fill support the FS can be maintained over1.5 even though excess pore water 
pressures exist. Field measurements of pore water pressure can therefore be used to control the 
stability.  

Excess pore water can be tolerated in the dam, but should be monitored closely. A proposed 
alert level is the limit between hydrostatic pore water pressure based upon the phreatic surface at 
the tailings surface and total water pressure exceeding hydrostatic pressure. Readings exceeding 
this level are defined as yellow since excess pore water pressures prevail. Readings lower than 
this level is defined as green since they are lower than hydrostatic pore water pressure. The 
proposed second alert level is defined as the total pore water pressure computed by the numerical 
modeling that represents a global FS of 1.5. Readings exceeding this level are defined as red, as 
the FS is then lower than the required 1.5. A schematic presentation of proposed alert levels is 
presented in Figure 7. 

 

 
 
Figure 7. Schematic presentation of alert levels for pore water pressure 
 

Piezometers that are used for pore water pressure monitoring are presented in Figure 8. 
Simulated pore water pressures at the same locations obtained by the numerical modeling are 
presented in Figure 9. The dashed lines represent the yellow alert levels, and the continuous lines 
represent the red alert levels. he dashed lines changes are due to changed groundwater level (static) 
when the impoundment level is raised. Even though the phreatic surface in the impoundment is 
raised for every dam raise there are fluctuations along the slope of the dam, see Fig. 9. For the 
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first beach construction stage, 15th of September to 15th of October, there is a small decrease, 
and for the second beach construction stage, 1st of May to 31st of July, there is an increase.  

 

 
 
Figure 8. Cross section with piezometers (names according to Boliden AB) 

 

 
 

Figure  9.  Simulated  pore  water  pressure  for  the  “standard  year”,  season  2013/2014   
(locations of instruments are presented in Figure 8) 

 
While the pore water pressures in the structure can be seen as the cause to possible stability 

problems, deformations can on the other hand be regarded as the effect of possible stability 
problems (Dunnicliff 1988). Deformations evaluated from inclinometer readings can therefore be 
regarded as the result of stress changes in the dam. Comparing readings with predicted 
deformations, the readings may give a good indication on how the dam behaves over time. Based 
on this, conclusions can be  drawn  regarding  the  “in  situ”  dam  stability.   

The inclinometer in the actual cross section at dam E-F was installed in November 2007, see 
Figure 10. The inclinometer passes through 1 m of rock fill, 7 m of compacted till (first upstream 
raises), 27m of deposited layered tailings, 5,5m till (foundation). The casing is installed 0,5m into 
the bedrock. The inclination of the casing with respect to the vertical have been measured twice a 
year since 2007. From the inclinations along the depth deformations are evaluated (assuming a 
fixed position in the bottom). Details about inclinometer evaluation is given in (Dunnicliff 1988). 
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Figure 10. Cross section showing the location of inclinometer casing 

 
From the numerical results obtained by PLAXIS the agreement between field data and 

numerical results can, in this case, be seen as good. However, the numerical results still 
overestimate the deformations in the upper part of the structure. According to this principle, future 
deformations can be predicted. In Figure 12, deformations for a year ahead are presented. These 
predictions should be compared with the field data in order to validate the stability of the dam.  

 

 
Figure 11 Horizontal deformations, field data (dashed line) and results from PLAXIS (continuous line) 
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Figure 12. Predictions of horizontal deformations a year ahead of analysis 

4 DISCUSSION 

This paper presents a proposed method for verifying the stability of a tailings dam. The method 
can also be applied to other dam structures. Finite element modeling by PLAXIS software has 
been used to simulate pore water pressures and horizontal deformations in a tailings dam in 
northern Sweden. The obtained values represent a state of the dam behavior where the stability is 
described by a global FS at minimum 1.5.  

Agreement between field data and numerical results in terms of horizontal deformations have 
been reached, but it should be noted that only one inclinometer has been used for the comparison. 
Other inclinometers have recently been installed but no readings have been obtained so far. The 
numerical model seems reliable for describing the dam behavior at this location and is being 
considered for use in the prediction of future deformations. The methodology is suggested to be 
used for long term (closure) analysis as well as when the dam stability is critical during operation.  
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Pore water pressure has a major influence on the dam stability as it impacts the effective 
stresses. It has been shown how the excess pore water pressure effect the stability, which indicates 
the need of good field monitoring. Monitoring and corresponding evaluation helps the dam owner 
to relate field behavior to dam stability. It also facilitates communication with local community 
and mine regulators about these values. From the numerical modeling alert levels for pore water 
pressure instruments (piezometers) have been proposed. This is indicated using three alert levels, 
green, yellow and red. 

The proposed methodology where numerical modeling is used to relate pore water pressure and 
deformations to a certain degree of safety can be generally used. Evaluating readings in terms of 
changes with time is an effective method to indicate sudden changes in dam behavior but it cannot 
tell whether constant changes are in the serviceability state or not. According to the authors there 
is a lack of methods where field readings are not only evaluated in terms of changes with time. 
For some cases constant rate of deformations may be in the serviceability state and not affecting 
the stability. For other cases constant rate of change may seem highly problematic as it may 
constantly reduce the stability. A better method for safety evaluation is to perform theoretical 
simulations first, and then use field measurements to evaluate how the specific in situ value relates 
to   the   computed   value.  With   the   proposed  method,   predictions   on   “normal”   behavior   can be 
estimated. 

5 CONCLUSION 

Through numerical modeling it is possible to better understand and describe the behavior of 
complicated structures such as tailings dams. By understanding the behavior, it is possible to 
evaluate the condition of the structure, which in turn allows for an estimation of the level of safety 
and it gives the possibility to set reasonable alert levels. The methodology for this has been 
implemented and results have shown to be consistent, reliable and effective. 
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1 INTRODUCTION 

Stability of a tailings storage facility (TSF) is typically evaluated by utilizing limiting equilibrium 
methods or a more sophisticated approach based on the finite difference or finite element analyses.  
Model inputs that are required for static stability analyses include: 1) TSF geometry (including 
delineation of materials used for the embankment construction, adjacent tailings and underlying 
foundation), 2) material parameters (density, strength, deformation and hydraulic properties), and 
3) seepage conditions.  While the input of geometry and material parameters is relatively straight-
forward assuming adequate scope of geotechnical investigations, the definition of seepage condi-
tions is often more complex as it requires understanding of interactions between the adjacent ma-
terials and boundary conditions which includes parameters characterizing the accretion of tailings.  
In particular, the TSF rate of rise may lead to the development of excess pore pressures in the 
foundation as well as tailing materials with the potential to reduce the effective stresses and overall 

Use of Pore Water Pressure Measurements to Evaluate Risk to 
Tailings Stability 

Gordan Gjerapic, Matt Malgesini, James M. Johnson 
Golder Associates Inc., Denver, Colorado, USA 

Dobroslav Znidarcic 
University of Colorado, Boulder, Colorado, USA 

ABSTRACT: Vibrating wire piezometers are commonly installed during the course of the ge-
otechnical investigations in order to provide continuous records of pore water pressures and 
ground water levels. When installed in the tailings embankments, piezometers are typically used 
to evaluate effectiveness of the drainage system and provide information on the phreatic surface 
levels, i.e. information required for seepage calculations and stability models.  The pore water 
pressure data can be also acquired from the cone penetration tests (CPT) employing pressure 
transducer readings, i.e. CPTu measurements.  

In an attempt to provide a qualitative assessment of the tailings stability risk based on pore 
water pressure measurements, this paper presents a comparison between the conventional consol-
idation method to evaluate the potential for the generation of excess pore water pressures within 
different parts of the tailings impoundment, and a qualitative approach based on the piezometer 
and CPTu readings.  The risk of generating excess pore pressures based on the conventional ap-
proach is commonly evaluated by utilizing calculated degree of consolidation.  Noting that the 
piezometer and CPTu readings can be used to develop representation of seepage conditions within 
the impoundment, at least on a qualitative level, pore water pressure readings and the correspond-
ing hydraulic gradients can be utilized to classify conditions presenting different levels of risk to 
tailings stability.   
In this paper, piezometer data from the geotechnical investigation are normalized by using pre-
defined hydrostatic levels. Normalized pore pressures are used to assess seepage conditions at 
different parts of the tailings impoundment with the results compared to flow conditions based on 
hydraulic gradients.  Qualitative risk levels determined from the pore water pressure measure-
ments are then compared to a more detailed assessment based on the conventional consolidation 
model.  Results indicate that the proposed approach may be viewed as a useful screening tool 
when evaluating risks to tailings stability.   
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stability; the worst-case scenario being the structural collapse of the TSF embankment. Hence, 
pore-water pressures should be viewed as one of the most important indicators when assessing 
the stability of tailings facilities. 

The pore water pressures are often estimated from the modeling software based on the TSF 
geometry, material parameters, initial and boundary conditions.  Results from the analytical and 
numerical models are then validated by using field measurements employing vibrating wire pie-
zometers or cone penetration tests (CPT) with pressure transducer readings, i.e. CPTu measure-
ments.  The groundwater table location can be estimated from piezometer readings as  

TAILSGWT
PIEZOp

PIEZOGWT ELEVELEV
i

h
ELEVELEV d

�
� ,

1
,                    (1) 

where: 
ELEVGWT    =  groundwater table elevation (m); 
ELEVPIEZO   =  installation elevation for the shallow piezometer (m); 
hp,PIEZO    =  piezometer reading (pressure head) for the shallow piezometer (m); 
i     =  average hydraulic gradient (-); and 
ELEVTAILS  =  tailings surface elevation (m). 
 
Note that the condition in Equation (1) assumes that there is no ponding on the tailings surface, 

i.e. the maximum water table elevation is restricted by the tailings surface elevation.  This condi-
tion is arbitrary and can be modified if the ponding of water is allowed or if artesian conditions 
are suspected. 

 
Equation (1) assumes that a minimum of two piezometer readings, conducted at different 

depths, are available for a specific borehole location.  I.e., the average hydraulic gradient in Equa-
tion (1) corresponds to a vertical flow component with the positive gradient denoting the down-
ward flow.  By using readings from two adjacent piezometers at different depths, the average 
hydraulic gradient can be estimated as:  
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where ELEVPIEZO,DEPTH and hp,PIEZO,DEPTH denote elevation and pressure head for the adjacent 
piezometer installed at lower depth (at the same borehole location).  The same approach can be 
applied by using steady-state pore pressure readings from CPTu measurements at different depths.  

2 NORMALIZATION OF PORE WATER PRESSURE PARAMETERS 

With the piezometers installed at different depths, it is convenient to define a parameter that can 
describe the in-situ pore water pressure conditions relative to the hydrostatic conditions for which 
the phreatic surface coincides with the tailings surface or the surface of the tailings pool: 
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where: 
unorm (z)  = normalized pore pressure (-); 
ueq (z)   = pore water pressure at the depth z below the tailings surface (kPa); 
Jw    = specific weight of water, 9.81 kN/m3; and 
hp(z)   = pressure head at the depth z below the tailings surface (m). 
 
As noted previously, one can utilize the surface of the tailings pool as a convenient reference 

point instead of the tailings surface elevation.  Based on the expression for the normalized pore 
pressure defined by Equation (3), one can characterize several flow conditions with the potential 
impacts to TSF embankment stability: 
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x unorm < 0  = negative pore pressures with high likelihood to encounter zones of unsatu-
rated material.  This condition is expected to result in a relatively strong tailings mate-
rial due to imposed capillary pressures. 

x 0 < unorm < 1.0 = material deposit with the groundwater table below tailings surface.  
For assumed hydrostatic conditions, the height of the groundwater table can be ex-
pressed as a product between the normalized pore pressure and the tailings height.  For 
normalized pore pressures significantly smaller than unity, one can expect major por-
tions of the tailings column to exhibit negative pore pressures and be only partially 
saturated, and/or tailings that remain close to fully saturated conditions but are exhib-
iting strong downward gradients; both of these conditions are expected to favorably 
impact the strength of tailings materials. 

x unorm >1.0 = material deposit exhibiting excess pore pressures, i.e. values for the nor-
malized pore pressure that are higher than unity indicate the ongoing consolidation 
process. Consequently, unorm > 1.0 characterizes TSF area with the potential for a sig-
nificantly reduced material strength comparatively to the long-term steady-state condi-
tions. 
 

2.1 Example 
Pore pressure dissipation data from the geotechnical investigation program utilizing CPTu meas-
urements were used to characterize pore water pressures along the TSF dam centerline and within 
distal parts of the tailings impoundment including tailings slimes.  Measurements were collected 
from 44 CPT locations as summarized in Table 1.  Pore pressure dissipation measurements were 
conducted at depths ranging from 5 to 50 meters.  Data in Table 1 summarizes average normalized 
pore pressures and hydraulic gradients for CPTu locations with the minimum of three pore pres-
sure dissipation measurements at different depths when measuring equilibrium pore water pres-
sures.   

 
Table 1.  Average normalized pore pressures and hydraulic gradients based on CPTu measurements. 

No. of CPT locations 
Distance from center-
line (m) 

Normalized pore pres-
sure Hydraulic gradient 

13 0 to 30 -0.2 to 0.3 0.6 to 1.2 
22 30 to 150 0.3 to 0.6 0.4 to 0.9 
9 150 to 400 0.7 to 1.4 -0.5 to 0.6 

3 CONVENTIONAL CONSOLIDATION MODELS 

Excess pore water pressures due to continuous tailings deposition can be determined by utilizing 
Terzaghi’s theory of consolidation, see e.g. Terzaghi (1923, 1924 and 1925).  The degree of con-
solidation for the existing tailings material subjected to loading by additional layers of tailings 
can be determined by utilizing the approach proposed by Schiffman (1958).  Schiffman (1958) 
solved the consolidation equation for the case of a foundation layer subjected to the linearly in-
creasing surface loading with time.  Alternatively, one can utilize the solution developed by Gib-
son (1958, 1960) for the continuous accretion of tailings material. Analytical solutions from 
Schiffman (1958) and Gibson (1958, 1960) used in this paper were largely adopted from Schiff-
man (2001) with minor modifications.  

3.1 Soil deposit subjected to linearly increasing surface load, Schiffman (1958) solution 
The governing equation for the soil layer subjected to the time dependent surface loading can be 
written as: 

� �
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x
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w
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where: 
u   =  excess pore water pressure (kN/m2); 
cv   =  the coefficient of consolidation (m2/day); 
x   =  height of the soil layer (m); 
t  =  time from the start of surface loading (day); and 
ǻı =  time dependent surface loading (kN/m2). 

 
For the scenario where the total stress increment ǻı on top of the surface of the soil layer 

increases at a constant rate, one can re-write the governing equation as 

R
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w
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                                (5) 

where 

� � WeightUnitTailings Rise of Rate u 
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For negligible initial pore pressures, the excess pore pressure can be determined as 
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During the loading period (t<t0), the average excess pore pressure can be determined as 
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where: 
T   =  dimensionless time factor at time t, T=cvt/H2; 
H   =  drainage length (m);  
ǻq  =  total stress increment at time t, ǻq=Rt; 
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For the degree of consolidation in excess of 95%, the effect of excess pore pressures to material 
behavior is often viewed as negligible.  The degree of consolidation can be determined as: 
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Solution proposed by Shiffman (1958) is applicable for the existing tailings that are expected 
to be subjected to additional loading after a period of time during which the excess pore pressures 
has largely dissipated.  In addition, this solution is useful to determine the degree of consolidation 
and excess pore pressures for the foundation materials subjected to loading by the TSF embank-
ment. 

Shiffman (1958) solution is derived assuming no flow at the base of the soil deposit, i.e. for the 
impervious bottom boundary.  The calculated pore pressures and the degree of consolidation for 
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tailing materials considered in this study based on the approach proposed by Schiffman (1958) 
are summarized in Table 2. 

 
Table 2.  Consolidation results based on Schiffman (1958) approach. 

Material 
Distance from  
centerline (m) 

cv  
(m2/day) 

Normalized excess 
pore pressure 

Degree of 
consolidation 

Cycloned tailings 0 to 30 100 0.01 99% 
Transitional tailings 30 to 150 1.1 0.26 58% 
Tailings slimes 150 to 400 0.4 0.51 36% 

 
Values in Table 2 were determined for the rate of rise of 8 m/year.  For the case study presented 

in this paper, the total weight of cyclone tailings was set to J =18 kN/m3.  The weight of transi-
tional tailings and tailings slimes was modeled by assuming J ’=10 kN/m3.   In order to simulate 
the accretion of tailings for the duration of 10 years, the model was applied by assuming the initial 
soil thickness of 40 meters followed by the accretion process for the next 5 years. Normalized 
excess pore pressures in Table 2 were determined by using Equation (9) and the value of the 
hydrostatic pressure of 392 kPa.  The adopted normalization pressure corresponds to the middle 
of the tailings column at the end of the deposition process, i.e. this value is equal to the hydrostatic 
pressure at the depth of 40 meters. 

3.2 Tailings deposited at the constant rate of rise, Gibson (1958, 1960) solution 
The governing equation for the accumulating soil layer can be written as: 

m
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where: 
m  =  rate of rise (m/day); and 
J  = tailings unit weight (kN/m3).  
 
The tailings unit weight should be replaced by an effective unit weight if the phreatic surface 

is at or above the surface of the accumulating soil deposit.  For the case study presented in this 
paper, the total weight of cyclone tailings was modeled as J =18 kN/m3.  The weight of transi-
tional tailings and tailings slimes was modeled by assumingJ ’=10 kN/m3.   

For the impervious bottom boundary, the excess pore pressures can be determined from the 
following expression:  
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For the pervious bottom boundary, the excess pore pressure can be calculated as 
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For both drainage scenarios, the degree of consolidation can be calculated as 
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The calculated excess pore pressures and the degree of consolidation for tailing materials con-
sidered in this study are summarized in Table 3. 

 
Table 3.  Consolidation results based on Gibson (1958, 1960) approach. 

Material 
Distance from  
centerline (m) 

cv  
(m2/day) 

Normalized 
excess pore 
pressure 

Degree of  
consolidation 

Cycloned tailings 0 to 30 100 0.02 (0.01) 99% (100%) 
Transitional tailings 30 to 150 1.1 0.53 (0.23) 53% (81%) 
Tailings slimes 150 to 400 0.4 0.78 (0.57) 31% (63%) 
 
In Table 3, the normalized excess pore water pressures and the degree of consolidation values 

reported in parentheses were determined for the pervious bottom boundary condition.  Normalized 
excess pore pressures were determined for the point located in the middle of the tailings column 
at the end of the deposition process, i.e. at the depth of 40 meters. 

4 CONCLUSIONS 

This paper presents the approach to normalize pore pressures measurements from the piezometer 
and CPTu measurements in order to develop a screening level assessment of risk to tailings sta-
bility.  The coefficient of consolidation for tailings materials considered in this study ranged from 
0.4  to 100 m2/day.  Conducted consolidation analyses indicate that the stability evaluations of 
cycloned tailings considered in this study may utilize strength parameters determined for drained 
conditions.  In addition, the cyclone tailings are not expected to exhibit static liquefaction because 
these materials are subjected to negative pore pressures and are likely to remain partially saturated 
during the deposition process. On the other hand, stability analyses accounting for the strength of 
tailings slimes should take into account excess pore pressure development within these deposits 
and apply the appropriate strength reduction based on the calculated level of effective stresses.  
Stability analyses for tailing deposits that are exhibiting relatively slow dissipation of excess pore 
pressures, should be modeled by utilizing undrained strength parameters. 

 
Normalized pore pressures determined from the CPTu or piezometer data may be used as an 

indicator for the need to evaluate excess pore pressures and the liquefaction potential for tailings 
deposits.  Based on the results presented in this study, the normalized pore pressure values above 
20 to 30 percent, especially when combined with the relatively low values of hydraulic gradients 
(e.g. downward gradients below 0.5), indicate increased levels of drainage impedance.  Conse-
quently, higher levels of normalized pore water pressures are likely to be associated with the ele-
vated stability risks.  In these cases, the designer may be required to conduct detailed seepage and 
consolidation analyses with the intent to select appropriate strength parameters for tailings and 
foundation materials governing the TSF embankment stability evaluations. 
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1 INTRODUCTION 

Several mining projects are evaluating the use of existing tailings facilities for disposal of fresh 
tailings due to a trend of reducing new areas impacted by mining activities. This paper presents 
the results of a geotechnical site investigation program developed for a feasibility study in old 
tailings storage facility located in the South American Amazon Region, on top of which new 
tailings will be placed through sand stacking.  

The sand stacking strategy has been assessed as a medium-term alternative for tailings dis-
posal. Sand stacking basically consists of disposing the tailings using cells contained by non-
structural berms within the tailings storage facility, so the tailings can be disposed as a slope 
above the maximum elevation of the existing dams, thus creating additional storage capacity of 
tailings with no need to raise the perimeter containment dams. Tailings will be hydraulically 
discharged into the cells until the latter are filled up; this process will be repeated after each of 

Geotechnical Characterization of Old Tailings for Use as Sand 
Stacking Foundation 

S. Paihua,  
Knight Piésold Consultores S.A., Lima, Lima, Peru 

O. Román  
Knight Piésold Consultores S.A., Lima, Lima, Peru 

R. Vargas 
Knight Piésold Consultores S.A., Lima, Lima, Peru 

ABSTRACT: Several mining projects are evaluating the use of existing tailings facilities for 
disposal of fresh tailings due to a trend of reducing new areas impacted by mining activities.  
New tailings can be placed in old tailings facilities using alternative methods such as sand stack-
ing or filtered tailings.  Placement of new tailings in an old tailings facility could lead to poten-
tial slope stability problems during and/or at the end of operations and so the understanding of 
the behavior of the old tailings as a foundation material for the new facility should be carefully 
studied. 

This paper presents the results of a geotechnical site investigation program of piezocone pene-
tration tests (CPTu) and standard penetration tests (SPT) that was carried out in an old tailings 
facility to evaluate its feasibility as a foundation material. The old tailings (approximately 20 to 
30 years old) need to be geotechnically characterized to assess how they will behave after being 
loaded by the fresh tailings. The information collected during the geotechnical site investigation 
allowed the definition of the stratigraphic profile of the existing tailings facility. The old tailings 
were composed of interbedded coarse tailings (loose sand) with thicknesses between 10 and 20 
meters and fine tailings (soft clay/silt) with thicknesses between 10 and 18 meters. 

It was necessary to assess the behavior of the tailings during shearing, with variable pore wa-
ter pressures, and with varying strength parameters in order to evaluate the feasibility of this 
disposal method because the physical stability of the future tailings storage facility will primari-
ly depend on the characteristics of the existing tailings foundation. The soft fine tailings are of 
particular interest for the stability assessment of the new tailings facility. Geotechnical recom-
mendations are presented for the fresh tailings disposal using the sand stacking method and for 
future stages of the project. 
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the cells has been filled, drained and dried up naturally. A schematic overview of this sand 
stacking disposal is shown in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 1. Tailings disposal using sand stacking 

 
 
As the deposited tailings will not be compacted, it will be important to monitor the drainage 

conditions in order to verify whether they are adequate enough to promote the formation of stiff 
and drained piles to limit saturation of the sand stacking body and to prevent undrained behavior 
of the sands under shearing. 

Based on the geotechnical investigation performed in the old tailings storage facility, it could 
be seen that the area where the sand stacking slope toes will be located shows highly varied 
foundation conditions, with zones of contractive and dilative behavior in the tailings that are 
composed of fine sand (coarse tailings) and variable undrained strengths in depth in the soft clay 
(fine tailings). As for coarse tailings, they could be susceptible areas prone to static liquefaction; 
whereas a certain degree of sensitivity has been estimated in fine tailings (these tailings could 
lose strength with excessive deformation) which could lead to a global or progressive failure in 
the storage facility. 

Some measures considered to reduce the geotechnical risks of this disposal system applied in 
the tailings storage facility include an adequate drainage of the facility, a flat slope (between 
20H:1V and 25H:1V) and a minimum factor of safety of 1.5 in the stability analyses. The first 
measure minimize the liquefaction potential of the body and the last two measures reduce the 
mobilized shear stresses in the foundation, thus preventing static liquefaction from developing 
in coarse tailings or “strength  softening”  in fine tailings. 

As design criteria, the importance of adequate drainage of the sand stacking facility has been 
emphasized. The free draining nature of the future coarse tailings allow to maintain a drained 
body if the operational practices are adequate. For this purpose a pilot test was recommended so 
as to evaluate a proper rate of the tailings disposal and the natural drainage and drying of the 
cell. However, based on experiences collected from failures of upstream tailings facilities, the 
raising rate of the storage facility should be less than 9.0 meter per year, according to Vick 
(1990). This raising rate was preliminary recommended, because it would normally allow for 
pore pressures in coarse tailings to quickly dissipate. In fine tailings, the influence of the storage 
facility raising rate on the generation and dissipation of excessive pore pressure must be as-
sessed through more detailed analyses and a monitoring plan during operation. Some VW pie-
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zometers were installed during the site investigation in order to collect data of the pore pressure 
change in the foundation. 

A more detailed assessment of the fine tailings could result in a lower raising rate, the need 
for improving their drainage conditions by applying wick drains-type engineering solutions, or 
by improving the shear strength of this stratum. 

2 GEOTECHNICAL SITE INVESTIGATION PROGRAM 

The site investigation program carried out in the area where the sand stacking strategy is sug-
gested consisted of performing the following soundings: 

 
- 20 drillholes with SPT testing 
- 20 CPTu soundings 
 

The location of the geotechnical investigations developed is shown in Figure 2. 

 
Figure 2. Geotechnical site investigation program developed in the old tailings storage facility.  

 
 
Complementarily, basic laboratory tests were performed of index properties in order to classi-

fy the materials in accordance with the Unified Soil Classification System (USCS). In addition, 
the sample moisture content was established.  

Geotechnical characterization has been performed considering the geotechnical field investi-
gation based on the CPTu and SPT tests as a main source of information. The execution of these 
tests has allowed to establish the type of behavior of materials (drained or undrained) and de-
termine the strength parameters, the same that were used in the stability analysis. 

In general, the stratigraphy of the area where sand stacking will be applied will consists of the 
materials below: 
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- Coarse tailings, which correspond to old tailings classified as silty sand (SM), poorly graded 
sand with silt (SP-SM), well-graded non-plastic sand with silt (SW-SM), very loose to loose, 
and in some areas these tailings are medium dense grey, moist to saturated and between 7 and 
23 m thick.   

- Fine tailings, which correspond to old tailings classified as silt (ML, MH) and clay (CL, CH) 
with medium to high plasticity, very soft to soft, saturated, brown with traces of gray and 3 to 
17 m thick. In some specific areas these tailings are firm.  

- Laterites, which consist of clayey sand (SC), silty sand (SM), sandy silt (ML, MH) or sandy 
clay (CL, CH), loose/firm to dense/very stiff (N between 6 and 15, qc between 2 and 8 MPa), 
moist to saturated, red or orange, with medium to high plasticity, with high iron oxide con-
tents and thicknesses varying from 4 to 8 meters.  

- Saprolites, which correspond to decomposed rocks at residual soil level, which consist of 
clayey sand (SC), silty sand (SM), sandy clay (CL, CH) and sandy silt (ML, MH) with low to 
high plasticity. These saprolites were divided into two types, according to their relative densi-
ty /consistency; one of which is very loose/very soft to loose/firm, whereas the other type is 
medium dense/firm to dense/very stiff (N between 7 and 25, in general and qc between 0.8 
and 4 MPa, in general); both are moist and saturated, with different colors such as grey or 
red, with white and yellow, their thickness varies from 1.5 to 10 meters.    

- Bedrock, that consists of the Madeira Granite, which is medium to coarse grain, crystalline, 
pink, with presence of minerals such as orthoclase, feldspar, quartz, hornblende and mica. Its 
geomechanical characteristics vary according to depth, such as the weathering degree, which 
varied from extremely weathered to fresh rock; strength varies from extremely low to very 
high and fracturing from extremely fractured to non-fractured.  
 
Based on the materials found in the study area, stratigraphic profiles were prepared. A repre-

sentative stratigraphic profile is shown in Figure 3. This paper presents details about the charac-
terization of the critical materials: coarse and fine tailings. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 3. Typical stratigraphic profile. 

3 TAILINGS CHARACTERIZATION 

As described above, two types of tailings have been identified: coarse tailings and fine tailings. 
Coarse tailings mainly consist of very loose to loose silty sand (SM) with blow count values (N) 
between 0 and 7, cone tip resistance (qc) between 1 and 3 MPa approximately, and correlated 
permeability with SBT classification obtained from CPTu testing between 10E-02 and 10E-03 
cm/s, while their fines content varies from 2 to 20% and moisture from 14.7 to 34.6%. Further-
more, in some areas these tailings are medium dense, with blow count values (N) varying from 8 
to 22 and cone tip resistance values (qc) between 3 and 15 MPa, approximately. No excess pore 
pressure was measured above the hydrostatic level on the cone penetrations. 
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Fine tailings  consist of silt (ML, MH) and clay (CL, CH); they are very soft to soft, with 
blow count values (N) between 0 and 7, cone tip resistance (qc) between 0.1 and 1 MPa, and co-
efficient of permeability kh measured between 2E-6 and 5E-6 cm/s using the correlation from 
Robertson (2010).  In general, the fines content of these tailings is greater than 94%, their mois-
ture content exceeds 50%, and IP varies from 20 to 62%. Table 1 shows the summary of the in-
dex properties of the tailings. 

 
Table 1. Summary of index properties of tailings materials 

Material SUCS Gravel 
% 

Sand 
% 

Silt/Clay 
% 

LL 
 

LP 
 

IP 
 


 

Coarse tailings SM, SP-SM, SW-SM 0 79-98  2-21 NP NP NP 14-31 
Fine tailings MH, CH, ML 0 0 - 38 62 - 100 49-94 29-44 20-62 33-63 

 
The particle size distribution of the tailings is shown in Figure 4. Also a typical CPTu sound-

ing is shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Particle size distributions of coarse and fine tailings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Typical CPTu data showing upper zone of coarse tailings and lower zone of fine tailings. 
 
 

Results of SPT and CPTu tests on tailings are consistent and show similar variation in their 
respective locations. These results are shown in Figure 6.  
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Figure 6. Similar variation in results of the SPT and CPTu tests performed on the tailings. 

4 WATER PRESSURE CONDITIONS 

The equilibrium water pressure in the tailings was estimated as a hydrostatic pore pressure line. 
This assumption was made based on pore pressure readings in the coarse tailings and dissipation 
tests in the fine tailings (Figure 7a).  

A small drop in the water table measured in depth, from pore pressure readings (u2), suggest a 
slight vertical flow (downward) along the coarse tailings profile. This flow is low enough so that 
we can consider a hydrostatic state without affecting significantly the estimates of the effective 
stress profile in the coarse tailings. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 7. Pore-water pressure conditions and results of dissipation tests.  

 
 
In the fine tailings, due to their low permeability (Figure 7b), the flow through them was not 

an issue. However, it was necessary to assess whether there were excess pore pressures in this 
layer due to an unconsolidated state. Therefore, some dissipation tests (all monotonic) in fine 
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tailings were performed, which showed that there is not an excess pore pressure in this material, 
so a hydrostatic level was assumed. 

Cone penetrations in this fine tailings were considered fully undrained based on the time re-
quired to dissipate the 50% of the excess pore pressure (t50) measured in the dissipation tests 
(Figure 7c). The t50 value was >100 sec in all the tests (DeJong et al., 2013). 

5 TAILINGS BEHAVIOR DURING SHEAR 

In order to describe the strength of the tailings, the first step was determining whether tailings 
are contractive or dilative during shearing. Contractive materials present undrained behavior 
with positive pore pressures during shearing, whereas dilative materials develop negative pore 
pressures during shearing. As for materials presenting contractive behaviors, the undrained 
shear strength parameters used in the stability analyses are appropriate, as well as the drained or 
effective strength parameters for dilative materials are adequate. 

Drained or undrained behavior of the tailings during shearing was evaluated using correla-
tions between the CPTu penetration tip resistance (corrected for stress conditions) and the effec-
tive stress conditions within the tailings (Fear and Robertson, 1995). In addition, the behavior of 
the tailings during shearing was also assessed using correlations of the (N1)60 values obtained 
from SPT testing and the effective stress conditions with the depth inside the tailings (Fear and 
Robertson, 1995).  
 
 
 
 
 
  
 
 
 
 
      

 
 
 
 
 
 
 
 

 
Figure 8. Coarse and fine tailings behavior during shear. 
 
 
Figure  8a  shows  the  state  parameter  Ψ,  which  is  defined  as  the  difference  between  the  rela-

tionship existing voids (voids volume / solids volume) of a soil and the critical void ratio (which 
defines  the  boundary  between  the  contractive  and  dilative  behavior).  Positive  values  of  Ψ  and  
even negative values greater than -0.05 indicates a contractive behavior while less than -0.05 
negative values indicate dilative behavior (Jefferies and Been, 2006). The state parameter was 
estimated using data from CPTu tests and the correlation of Robertson (2010) from Qtn,cs param-
eter. Figure 8b and 8c also shows the CPTu penetration tip resistance profiles (qc1) and the SPT 
(N1)60 values versus the estimated effective strength at a specific depth, respectively. The curve 
included in those figures defines the boundary between the materials that may present contrac-
tive behavior and the materials that may present dilative behavior during shearing (Fear and 
Robertson, 1995).  The profiles shown in Figure 8 suggest that coarse tailings could develop 
contractive and dilative behavior, whereas fine tailings will develop variable undrained strength 
values varying in depth.  
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Furthermore, the behavior type of these materials was evaluated according to the SBT classi-
fication developed by Robertson (2010), normalized strength (Qtn) versus the normalized fric-
tion rate (Fr) shown in Figure 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
Figure 9. Normalized CPT Soil Behavior Type (SBTN) of tailings. 

 
 
Foundation conditions of the area where the sand stacking slope toes will be located are com-

plex and show great variability; however, the study performed allowed for a reasonable estimat-
ed model and the strength characteristics of these materials in order to separate them into ge-
otechnical units. 

6 TAILINGS STRENGTH PARAMETERS 

6.1 Fine tailings 
Since penetration tests in the fine tailings were fully undrained (t50 > 100 sec in the dissipation 
tests), therefore we can estimate a high quality undrained shear strength (Su) profile with the 
CPTu soundings.  

A first approach is an empirical correlation between the cone tip resistance qc and Su, using 
the cone factor Nkt as follows: 

 
𝑆𝑢 × 𝑁 = 𝑞 − 𝜎  

 
The value of the cone factor Nkt often falls in the range from 10 to 20 and is influenced by 

several factors such as overconsolidation ratio, plasticity of the soil, sensitivity, etc. However, 
this method could lead to a low precision profile because the very low values of qc parameter 
and the poor accuracy of the cone tip for these soft materials. 

A second method, based on theoretical approaches with cavity expansion theory (Battaglio 
1986, Vesic 1972) is preferred on these soft clays: estimating the undrained shear strength from 
the pore pressure readings u2 using the NΔu factor: 

 
𝑆𝑢 × 𝑁 = 𝑢 − 𝑢  

 Coarse Tailings  Fine Tailings  Saprolite/Laterite 
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This method is preferred on soft clays because it has better accuracy in the Su estimation be-
cause the very large values of excess pore pressure (u2 - u0) in these tailings. The NΔu factor usu-
ally falls in the range from 7 to 10 (Lunne, 1997). 

Figure 10a shows the Su profiles from a representative CPTu sounding on fine tailings esti-
mated by both methods, using a Nkt=14 and a NΔu=10. It also shows the residual shear strength 
profile (Su residual). 

An evaluation of fine tailings is usually complex due to their intermediate nature (cohe-
sive/frictional). A low residual shear strength profile was estimated using the friction sleeve (fs) 
readings of the CPTu, which in mine tailings may be characteristic of contractive soils that are 
prone to flow liquefaction problems. However, in this case, the high plasticity index (PI>20) of 
the fine tailings limit their liquefaction potential (Bray and Sancio, 2006).  

Also, low fs readings could be indicative of sensitive or strain softening soils (exhibit reduc-
tion in shear strength beyond the peak with increasing strain) and the Bq parameter near to 1.0 is 
also indicative of such characteristic. The strain softening behavior of sensitive soils could lead 
to a progressive failure due to local disturbances, expected large deformations or shear stresses 
near to the peak shear strength. Therefore it was important to recommend some measures with 
the purpose of reduce the mobilized strength in the fine tailings and therefore minimize the pos-
sibility of the strain softening behavior. These measures are: a facility geometry with a flat slope 
(between 20H:1V and 25H:1V) and a minimum factor of safety of 1.5 in the stability analyses. 
Also a raising rate of the storage facility less than 9.0 meter per year (Vick, 1990) was recom-
mended in order to allow the dissipation of pore pressures on the foundation. Further studies, 
laboratory tests and pilot tests are need to confirm the pore pressure response of the fine tailings 
under loading. 

Because of the uncertainty about the effect of the raising rate on the consolidation and pore 
pressure development in fine tailings, for the stability analysis it was preferred a total stress ap-
proach with a variable Su profile (lower boundary) varying between 10 and 40 kPa (Figure 10b 
and 10c). An increment of the effective stresses due to the raising of the facility could improve 
the shear strength of the fine tailings if the pore pressures are dissipated.  

 

Figure 10. Undrained shear strength “Su” of fine tailings. 

6.2 Coarse tailings 
As mentioned previously, the coarse tailings were characterized based on contractive and dila-
tive behaviors during shearing, using CPTu and SPT tests from the field investigation.  

The peak undrained strength ratio (Su/p’,  where  p’  is  the  vertical  effective  stress)  and  effec-
tive strength parameters (drained) of tailings was estimated from the results of CPTu tests fol-
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lowing established correlations between the tip resistance measured and strength parameters. 
Typical values of peak undrained strength ratio are in the range of 0.2 and 0.3 (Martin, 
1999).The peak undrained strength ratio was estimated using the measured tip resistance from 
CPTu soundings together with correlations presented by Olson and Stark (2003) for loose mate-
rials. These correlations are based on back analysis of actual flow failures to evaluate the shear 
strength mobilized at triggering of a failure. The correlations have been used with the CPTu data 
to calculate profiles of peak undrained strength ratio for the coarse tailings.  

Calculated Su/p’  values  are  shown  in  Figure 11a using average and lower bound relationships 
presented by Olson and Stark. Values are presented for the looser (weaker) tailings layers only 
(tip resistance < 6.5 MPa and values (N1)60 < 12) for which the correlations are valid. Based on 
these findings,  an  average  Su/p’  value  of  0.22 has been adopted to define the peak undrained 
shear strength of the potentially contractant coarse tailings in the pool area.  

Effective shear strength parameters have been defined for the sands and sandy tailings mate-
rials consistent with materials exhibiting dilative behavior. Effective friction angles estimated 
from the SPT data give a similar range of values (typically 28 to 35degrees), with the higher 
values generally corresponding to tailings at lower stresses (near surface). For stability analyses 
the shear strength of coarse sandy tailings (cycloned sands) has been defined using with an ef-
fective friction angle of 30 degrees.  Effective friction angles were estimated from the SPT N60 
values of the correlation tests by Kulhawy and Mayne (1990). The calculated values of effective 
friction angle are shown in Figure 11b.          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Shear strength parameters of coarse tailings. 

7 STABILITY ASSESSMENT 

Stability analyses were performed by means of the limit equilibrium method using the GeoStu-
dio Slope/W Program in static conditions for the analysis section shown in Figure 2. The 
groundwater table (GT) was estimated, under an adequate drainage condition, at the base of the 
sand stacking storage facility. Material properties used for the stability analyses are shown in 
Table 2. A minimum factor of safety of 1.5 has been established for sand stacking due to the 
sensitive clay types in the foundation. 

It is worth mentioning that these analyses have been performed assuming that the tailings 
storage facility will have adequate drainage, maintaining a groundwater table near the sand 
stacking base. Stability analysis result is shown in Figure 12. For this assumption to be met, the 
following conditions are required: 1) discharged material must allow a free drainage and/or an 
efficient drainage system must be designed, and 2) the storage facility must be adequately moni-
tored and operated. The first condition will need to be confirmed at later stages of the study, 
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through laboratory studies and/or by performing pilot tests in order to check the feasibility of 
discharge into the cells, drying through evaporation and free drainage. The second condition 
must be evaluated periodically by a trained professional in accordance with the operations man-
ual, who must collect all storage facility recommendations and design assumptions. 
 
 
Table 2. Material properties used for the stability analyses 

Material 
Unit 

Weight 
kN/m3 

Cohesion,c 
 

kPa 

Friction 
Angle 

(degrees) 

Undrained 
Strength, Su  

kPa 

Peak Undrained 
Strength Ratio, 

Su/p’ 


Coarse Tailings 1 17 - - - 0.22  
Coarse Tailings 2 18 0 30 - -  

Fine Tailings  14 - - (*) -  
Saprolite/Laterite 18 5 30 - -  

Bedrock       
Short Term Tailings 17 - - - 0.20  

Sand Stacking  15-17 0 30 - 0.20(**)  
* Undrained shear strength function estimated based on CPTu tests, see Figure 10 
** Assumed value for critical operation conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Stability analysis considering adequate operation. 

 
 
In addition, the stability analysis has been performed considering critical operation condi-

tions, i.e. with inadequate drainage of the storage facility, as a result of which the groundwater 
level is located near the surface. Stability analysis result is shown in Figure 13. In this case, and 
since tailings will be disposed of without compaction (loose), this saturated storage facility 
could present undrained behavior during shearing and was therefore modeled under this critical 
assumption with Su/p’ = 0.20. A Factor of Safety of 1.40 was obtained, which means that stabil-
ity of the sand stacking would be precarious under inadequate drainage conditions. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Stability analysis considering critical operation. 
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8 CONCLUSION 

The likelihood of the sensitive soft clays found in the foundation poses risks for the feasibility 
of the Project when using the Sand Stacking System, due to the loss of strength that those clays 
could suffer in the event of deformation, as well as due to their vulnerability to the progressive 
failure mode. Therefore, the design and operation of the structures founded on this material 
must follow the geotechnical analysis recommendations, and an adequate monitoring plan must 
be established during the early years of operation. 

A more detailed assessment of the fine tailings could result in the need to improve their 
drainage conditions by applying engineering solutions, such as wick drains, or by improving the 
shear strength of this stratum. The foundation conditions of the areas where the sand stacking 
slope toes will be located are extremely diverse, that is why it is possible to distinguish two 
types of coarse tailings, one that presents contractive behavior and one that presents dilative be-
havior. Also, the sensitive soft clay (fine tailings) presents an undrained strength that varies with 
depth. These materials will need to be assessed in a more detailed manner in future stages of the 
study using laboratory tests and monitored during pilot tests. 

The sand stacking body must be maintained with adequate drainage as a high level of satura-
tion could result in undrained behavior and, therefore, in precarious stability of the storage facil-
ity. 
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1 INTRODUCTION 

A large amount of strip coal mining takes place in the Bowen Basin and Hunter Valley Coal-
fields of central Queensland and New South Wales, respectively, in Eastern Australia. Due to 
mining activities, huge amounts of overburden spoil are excavated and dumped each year to ex-
pose coal. The dumped spoil slopes are typically between 80 m and 250 m high (Simmons & 
McManus, 2004). In the Bowen Basin Coalfields, strip coal mining has been taking place since 
the mid  1970’s.  Since  then,  there  have been three extended rainfall periods that have caused sig-
nificant flooding of coal mine pits;;  during  the  1970’s,  in the  late  1990’s  and  from  2008  to  2013  
(see Fig. 1, based on data from the Australian Bureau of Meteorology 2015). The flooding of 
pits has resulted in spoil and floor material degradation, and an increase in low wall failures. 

Spoil prone to degradation in water can turn to  “mud”,  as  shown  in  Figures 2 and 3 for poor 
quality Category 1 and good quality Category 3 spoil materials, respectively. For mining to re-
commence after pit flooding, the in-pit water and any mud must first be pumped out. Removal 
of the mud is often difficult due to access and associated transportation issues. It is also a costly 
exercise. The alternative is to spoil on top of the degraded spoil and floor material. This is the 
cheaper option, but the risk of geotechnical instabilities increases, with the weakened material 
potentially forming a slip plane at the base of the pile (Simmons & McManus, 2004). 

The spoil and floor material can vary greatly in both their physical and chemical parameters. 
The physical parameters are determined by a number of factors, including age and the initial 
particle size distribution. Increased age will often result in greater degradation and slaking. The 
particle size distribution will be affected by handling and the presence of water, greatly influ-
encing the shear strength, compressibility and permeability of the spoil. The chemistry and min-
eralogy of the spoil, and of the pore water and rainfall, will also greatly influence the degrada-
tion of the material. 
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ABSTRACT: The flooding of open strip coal mines in the Eastern Australian coalfields has the 
potential to soften in-pit spoil and floor  materials  to  produce  “mud”.  There  is  a  high  potential  
for geotechnical instability and failure of low wall spoil subsequently dumped on water-softened 
spoil or floor material. To date, this risk has been mitigated by removing any water and mud 
prior to the dumping of spoil, and by avoiding the placement of spoil susceptible to degradation 
at the base of the spoil pile. The removal of mud is a costly exercise that could possibly be 
avoided where the spoil and floor materials are shown to be reasonably resistant to degradation. 
Spoil and mud samples have been subjected to dry and wet sieving to assess their degradation 
potential, and to dry and wet testing in small and large direct shear boxes to assess their poten-
tial for strength loss on wetting-up. 
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Figure 1. Long-term rainfall anomalies in Bowen Basin Coalfields, Central Queensland, Australia. 
 

   
 
Figure 2. Degradation of dry poor quality Category 1 spoil (left) to mud (right). 
 
The geotechnical stability of low wall spoil piles is dependent on the shear strength of the mate-
rial, the geometry of the pile, and the hydrological conditions. This paper focuses on the shear 
strength of dry and wet-up spoil and mud sampled from a number of BHP Billiton Mitsubishi 
Alliance (BMA) mines in the Bowen Basin Coalfields. 

2 SPOIL CATEGORIES 

To provide geotechnical engineers with a simple system for identifying spoil types, Simmons 
& McManus (2004) developed for BMA a spoil classification framework. The framework con-
sists of four categories, from poor quality Category 1 to good quality Category 4, in order from 
the most to the least susceptible to degradation in water, which can be identified visually using 
Figure 4 (after BHP Engineering Pty. Ltd. 2012). For geotechnical design purposes, each spoil 
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category was assigned values for its unit weight, cohesion and friction angle under dry (unsatu-
rated) and wet (near-saturated) conditions, as summarised in Table 1 (after Simmons & 
McManus 2012). 
 

   
 
Figure 3. Degradation of dry Category 3 spoil (left) to mud (right). 
 

 
Figure 4. BMA spoil Categories. 
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Table 1. BMA design parameters for Categories 1 to 4. ________________________________________________________________________________________________________ 
Spoil Category      Unit Weight (kN/m3)    Cohesion (kPa)    Friction Angle (deg) ________________________________________________________________________________________________________ 
Category 1 – Unsaturated         18  1      20  10         25  2.5 

 – Near-Saturated        20  1         0        18  3 
Category 2 – Unsaturated         18  1      30  15        28  3 

 – Near-Saturated        20  1      15  7.5         23  2.5 
Category 3 – Unsaturated         18  1      50  15        30  2 

 – Near-Saturated        20  1      20  10         25  2.5 
Category 4 – Unsaturated         18  1      50  15         35  2.5 

 – Near-Saturated        20  1         0         30  1.5 ________________________________________________________________________________________________________ 

3 LABORATORY TESTING METHODOLOGY 

3.1 Spoil Sampling 
A range of representative Category 1, 2 and 3 spoil materials, and corresponding mud samples, 
was collected  from  BMA’s  Goonyella-Riverside, Peak Downs and Cavil Ridge mines. The spoil 
samples were scalped to pass a 50 mm sieve, while the finer-grained mud samples were 
collected unscalped. 

3.2 Particle Size Distribution Analysis 
Dry sieving was carried out broadly in accordance with AS 1289.3.6.1 (2009), on the as-
sampled spoil materials to obtain their dry particle size distributions down to 75 μm.  The dry 
sieving was carried out following air-drying. Some poorer quality (Category 1) spoil materials 
were not able to be dry sieved, since they were agglomerated. All spoil samples subjected to dry 
sieving had less than 10% passing the 75  μm sieve, and hence hydrometer analysis of the fines 
was not conducted. 

Wet sieving down to 75 μm, and hydrometer analyses of the fines, were carried out broadly in 
accordance with AS 1289.3.6.1 (2009) and AS 1289.3.6.3 (2003), respectively, on the as-
sampled spoil and mud samples. Deionised water was used without dispersant, to represent rain 
water. 

3.3 Shear Strength Testing 

Shear strength testing was largely carried out using a standard 60 mm by 60 mm (by approxi-
mately 20 mm high specimen) direct shear box, broadly in accordance with AS 1289.6.2.2 
(1998). The samples were scalped to pass a 4.75 mm sieve to ensure a specimen height to 
maximum particle size ratio of at least five. A 300 mm by 300 mm (by approximately 200 mm 
high specimen) large direct shear box was used for the coarse-grained Category 3 spoil tested 
dry as-sampled (scalped on site to pass 50 mm). 

All specimens were placed loose, to represent loose dumping and a normally-consolidated 
specimen. The spoil specimens tested dry were placed at their as-sampled gravimetric moisture 
content, which was less than a few percent. The specimens to be tested wet were soaked for 
24 hours in deionised water to simulate rain water, prior to the normal stress being applied. 

In both the small and large direct shear boxes, three single stage tests were carried out on 
each material type, at nominal normal stresses of 200 kPa, 500 kPa and 1,000 kPa, simulating 
spoil depths of approximately 10 m, 25 m and 50 m. Each specimen was allowed to settle under 
the applied normal stress before shearing at a relatively slow rate of 0.1 mm/min, expected to 
result in drained behaviour. The materials were sheared to 10% of the shear box length. If the 
material reached a peak shear strength prior to 10% shear displacement it was recorded. If not, 
the shear strength at 10% was recorded. The normal and shear stresses at failure were corrected 
for the reduction in area due to shear displacement. 
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4 LABORATORY TEST RESULTS 

Particle size distribution testing was conducted on all spoil and mud samples collected. Dry 
sieving was carried out on air-dried spoil samples, and wet sieving was carried out on all spoil 
and mud samples. The results of wet sieving of the spoil samples were compared with the re-
sults of dry and wet sieving of the mud samples to assess the potential for wet sieving of spoil to 
be used to assess its potential for degradation. 

4.1 Dry Sieving 
The particle size distribution curves obtained on dry sieving of air-dried Category 1, 2 and 3 
spoil samples are presented in Figure 5. Figure 5 shows that the dry-sieved Category 3 spoil is 
generally more coarse-grained than the dry-sieved Category 2 spoil, which is in turn more 
coarse-grained than the single dry-sieved Category 1 spoil sample, as would be expected. With 
respect to the spread of particle size data, those for dry-sieved Category 3 spoil had a slightly 
smaller spread than those for dry-sieved Category 2 spoil. Only one Category 1 spoil sample 
could be dry-sieved, since other samples collected were agglomerated, rendering the results of 
dry-sieving meaningless. The D50 (size through which 50% of the particles pass) values range 
from 6.5 to 13 mm for dry-sieved Category 3 spoil, from 2 to 8 mm for dry-sieved Category 2 
spoil, and 1.8 mm for the single dry-sieved Category 1 spoil sample tested. 
 

 
Figure 5. Dry-sieved  particle size distribution curves for Category 1, 2 and 3 spoil samples. 

4.2 Wet Sieving 
The particle size distribution curves obtained on wet sieving of air-dried Category 1, 2 and 3 
spoil and mud samples are presented in Figure 6. Figure 6 shows that wet Category 3 spoil and 
mud is considerably more coarse-grained than wet Category 2 and 1 spoil and mud, which gave 
somewhat similar results. Compared to wet Category 3 spoil and mud, the particle size data for 
wet Category 2 and 1 spoil and mud showed large spreads. It is also interesting to note that the 
spread of the data for the wet Category 2 spoil and mud is greater than that for wet Category 1 
spoil and mud. The D50 values range from 0.98 to 4.25 mm for wet Category 3 spoil and mud, 
from 0.01 to 0.27 mm for wet Category 2 spoil and mud, and from 0.0016 to 0.015 mm for wet 
Category 1 spoil and mud. It is noted that the wet Category 1 spoil and mud is more uniform-
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graded than the wet Category 2 spoil and mud, having both less coarse-grained and fine-grained 
particles. 
 

 
Figure 6. Wet particle size distibution curves for Category 1, 2 and 3 spoil and mud samples. 
 

4.3 Comparison between Dry and Wet Sieving 
Figure 7 shows the dry and wet particle size distribution curves for Category 3 spoil and mud 
samples. Wetting of the Category 3 spoil samples showed about an order of magnitude reduc-
tion in particle sizes. The wet Category 3 mud samples showed a further reduction in particle 
sizes, particularly in the sand and silt-size ranges. 

Figure 8 shows the dry and wet particle size distribution curves for Category 2 spoil and mud 
samples. Wetting of the Category 2 spoil samples showed about three orders of magnitude re-
duction in particle sizes, highlighting their high potential for breakdown in water. Contrary to 
this, the wet Category 2 mud sample indicated only a one to two order of magnitude reduction in 
particle sizes from the dry-sieved particle size data, the breakdown increasing with decreasing 
particle size. The single mud sample subjected to wetting may not be representative, or may 
have agglomerated due to wetting and drying cycles in the field. 

Figure 9 shows the dry and wet particle size distribution curves for Category 1 spoil and mud 
samples. Wetting of the Category 1 spoil samples showed about an order of magnitude reduc-
tion in particle sizes from those obtained on dry sieving, and wetting of the mud samples 
showed about a further order of magnitude reduction. It is noted that not all Category 1 spoil and 
mud samples could be tested, due to agglomeration. 

Figure 10 compares all of the particle size distribution curves for both the dry spoil and wet 
spoil and mud samples. The difference between the dry and wet particle size distribution curves 
is large, and the spread of the dry-sieved particle size data is relatively small compared with that 
of the wet particle size data. The spread of the Category 2 particle size data is particularly large. 
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Figure 7. Comparisons between dry and wet particle size distribution curves for Category 3 spoil and mud 
samples. 
 

 
Figure 8. Comparisons between dry and wet particle size distribution curves for Category 2 spoil and mud 
samples. 
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Figure 9. Comparisons between dry and wet particle size distribution curves for Category 1 spoil and mud 
samples. 
 

 
Figure 10. Overall comparisons between dry and wet particle size distribution curves for Category 1, 2 
and 3 spoil and mud samples. 
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5 SHEAR STRENGTH RESULTS 

The direct shear strength results for all categories of both spoil and mud, tested under both dry 
and wet conditions, are plotted in Figure 11. A small number of mud samples could not be test-
ed due to their excessive moisture content on sampling. There are expected general trends of de-
creasing shear strength in order from Category 3 to 1, spoil samples giving somewhat higher 
shear strengths than corresponding mud samples, and dry testing giving somewhat higher shear 
strengths than wet testing. The reduced shear strength of the mud samples compared with that of 
the corresponding spoil samples is seen to be due to a drop in apparent cohesion, which is at-
tributed to the higher moisture content and lower matric suctions of the mud samples. Category 
2 spoil showed the most marked drop off in shear strength with increasing applied normal stress, 
both for dry and wet testing, due to this spoil category being the most prone to breakdown in 
water and, apparently, under increasing applied normal stress. 
 

 
Figure 11. Shear strength at failure versus applied normal stress for Category 1, 2 and 3 spoil and mud 
samples tested dry and wet. 
 

Figures 12 and 13 show, respectively, the direct shear strength results for all categories of 
spoil and mud, tested under both dry and wet conditions. On dry testing of the spoil samples, the 
shear strength decreased markedly in order from Category 3 to Category 1 to Category 2. On 
wet testing of the spoil, the shear strength was significantly lower than that under dry testing, 
but was less affected by the spoil category, decreasing slightly in order from Category 3 to 1, as 
would be expected. The main change in shear strength between dry and wet testing was a signif-
icant drop in cohesion intercept, considered due to the loss of matric suction on increased satura-
tion. 

Dry testing of the Category 3 and 2 mud samples gave similar shear strength envelopes, while 
the shear strength of the Category 3 samples tested dry was significantly lower. The shear 
strength envelope of the Category 3 mud samples tested under wet conditions was identical to 
that obtained under dry conditions. The shear strength of the Category 2 mud samples tested un-
der wet conditions was significantly lower than that obtained under dry test conditions, while 
Category 3 mud suffered a slight drop in shear strength on testing under wet conditions. 
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Figure 12. Shear strength at failure versus applied normal stress for Category 1, 2 and 3 spoil samples 
tested dry and wet. 
 

 
Figure 13. Shear strength at failure versus applied normal stress for Category 1, 2 and 3 mud samples 
tested dry and wet. 
 

Figure 14 shows the Mohr-Coulomb shear strength parameters obtained from the straight line 
fits shown in Figures 12 and 13. The apparent cohesion is given by the intercept of the shear 
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strength envelope with the shear stress at failure axis. Where this intercept is negative, it is set to 
zero. The friction angle is given by the angle of the straight lines of best fit. Also shown in 
Figure 14 is the approximate angle of repose of dry Bowen Basin spoil of 35o. It can be seen 
from Figure 14 that the calculated friction angles are generally less than the angle of repose, 
suggesting potential geotechnical instability. However, this is offset by the relatively high 
suction-induced apparent cohesion values, as geotechnical instability of angle of repose spoil 
slopes is relatively rare except where the base of the spoil becomes wet and softens. 

The average and range of the calculated Mohr-Coulomb shear strength parameters are given 
in Table 2, along with the BMA values for spoil. Most of the test data represent higher shear 
strength parameters than those recommended by Simmons and McManus (2004). The cohesion 
values were generally comparable, while the tested friction angles were generally higher. In 
particular, the tested Category 3 and 1 spoil samples showed much higher friction angles than 
the values recommended by Simmons and McManus (2004). However, the tested Category 2 
spoil samples, which were prone to breakdown in water and under applied normal stress, 
showed similar friction angles to those recommended. 
 
Table 2. Average and range of apparent cohesion and friction angle values for spoil and mud samples. ________________________________________________________________________________________________________ 
BMA Spoil Category             Tested Bowen Basin Spoil and Mud 

Apparent Cohesion (kPa)      Friction Angle (deg) ________________________________________________________________________________________________________ 
CATEGORY 3 Spoil – Tested Dry             70  6            35.0  3 

    – Tested Wet           17  14            31.5  1 
CATEGORY 3 Mud  – Tested Dry           21  12         33.0  3.5 

    – Tested Wet           35  13         32.4  4.5 
CATEGORY 2 Spoil – Tested Dry           90  90         25.3  4.5 

    – Tested Wet           52  40         25.4  2.5 
CATEGORY 2 Mud  – Tested Dry              0           34.9 

    – Tested Wet              0           29.1 
CATEGORY 1 Spoil – Tested Dry            92           30.9 

    – Tested Wet            16           27.6 
CATEGORY 1 Mud  – Tested Dry              0           27.0 

    – Tested Wet              0           26.0 ________________________________________________________________________________________________________ 
BMA Spoil Category               BMA Values for Spoil 

Apparent Cohesion (kPa)      Friction Angle (deg) ________________________________________________________________________________________________________ 
CATEGORY 3 – Unsaturated             50  15           30  2 

   – Near-Saturated            20  10           25  2.5 
CATEGORY 2 – Unsaturated             30  15           28  3 

   – Near-Saturated           15  7.5           23  2.5 
CATEGORY 1 – Unsaturated             20  10           25  2.5 

   – Near-Saturated                0          18  3 ________________________________________________________________________________________________________ 

 
Figure 15 shows the secant angles from the origin to each of the individual failure points in 

Figures 12 and 13. In addition to the angle of repose of dry Bowen Basin spoil of 35o, the range 
of data from poor to good quality rock fill obtained from 200 mm diameter triaxial testing by 
Leps (1970) is also included in Figure 15. Comparison with Leps (1970) data range shows that 
the dry Bowen Basin spoil samples of all categories generally have reasonable frictional 
resistance, above their angles of repose, with the exception of one of the Category 2 spoil 
samples tested. The secant friction angles of most of the wet spoil samples, and of all of the mud 
samples, fall outside the range of Leps (1970) data, and many fall below the angle of repose of 
dry spoil, increasing the potential for geotechnical instability. 
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Figure 14. Comparison of apparent cohesion versus friction angle for Category 1, 2 and 3 spoil and mud 
samples tested dry and wet. 
 

 
Figure 15. Secant friction angle versus applied normal stress for Category 1, 2 and 3 spoil and mud 
samples tested dry and wet. 
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6 CONCLUSIONS 

Laboratory testing was conducted on a number of spoil and mud samples collected from mine 
sites in the Bowen Basin Coalfields of Central Queensland, Australia. This focused on dry and 
wet particle size distribution analysis to assess the potential for the materials to breakdown in 
water, and direct shear strength testing under dry and wet conditions to assess the effect of wet-
ting and applied normal stress on the shear strength parameters of the materials. 

The dry-sieved Category 3 spoil was found to be generally more coarse-grained than the dry-
sieved Category 2 spoil, which was in turn more coarse-grained than the single dry-sieved 
Category 1 spoil sample, as would be expected. The particle size data for the dry-sieved 
Category 3 spoil had a slightly smaller spread than those for dry-sieved Category 2 spoil.  

The wet Category 3 spoil and mud were found to be considerably more coarse-grained than 
the wet Category 2 and 1 spoil and mud, which gave somewhat similar results. Compared to wet 
Category 3 spoil and mud, the particle size data for wet Category 2 and 1 spoil and mud showed 
large spreads. The spread of the data for wet Category 2 spoil and mud was found to be greater 
than that for wet Category 1 spoil and mud. 

Wetting of the Category 3 spoil samples showed about an order of magnitude reduction in 
particle sizes. The wet Category 3 mud samples showed a further reduction in particle sizes, par-
ticularly in the sand and silt-size ranges. Wetting of the Category 2 spoil samples showed about 
three orders of magnitude reduction in particle sizes, highlighting their high potential for break-
down in water. Contrary to this, the wet Category 2 mud sample indicated only a one to two or-
der of magnitude reduction in particle sizes from the dry-sieved particle size data, the break-
down increasing with decreasing particle size. Wetting of the Category 1 spoil samples showed 
about an order of magnitude reduction in particle sizes from that obtained on dry sieving, and 
wetting of the mud samples showed about a further order of magnitude reduction. The differ-
ence between the dry and wet particle size distribution curves was found to be large, and the 
spread of the dry-sieved particle size data was found to be relatively small compared with that of 
the wet particle size data. The spread of the Category 2 particle size data was found to be partic-
ularly large. 

The results of the direct shear strength testing of spoil and mud samples of different catego-
ries under dry and wet conditions showed the expected general trends of decreasing shear 
strength in order from Category 3 to 1, spoil samples giving somewhat higher shear strengths 
than corresponding mud samples, and dry testing giving somewhat higher shear strengths than 
wet testing. The reduced shear strength of the mud samples compared with that of the corre-
sponding spoil samples is seen to be due to a drop in suction-induced apparent cohesion, which 
is attributed to the higher moisture content and lower matric suctions of the mud samples. Cate-
gory 2 spoil showed the most marked drop off in shear strength with increasing applied normal 
stress, both for dry and wet testing, due to this spoil category being the most prone to break-
down in water and, apparently, under increasing applied normal stress. 

On dry testing of the spoil samples, the shear strength decreased markedly in order from Cat-
egory 3 to Category 1 to Category 2. On wet testing of the spoil, the shear strength was signifi-
cantly lower than that under dry testing, but was less affected by the spoil category, decreasing 
slightly in order from Category 3 to 1, as would be expected. The main change in shear strength 
between dry and wet testing was a significant drop in cohesion intercept, considered due to the 
loss of matric suction on increased saturation. 

Dry testing of the Category 3 and 2 mud samples gave similar shear strength envelopes, while 
the shear strength of the Category 3 samples tested dry was significantly lower. The shear 
strength envelope of the Category 3 mud samples tested under wet conditions was identical to 
that obtained under dry conditions. The shear strength of the Category 2 mud samples tested un-
der wet conditions was significantly lower than that obtained under dry test conditions, while 
Category 3 mud suffered a slight drop in shear strength on testing under wet conditions. 

The Mohr-Coulomb-based spoil friction angles were found to be generally less than the angle 
of repose of the material, suggesting potential geotechnical instability. However, this is offset by 
the relatively high suction-induced apparent cohesion values, as geotechnical instability of angle 
of repose spoil slopes is relatively rare except where the base of the spoil becomes wet and 
softens. 
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Most of the test data represent higher shear strength parameters than those recommended by 
Simmons and McManus (2004). The cohesion values were generally comparable, while the 
tested friction angles were generally higher. In particular, the tested Category 3 and 1 spoil 
samples showed much higher friction angles than the values recommended by Simmons and 
McManus (2004). However, the tested Category 2 spoil samples, which were prone to 
breakdown in water and under applied normal stress, showed similar friction angles to those 
recommended. 

The dry Bowen Basin spoil samples of all categories were generally found to have reasonable 
frictional resistance, above their angles of repose, with the exception of one of the Category 2 
spoil samples tested. The secant friction angles of most of the wet spoil samples, and of all of 
the mud samples, fall outside the range of Leps (1970) data, and many fall below the angle of 
repose of dry spoil, increasing the potential for geotechnical instability. 
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1 INTRODUCTION 

1.1 Environmental liabilities 
The management of tailings has been evolving rapidly in the past hundred years, from uncon-
trolled haphazard disposal to today’s  well  designed and constructed tailings impoundment areas 
(TIA). The proper management of tailings remains a constant challenge to minerals and metals 
sector largely due to the mass of the material generated and the chemical and mineralogical 
complexity of the material. Records indicated that over 6 billion tonnes of tailings had been 
generated in Canada in the last 30 years; of which 90% originated from metal mines with base 
metals, iron and gold mines to be the major contributors as shown in Figure 1 (Barter, 2011). 
The typical tonnage of tailings generated in each commodity industry varies largely depending 
on the primary metal mined. For example, as shown in Table 1, about 400 tonnes of tailings is 
generated per kg of gold produced, 125 tonnes per tonne of copper produced, and 2 tonnes per 
tonne of iron produced (Barter, 2011). Apparently, these ratios will continue to climb as high 
grade ores become scarce, while the continuous advancement of technologies is allowing indus-
try to process lower grade ores. The rate of tailings generated in Canada was estimated to be be-
tween 200 and 250 million tonnes per annum (Barter, 2011). 
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ABSTRACT: The rate of tailings generated at Canadian mines is on the order of 200–250 
million tonnes per annum. The accumulative sum of the tailings from the last three decades has 
amounted to over 6 billion tonnes; most of which have been retained in tailings impoundment 
areas (TIA). TIA represent huge environmental and social liabilities to the mineral and metals 
industries as well as to governments and communities. One of the priorities of Green Mining 
Initiative at Natural Resources Canada is to facilitate the development and deployment of new 
technologies to minimize the footprint of tailings, and at the same time to examine options to 
utilize mining wastes as resources in other applications. This paper outlines the main areas of 
research in addressing the technological gaps prior to the wide adoption of tailings reprocessing 
and repurposing. 
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Figure 1. A snap shot of tailings generation by mines in Canada (Barter, 2011). 

 
Despite the overall reduction in TIA failures globally in recent years, the severity of these fail-

ures is steadily trending upwards. According Bowker & Chamber (2015), almost half of all rec-
orded “serious and very serious”1 failures from 1940-2009 have occurred since 1990. The liabil-
ity of these TIA is significant. The cost of remediation for TIA failures worldwide within this 
decade (2010-2019) alone is estimated to be US$ 6 billion (Bowker & Chambers 2015). 
 
Table 1. Ratios between tonnage of tailings generated and the mass of metal produced (Barter, 2011).  

Commodity  
 

Year 
2006 2007 2008 

Gold     
tonnes of tailings per kg gold  391 384 397 
Copper    
tonnes of tailings per tonne copper  125 118 122 
Iron     
tonnes of tailings per tonne iron  2 2 2 

 

1.2 Declining grade 
Couple the decline in easy to access high grade ores with a growing global middle class; it is clear 
that the demand for minerals and metals will increase in coming years. The challenges of finding 
high grade ores in politically stable regions are more difficult. The project time for new explora-
tion is getting longer due to the fact that uncertainties associated with permitting and gaining so-
cial license to operate are numerous (Ramji, 2016). The option to reprocess historical tailings be-
comes an attractive and potentially economically viable alternative to new mine development. 

1.3 Mine waste metal value 
To illustrate the significant amount of metal value available in tailings, the metal value in Canadi-
an gold tailings was estimated and is depicted in Figure 2. The estimate is based on the expected 1 
billion tonnes of gold tailings disposed of in Canada since 1985. The metal grades are evaluated 
at 0.01–0.5 g Au/t, 0.5–50 g Ag/t and 100–1000 g Cu/t, respectively while the metal prices are 
taken at a discounted rate of 65% of the respective average market price in 2015 (Kitco, 2016). 
From this, it is conservatively estimated that the total metal value in Canadian gold tailings is of 
the order of US$ 10 billion. 
 

                                                   
1 According to the definition used by Bowker & Chamber (2015), a TIA failure with loss of life and/or 

release of semi-solids discharge equal or greater than 100,000 m3 is  categorized  as  “serious”,  and  with  
multiple loss of life (~20) and/or release of semi-solids discharge equal or greater than 1,000,000 m3, 
and/or  release  travel  of  20  km  or  more  is  categorized  as  “very  serious”. 
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Figure 2. Estimation of the metal values (gold, silver & copper) contained in the estimated one 
billion tonnes of gold tailings in Canada. 

2 RESEARCH 

2.1 Rationale 
Despite the significant metal value contained in mine waste, reprocessing of it is unconventional. 
In general, the remaining metal value present in tailings is considered as a process loss and does 
not warrant any further effort to be recovered mostly due to economics, environmental liability 
and regulation or technological deficiencies. 
 

Tailings and other mine waste pose a long-term liability to mine operators. Besides holding 
long-term insurance bonds, mine operators are actively engaged in developing best practices in 
tailings management (Environment Canada, 2009; MAC, 2011a, 2011b, 2011c, & 2015) to miti-
gate the risks associated with these wastes. Furthermore, mine waste management efforts and ob-
jectives are often formulated around reclamation and mine closure, not targeting at reaping poten-
tial economic benefits through waste reprocessing and repurposing. 

2.2 Variability of tailings 
Tailings are often a mixture of finely ground rock and water. Because of the diversity of ore bod-
ies and technologies employed to process them, the resulting tailings are very much site specific. 
The physical and chemical properties of tailings of every site at every point of time are unique. 
The mineralogy of tailings can be grouped into three broad categories, namely gangue, sulphide-
oxide, and secondary mineral fractions. Within a tailings impoundment area, it is common to see 
mineralogical variation among tailings samples collected at different locations and depths as a re-
sult of particle size segregation, secondary chemical reactions, process and feed changes, and 
weathering effects (Wang, et. al., 2014). Thus, the capability of handling variable feed conditions 
is essential to the successful implementation of tailings reprocessing technologies. 

2.3 Knowledge gaps 
Tailings are very fine solids which can be classified by their particle size as sand, silt, and clay. 
For example, according to Canadian oil sands classification system, sand is less than 44 µm, silt 
is between 2 and 44 µm, and clay is less than 2 µm (Masilyah, et. al., 2011). As the inherent 
characteristics of fine solid particles, there are two undesirable phenomena often related to tail-
ings processing/reprocessing: water capture and slow solids settling (Wang, et. al., 2014). 
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As most conventional milling and extraction technologies have been developed and biased to-
wards handling of coarser particle size materials, numerous difficulties in processing fine-grained 
materials such as tailings are faced stemming from equipment blockages to poor process perfor-
mance. The interfacial phenomena between fine solid particles and aqueous media in transient 
multi-component systems are rather complex. The advancement in nanoscience and microfabrica-
tion technologies could be very well a source of reference and inspiration, particularly in the un-
derstanding of the fundamental theories of surface chemistry involved. Equally important is to 
build up application knowledge and a database by working with tailings materials taken directly 
from across a wide range of mines and TIA. There is no substitute but to evaluate extensively 
lab- and pilot-scale tests and performance data available from relevant vendors before reliable 
and economically viable tailings reprocessing and repurposing processes can be successfully im-
plemented (Wang, et. al., 2014; Consortium of Tailings Management Consultants, 2012). 

3 CASE STUDES 

3.1 Copper-molybdenum tailings 
Amerigo Resources, a Canadian junior exploration company, has successfully demonstrated sig-
nificant economic benefit by reprocessing tailings from one of the world largest copper mines, 
Codelco’s  El  Teniente   in  Chile, whereas historical and fresh tailings were graded at about 0.3% 
and 0.12% Cu, respectively (Williams, 2010). Amerigo Resources has a wholly owned subsidi-
ary, Minera Valle Central (MVC) operating a tailings reprocessing plant next to a 200 Mt histor-
ical tailings impoundment of Colihues. This tailings reprocessing plant is a low capital cost in-
vestment with secondhand equipment re-engineered   to  suit  MVC’s  specific  high   throughput  and  
very low grade requirements. The plant has eight ball mills to grind the tailings, cyclones and a 
large flotation section. Some 130,000 t/d of fresh tailings are delivered to the plant via a 40 km 
tailings launder from the El Teniente mine, while about 30,000 t/d of historical tailings of Coli-
hues are mined and sent directly to the concentrator using water monitors and pumps. The opera-
tion relies heavily on a gravity flow system feeding the slurried tailings to ball mills, followed by 
flotation to produce copper concentrate, which also contains molybdenum and silver. In 2008, 
MVC produced about 35 million pounds (16 Mt) of copper and 769,000 pounds (350 kt) of mo-
lybdenum, and the cost of producing a pound of copper was around US$ 1.30, which proved to 
be economically viable at the time (Williams, 2010). Despite the current downward pressure of 
commodity prices, MVC has continued its tailings reprocessing operation in Chile and produced 
37 million pounds (17 Mt) of copper in 2015 (Amerigo Resources, 2016), which is higher than a 
number of primary copper mining operations today. 

3.2 Carolin Mine gold tailings 
The Ladner Project of New Carolin Gold Corp. in BC, Canada has amplified the potential eco-
nomic benefits brought by re-examining the metal values in gold tailings. As per its NI 43-101 
compliant resources estimate (standards of disclosure for mineral projects in Canada) completed 
in 2011, for the tailings portion of the property, the indicated mineral resource of 445,000 tons 
(403,695 t), grading 1.83 g/t for a contained gold ounces estimate of 24,000 ozt and the inferred 
mineral resource of 93,000 tons (84,367 t), grading 1.85 g/t for a contained gold ounces estimate 
of 5,000 ozt, were reported (Pearson, 2015). 

As the gold content in the Carolin tailings is relatively high, the investigators, Daniel and 
Downing (2011), are interested in determining why the original mill failed to extract the gold 
which remained contained in the tailings and whether 25 years of weathering has had an effect on 
the tailings ability to be concentrated. The prefeasibility test work showed recovery problems ex-
perienced by the original Carolin Mill was  attributed to the larger grind size used in the old plant 
(i.e., P80 of 180 µm) compared to the reduced grind size of 53 µm used in the testwork. The 
testwork also demonstrated clearly that the material could be concentrated by 10 times the origi-
nal feed grade with a 3-stage flotation circuit using potassium amyl xanthate (PAX) and aeroflot 
208. It also showed the positive effect of using reagents such as sulphuric acid to re-activate the 
material’s  surface  for  better   flotation sensitivity. Finally, the leaching tests on the flotation con-
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centrates of the tailings (gold grade of 19.2 g/t) achieved an overall gold recovery of at least 80% 
using sodium cyanide of concentration as low as 3 g/L in total leach time of 24 hours (Daniel & 
Downing, 2011). 

3.3 Desulphurization of tailings 
For the past two decades, a considerable amount of effort has been put into desulphurization of 
tailings aiming at prevention and risk mitigation of acid mine drainage (AMD); some of the rele-
vant technical reports and guidance documents can be found in the Mine Environment Neutral 
Drainage (MEND) depository available to the public, http://mend-nedem.org/ (Tremblay & Ho-
gan, 2015). 

The presence of sulphide minerals in the tailings is directly related to the onset of acid genera-
tion due to the bacteria catalyzed oxidation of sulphides. The successful separation of sulphides 
and non-sulphide portions of the tailings would allow better management and repurposing of the 
material. For one, the total amount of sulphide-containing tailings which requires high cost and 
high maintenance acid proof lining and water cover would be significantly reduced. Second, the 
non-sulphide portion of the tailings may have added values to be valorized or repurposed for other 
applications. Finally, in the process of separating the sulphide and non-sulphide portions of the 
tailings, the metal values locked up in the tailings may very well be concentrated or liberated, 
which certainly add further economic values to support the business case. 

A comprehensive review study on separating sulphides from mill tailings was conducted by 
Cominco Engineering Services Ltd. using four mill tailings samples taken from three operating 
mines at the time, Placer Dome – Detour Lake Mine, Lac Minerals – La Mine Doyon, and Les 
Mines Selbaie (Cominco Engineering Services Ltd., 1994). The study examined the effectiveness 
of separating the samples into sulphide and non-sulphide fractions by testing an array of gravity 
and flotation separation processes. One of the common observations on the characteristics of the 
tailings from the four different locations was that the sulphide minerals tended to be concentrated 
in the fine size fractions (< 74 µm), and were well liberated from the gangue minerals making 
separation by direct flotation a viable option. Table 2 shows the selected results of the flotation 
tests highlighting on the possibility of clean separation of sulphide and non-sulphide minerals por-
tions of the tailings, and at the same time the great opportunities of concentrating metal values – 
gold, silver, copper and tellurium, in these cases. 
 
Table 2. Summary of the flotation tests results on the four mill tailings (Cominco Engineering Services 
Ltd., 1994).  
Sample: Placer Dome 
Test mode: CN destruction prior to flotation  
Description Assays 

Au 
(g/t) 

Cu 
(wt.%) 

ST 
(wt.%) 

Cu prefloat 1.05 5.09 21.10 
Bulk sulphide float 0.51 0.47 25.10 
Tails 0.31 0.02 0.98 
    
Head 0.33 0.15 2.35 
 
Sample: Lac Minerals 
Test mode: Flotation using PAX after CN destruction  
Description Assays 

Au 
(g/t) 

Te 
(ppm) 

ST 
(wt.%) 

Flot 1 0.78 11.00 42.53 
Flot 2 0.51 14.00 29.62 
Tails 0.26 8.00 0.65 
    
Head 0.12 8.36 4.17 
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Sample: Selbaie-1 
Test mode: flotation at low pH  
Description Assays 

Au 
(g/t) 

Ag 
(g/t) 

ST 
(wt.%) 

Flot 1 0.18 49.50 49.10 
Flot 2 0.25 56.20 19.40 
Tails 0.05 3.00 0.76 
    
Head 0.12 0.15 22.97 
 
Sample: Selbaie-2 
Test mode: Use PAX as collector  
Description Assays 

Au 
(g/t) 

Ag 
(g/t) 

ST 
(wt.%) 

Bulk sulphide float 0.52 52.70 28.13 
Tails 0.21 0.73 0.39 
    
Head 0.24 6.56 3.50 

4 OPTIONS TO REPROCESS AND REPURPOSE  
 
The concept of treating tailings as resources is not new (Bean, 1972; Rampacek, 1982; Shaw, et. 
al., 2013; van Zyl, 2014), and has been successfully applied in some areas such as reusing tail-
ings as an oxygen barrier to treat contaminated soil and turning bauxite residues into marketable 
products for road construction or neutralizing agent in agricultural soils. These solutions are 
among the 100 innovations highlighted in the mining industry in a recent publication by Minalli-
ance (Minalliance, 2012). Generalized flowsheets for tailings reprocessing have been proposed 
and studied by various researchers looking for long-term solutions for better environmental, social 
and economic outcomes (Struthers, et al., 1997; Edraki, et al., 2014). However, for the wider 
adoption of the technologies in tailings reprocessing and repurposing by the industry, a cost-
effective, environmentally sound, holistic approach supported by multiple stakeholders from in-
dustry, regulatory and policy organizations, and academia must be developed and demonstrated. 

A conceptual flowsheet for tailings reprocessing and repurposing is depicted in Figure 3. 
There are four desired outcomes: 

(1) Reduce the environmental liabilities posed by the existing tailings; 

(2) Recover the metal values in the tailings; 

(3) Produce benign tailings residue; and 

(4) Utilize tailings as resources. 
 
Tailings A shown in Figure 3 is the whole of historical tailings generated from metal mines in the 
past. Tailings A composes of tailings of variability with site specific constraints and material 
properties. A set of assessment criteria which is required to form a basis (i.e. decision gates 1, 2 
& 3) to qualify the individual tailings material for reprocessing must first be developed with the 
end goals of reaching one of the four desirable outcomes. The ultimate goal is to reduce substan-
tially the amount of potentially hazardous tailings in the tailings impoundment area (i.e. Tailings 
B << Tailings A) and so are the environmental liabilities associated with it. The resulting tailings 
from reprocessing, Tailings C, are benign and should pose minimum risks to the environment. 
Strategically, tailings reprocessing opens up new resources for industrial minerals which do not 
require costly exploration and lengthy commissioning time. Importantly, the reprocessed tailings 
itself can be turned into various value-added products such as backfill, top soil or other applica-
tions. 
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Figure 3. A conceptual flowsheet for tailings reprocessing and repurposing. 

5 CONCLUSIONS 
 
As an integral part of the five-year (2016–2020) Green Mining Innovation Research Plan at 
CanmetMINING, this project pursues the ultimate goal of waste minimization through active uti-
lization of tailings as resources. Over 6 billion tonnes of tailings have been generated in the Cana-
dian mines for the last thirty years; of which 90% result from metal mining where base metals and 
gold mines are the major contributors. The metal values in the gold tailings alone were estimated 
to be in the order of US$ 10 billion. This project employs a holistic approach to facilitate the de-
velopment and deployment of green mining solutions in tailings reprocessing and repurposing. Its 
objectives are not only to reclaim the metal values locked up in the waste but also to alleviate the 
environmental liabilities and social burdens associated with the management of the tailings facili-
ties. 
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ABSTRACT: 
This paper describes the numerical implementation of a new approach for dewatering Mature 
Fine Tailings (MFT). A three-layered is created in the SVFlux/SVSolid program and is run to 
analyze the large-strain consolidation of an unsaturated-saturated system of soil layers. This 
method involves placing a saturated layer of coke on top of MFT overlain by a saturated layer 
of sand. Negative water pressure (suction) is then applied to the coke layer and flow of water 
from the MFT is monitored. The ability to incorporate the unsaturated soil parameters in the 
large strain analysis of MFT permitted the analysis of a complex testing model. This method 
replaces the requirements of further simplifications in unsaturated analysis through the compu-
tational power of software such as SVFlux and SVSolid. Analysis results indicate that the ex-
ternally applied suction has minimal effect on the deformation magnitudes of consolidation, but 
increases the flux of water flowing from MFT which is an indication of improved consolida-
tion. The results also show that the applied suction in the coke layer will reduce the pore-water 
pressure in the MFT layer.  
 
 

1 BACKGROUND 
 

The prediction of consolidation in oil sands tailings is central to the long term behavior of tail-
ings. The typical hydraulic deposition of oil sand tailings causes large potential consolidation. 
Such large deformations can no longer be over-looked and necessitate the modeling using large-
strain methodology.  

This paper presents the use of the finite element method to address the complex combination 
of large-strain consolidation and the unsaturated behavior of the three layered system. In this 
system, MFT is overlain by a layer of coke which is in turn overlain by another layer of sand 
(Figure 1). Negative water pressure is applied to the coke layer to expedite the consolidation 
process. The top boundary consists of a constant flux of 0.0014 m3/day corresponding to the 
field data.  

The theoretical context for the analysis of vacuum consolidation involves the numerical 
modeling of large strain consolidation associated with unsaturated behavior of coke and sand 
upon the application of suction. Numerical advances in computing technology have made feasi-
ble long-term analysis of various practical geotechnical problems in which both saturated and 
unsaturated soil parameters are included in the analysis. Until recently the coupling seepage 
analysis with stress-strain analysis has been unfeasible due to software and computational limi-
tations.  

Two scenarios, one with the use of suction and one without, are presented. This approach al-
lows the determination of the vertical displacement and pore-pressure response developed in 
the model. Information is also provided about the interpretation of the modeling. A comparison 
of the results of the proposed new technique is provided to demonstrate the advantages of the 
new technique.  
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Figure 1. The three layered model generated in SVOffice  

 

2 THEORY  
 

The finite element software package developed by SoilVision Systems Ltd. has the capability 
of solving the water phase continuity (seepage) equation and the equilibrium (stress-strain) 
equations simultaneously. The two computer programs made available for the purpose of this 
study were SVFlux and SVSolid, were capable of bridging the gap between unsaturated seep-
age analysis and large-strain consolidation. The coupled analysis is the option best suited for 
consolidation modeling. The model is initially constructed in the SVFlux environment with 
flow properties and then coupled with SVSolid to analyze consolidation (SVOffice Manual, 
2009). The pore-water pressure values determined by SVFlux were used in SVSolid to modify 
the effective stress to determine deformation. The deformation which is represented by the void 
ratio change modifies the hydraulic conductivity which is used again in the next step by 
SVFlux. This process continues until the predetermined end time is achieved. In the following 
sections, the seepage and stress-strain relationships are described.  

2.1 Seepage equations  
The decrease in water content of saturated soil without replacement of water by air is called 

consolidation (Terzaghi 1943; Haase et al. 1999). The rate at which the water dissipates is re-
lated to the hydraulic conductivity (k) and the hydraulic gradient (i). During consolidation the 
soil matrix continues to readjust itself by continuous compression. The classical consolidation 
theory assumes that the deformations in the soil matrix are infinitesimal which results in a con-
stant hydraulic conductivity and compressibility. In consolidation of tailings the compressibility 
and hydraulic conductivity are not constant due to excessive deformation. The governing equa-
tion for highly nonlinear finite strain consolidation can be written as follows (Gibson et a. 
1967): 

Sand Layer 

Coke Layer 

MFT Layer 
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where:   s = the unit weight of solids, f = the unit weight of fluids, e = the void ratio,  
k(e) = hydraulic conductivity, z = material coordinate, ' = the effective stress  
and t = time.  
 
Numerous studies have been conducted on determining large strain consolidation parameters 

and prediction of fine tailings (Lee et al. 1988; Fox et al. 2003; Bartholomeeusen et al. 2002; 
Huerta and Rodriguez 1992; Carrier and Bromwell 1983; Gustavsson and Oppelstrup 2001; 
Cargill 1984; Townsend and McVay 1990; Consoli and Sills 2000; Bartholomeeusen et al. 
2002; Azam, Jeeravipoolvarn, and Scott 2009). Effective stress and hydraulic conductivity ver-
sus void ratio are the large-strain consolidation parameters required for the finite element anal-
ysis of fine tailings and may be determined using large-strain consolidation cells. The relations 
used as input parameters in the finite element analysis provide an increased accuracy in the 
analysis of the pore-pressure and settlement of the tailings.  

As water is drawn from a saturated medium the soil experiences an unsaturated behavior. 
The unsaturated behavior of a soil can be very well explained by its Soil Water Characteristic 
Curve (SWCC). The SWCC relates the matric suction to the gravimetric water content. The 
SWCC is a function of soil type and can be used as the basis to determine the unsaturated hy-
draulic conductivity. Unsaturated hydraulic conductivity is used as an input parameter in the fi-
nite element simulation. (Yang et al. 2004; Fredlund and Rahardjo 1993). 

The governing, partial differential equation for the water phase in the consolidation equation 
is (Fredlund and Rahardjo, 1993): 

 
                     [2] 

 
 

 
where: h = total head, ky(,e) = hydraulic conductivity of the soil in y direction , w= the unit 

weight of water (9.81 kN/m3) and m2
w= the slope of the soil water characteristic curve  

As seen in the above equation, the hydraulic conductivity in the general case is a function of 
soil suction and void ratio. The mw is the slope of the SWCC of the soil.  

2.2 Stress-strain relationship 
The 1D equation governing the static equilibrium for a general case of unsaturated soil is 

given below (Fredlund and Vu, 2003):  
[3] 

 
 

 
 
where: 
 
 

 
 

 
E= is the elasticity parameter for the soil structure with respect to a change in the net normal 

stress, H = is the elasticity parameter for the soil structure with respect to a change in matric 
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suction,  =  Poisson’s  ratio, by = the body weight downward, u and v are the displacements in 
vertical and horizontal direction and (ua- uw) = the matric suction.  

To solve the equation [3], the boundary conditions, initial conditions, such as initial effective 
stress conditions and initial matric suction should be known.  

 
 

3 MATERIAL DESCRIPTION 
Suncor MFT, Suncor sand and Suncor coke are the three types of materials used in modeling. 

The model is composed of 1D soil column with three materials of equal thickness of 0.5 m. 
Fredlund-Vu (Fredlund-Vu, 2003) proposed a six parameter equation capable of fitting both 

the SWCC and the large strain consolidation formulation. The Vu equation was found to be ca-
pable of modeling a smooth and continuous model for representation of the constitutive surfac-
es. The Vu six parameter equations were utilized for the fitting of the constitutive surfaces in 
both SVSolid and SVFlux. Optimal fits of the six-parameter equation were found with the help 
of a least squares algorithm in MATLAB.  

The initial stages of this study involved determining the parameters for the constitutive sur-
faces. For the seepage analysis a minimum of 20 data-points were entered directly into the 
SVFlux program for the hydraulic conductivity of each material. The permeability functions of 
Suncor coke, Suncor sand and MFT are presented in Figures 2 and 3.  

 
 

 

 

 

 

 

 

 

Figure 2. Permeability data for the coke and sand  

 

 

 

 

 

 

 

Figure 3. Permeability data for the MFT 
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For the saturation constitutive surface, the data-points were fitted with Vu constitutive sur-
face (Vu 2000). Table 1 presents the soil properties used in the seepage analysis.  

 
 
Table 1. Assumed soil properties used in the seepage analysis 

 
Finite element programs typically require the compressibility equation to represent volume 

change of the soil. The relation between the effective stress and void ratio determined by the 
large-strain consolidation cells was used and fitted with Vu constitutive surface (Vu 2000). Dif-
ficulties were encountered when fitting the model to the granular coke and sand samples having 
low compressibility. To avoid such instability problems, the zero compressibility curves of both 
coke and sand were considered to have a smooth and physically realistic slope. The continuous 
and smooth model minimizes numerical instability and convergence problems when used in any 
finite-element package. Table 2 presents the parameters utilized in the Vu constitutive model. 

 
Table 2. Assumed soil properties used in the stress-strain analysis 

 
 
 

4 MODELING APPROACH 
The 1D model composed of three soil regions is depicted in Figure 4. The seepage boundary 

conditions used includes a normal constant flux of 0.0014 (m3/day) at the uncovered top of the 

 Suncor 
Coke Suncor sand MFT 

Unified Soil Classification System GW SP ML 

Void ratio, e  0.94 0.77 4.63 
Poisson ratio,  0.48 0.43 0.82 
Vu parameters    
a 1.2679 12.7 1.4305 
b -2.0871 -37 0.4988 
c 1.1033 2321.1 23.8202 
d 5.2407 77.3 2E-8 
m 0.7895 1119.1 232.1565 
n 1.3139 35 0.0053 

 Suncor Coke Suncor sand MFT 

Unified Soil Classification System GW SP ML 

Void ratio, e  0.94 0.77 4.63 
Poisson ratio,  0.48 0.43 0.82 
A 0.9514 0.78 5.389 
B -0.0098 -0.0098 -7.181 
C 19.68 19.68 2.554 
D 42.39 42.39 0.0791 
M 0.0005 0.0005 0.6854 
N 0.0225 0.0225 0.0169 
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sand layer (ground surface). This allowed the soil profile to mimic the real conditions in the 
field. The complexity of the model increased by the incorporation of suction along the exposed 
boundaries.  The suction pressure profile applied to the middle of the coke layer is given in 
Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Geometry and boundary conditions in the model 

In order to remove convergence problems, a smooth function was generated to simulate the 
application of suction over time. As seen in Figure 4, the function generates -0.5 m of pressure 
head corresponding to -5 kPa of water pressure at the end of eight days.  

Stability caused difficulties when running the model with the suction being applied to the 
middle of the coke layer (0.25 m above the MFT layer). In order to alleviate the stability prob-
lem the suction point was adjusted slightly higher than the middle of the coke layer (0.31 m 
above the MFT layer).  

The initial condition in seepage analysis involved a constant head of 1.5 m in the entire mod-
el, equivalent to a water table at the surface of the model. The boundary condition in seepage 
analysis consists of no flux at the bottom of the model. No boundaries are included on MFT-
coke and coke-sand interfaces. 

The stress-strain boundary condition at the bottom is fixed in the y-direction. The top bound-
ary is free to move vertically. The initial total stress state in the model is determined from the 
total unit weight multiplied by the height of each layer. The horizontal stress is determined 
from the vertical stress by applying the coefficient of earth pressure at rest, Ko. The coefficient 
of earth pressure of each material is estimated from its friction angle using equation [4]: Jaky 
(1948) for normally consolidated soils: 

 
Ko=1-sin()                               [4] 
where  is the friction angle of each material.  
 
Body load of each material was applied in two days. Large strain theory involves the solution 

of stress/deformation equations using a Lagrangian reference frame, meaning that the mesh 

0.5 
m 

0.5 
m 

0.5 
m 
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nodes move as the body deforms to capture large deformations of MFT. The model was run for 
365 days with a time step resolution of 0.1 day.  

The simulation consisted of a few separate models with various boundary conditions. The 
same modeling procedure was followed for all cases. To investigate the effect of suction and 
fluxes on the model, a set of models with various suctions and fluxes were created and ana-
lyzed.  

 
5 RESULTS OF SIMULATION 
 

The investigation into the effect of various parameters on the consolidation uncovered a 
number of facts relevant to the behavior of the MFT. The effect of such parameters involved in 
the vacuum consolidation has been documented to various degrees in the following sections.  

5.1 Displacement  
The estimation of displacement has been computed for various models including a single 

MFT layer, MFT overlain by a coke layer and MFT overlain by coke and sand with/without the 
suction (Figure 5). Figure 6 shows that the deformation increases drastically as MFT is overlain 
by coke and sand. This implies that the overburden has the dominant effect on the MFT. The 
graph also shows that application of -5 kPa has negligible influence on the amount of settlement 
occurred in MFT.  

 

 

 

 

 

 

 

 

 

 

Figure 5. Vertical displacement of MFT in various models 

The experimental results are plotted alongside the predicted results in Figure 6. Figure 7 con-
firms our lab observation that the majority of the settlement takes place in MFT. The predicted 
displacement is in the same order of the experimental result but the rate of the settlement is 
very different. The difference in rate of consolidation may be due to simplifications made in 
loading time of MFT in the model. The magnitude of the predicted settlement of coke and sand 
match up well with the lab data indicating a negligible compressibility of granular coke and 
sand (0.02 m).  
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Figure 6. Comparison of experimental and predicted data 

Figure 7 confirms the previous results that the amount of suction does not have primary in-
fluence on the total displacement taken place on MFT. The displacements in coke and sand 
with and without suction are slightly different. However, this difference becomes negligible as 
the suction increases. Figure 8 illustrates the effect of suction on the final displacement profile 
in the three models with various suction values. 

 

 

 

 

 

 

 

 

 

Figure 7. Effect of suction value on total displacement 

Figure 8 demonstrates displacement in various time periods obtained from numerical model-
ing. The results indicate that nearly all of the displacement in MFT takes place within the first 
ten days of the experiment.  
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Figure 8. Vertical displacement of MFT in various time periods 

 
5.2 Pore-water dissipation response 

The pore pressure dissipation in MFT has been investigated by comparing various scenarios 
(Figure 9). The initial water table is at the top of each model creating an initial pore-water pres-
sure head of 0.5 m for MFT; 1 m for MFT overlain by the coke layer and 1.5 m for the three 
layered system of MFT, coke and sand. The sharp rises in each pore-pressure graph is the result 
of the increase in the pore-pressure due to the loading of MFT, coke and sand. The pore pres-
sure in MFT converges to the hydrostatic pore pressure in all cases, in 10 days. The application 
of suction to the coke layer dramatically decreases the pore pressure in MFT.  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Pore pressure of MFT in various models 
 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

65



Figure 10 compares the predicted pore pressure and the results obtained from the lab. The 
first rise in the predicted pore pressure pertains to placement of MFT within the first two days. 
As MFT is placed, consolidation starts simultaneously and pore-pressure drops slightly at the 
end of the second day. Loading the column with coke will raise the MFT pore-pressure again to 
a maximum of 58 kPa while consolidation continues and the generated pore-pressure decreases 
at the end of the fourth day. Placement of the sand layer will generate excess pore-pressure 
again but the rate of consolidation is faster and the pore-pressure almost reaches the hydrostatic 
pressure at the end of eight days. Different loading time of materials in the lab and in the mod-
eling is supposed to be the major reason of difference in the pore-pressure pattern of the model. 
The pore-pressure rise due to loading does not seem to take place in the lab due to faster dissi-
pation of excess pore-water pressure in the lab. The results obtained from the models and ex-
periments seem to converge as the excess pore-water dissipates.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Representation of experimental and predicted pore pressure in MFT 
 
The pore pressure diagram at the end of the test is also presented in Figure 11. It is seen in 

Figure 11 that all regions experience negative water pressure induced by the suction in the coke 
layer except for the MFT layer in which hydrostatic pressure prevails. The model without any 
suction experiences an increase in the water pressure due to the constant flux of water irrigated 
on top of the sand layer without any drainage.  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Pore pressure diagram in the model at the end of the test 
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5.3 Effective stress 
The effective stress plot has been presented in Figure 12. Significant deterioration of the re-

liability of the prediction found in this graph was due to considerable variation of both the 
compressibility parameters of the materials and the suction. The instability occurs at the coke-
MFT interface and at the point in the coke layer where the suction is applied.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Effective stress profile  
 

Further analysis of the effect of suctions on the effective stress reveals that increasing the 
suction from 5 kPa to 10 kPa has no effect on the final effective stress pattern (Figure 13). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Effect of suction value on effective stress 
 
 

5.4 Volume of water  
The movement of water from MFT has been investigated by comparing the accumulative 

fluxes in different situations; with and without suction. The flux profiles suggest that -0.5 m3 of 
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water was drained from the MFT layer in a year (Figure 14) (negative sign indicating an out-
ward flow).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14. Flux of water removed from the MFT 
 
Figure 15 compares the instantaneous outward flux from the suctions pipes in the experiment 

and in the model. This figure shows that apart from the fluctuations at the loading time of the 
materials, the experimental results and the predicted values match well during the test.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 15. Comparison between the experimental and the predicted amount of water removed from the 
suction pipes.  
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5.5 Saturation  
The constant flux of water on the sand profile was found to be able to maintain the saturation 

of the sand layer for the whole test period (Figure 16). All materials have the initial saturation 
of approximately 100%. After the application of the suction, the coke layer desaturates and re-
mains unsaturated for the rest of the test. Coke 1 in Figure 16 refers to the lower half of the 
coke layer on top of MFT while Coke 2 refers to the upper half of the coke layer underlying the 
sand layer. The upper coke layer experiences a higher desaturation since the water flows 
downward towards the suction point.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. The graph of saturation during the test 
 
The effect of suction in the saturation of the sand layer is depicted in Figure 17. In the zero 

suction case, the sand layer remains completely saturated for the whole test period while in the 
other cases the sand desaturates slightly to 90%.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17. Effect of suction value on saturation of sand  
 
Figure 18 compares the experimental and the predicted results of the suction in the coke and 

the sand layer. The experimental results show a higher suction taking place in the test. The ex-
perimental results also indicate the ability to keep the top of the sand layer saturated which is 
consistent with the previous section.  
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Figure 18. Suction profile in the coke and sand layer 
 
 

5.6 Permeability  
As the coke and the sand layer desaturate, the permeability of the each material decreases ac-

cording to their unsaturated permeability functions. Figure 19 shows the final permeability pro-
file for each of the three layers in the model. The permeability of MFT remains constant. Part 
of the coke layer adjacent to the sand layer desaturates fairly rapidly due to gravity while the 
other part on top of MFT remains fairly saturated unaffected from the suction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 19. Effect of suction value on permeability 
 

 
 
6 CONCLUSION  

 
This research study investigated the effect of suction on the long term consolidation behavior 

of a three-layered system. Factors, including the amount of suction, precipitation and overbur-
den on MFT were assessed. The outcome from this study can be applicable to improving con-
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solidation behavior of soft deposits in tailings management. The research findings are summa-
rized below: 

1- The incorporation of suction has little effect on the settlement of the MFT in the three layered 
system. 

2- Applying a flux rate to the surface of the sand layer is able to avoid desaturation of the sand 
layer.  

3- Application of suction changes the pore pressure profile of the model.  
4- The 5 kPa suction shows little improvement in the three-layered system. 
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The slope stability analysis of complex earth structures such as heap leach operations, waste 
rock piles, or tailings dams is becoming more common. Traditionally such analyses have been 
carried out using a two-dimensional (2D) limit equilibrium method. This type of analysis is 
simple and quick but does not take into account the three-dimensional (3D) aspects of the ge-
ometry. There is also the slop aspect that a 3D factor of safety (FS) is typically higher than a 
2D FS. Therefore there may be significant cost savings which can be realized in mining design 
by utilizing a 3D slope stability analysis. However there are additional analysis issues which 
come up in a 3D analysis. This paper examines the influence of surface topology in the form of 
concave or convex configurations of a simple and homogeneous modeling scenario to deter-
mine the influence of geometry on a 3D slope stability analysis. The influence of groundwater 
is considered in the analysis as well as unsaturated suctions. Typical geometries are considered 
through a range of slope stability numbers. 
 

 
 

1 INTRODUCTION 
 
Mining applications of slope stability in present operations typically involve the stability of 
heap leach operations, waste rock piles, or tailings dams. Such earth structures are commonly in 
parts of the world with high relief or at high elevations. The structures are also large and have a 
definite three-dimensional (3D) aspect to them. This has often required the application of a 3D 
slope stability methodology such that the adverse geometry of the earth structure can be consid-
ered. 2D slope stability methods are typically not adequate for this type of analysis.  

3D slope stability analysis by the limit equilibrium method (LEM) requires additional aspects 
of the analysis to be considered which are: 

 
i) Shape of the slip surface in 3D (ellipsoidal or block) 
ii) Slip direction 
iii) Surface topography 
iv) Geo-strata and layering 

 
This paper examines the effect of surface topography in a simple manner by the comparison 

of plane, concave, or convex geometries. It is noteworthy that this type of analysis cannot be 
performed in 2D as the geometry is varying in the 3rd dimension. A series of parametric study 
on three-dimensional slope stability analyses was conducted to study the effect of soil parame-
ters and geometry aspect on sensitivity of factor of safety. 
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2 3D SLOPE STABILITY IN MINING 
When moving from 2D analysis to a 3D analysis in mining there are a number of additional as-
pects of the model which must be considered. The shape of the slip surface must be considered 
more carefully (ellipsoidal / block). The aspect ratio of the ellipsoid must also be considered. 
Furthermore the slip direction also needs to be considered in the analysis. In addition to the 
shape of the slip surface the geometry of the ground surface and geo-strata can have an effect 
on the resulting slip surface and factor of safety. 

This paper focuses on the potential effects of simple concave or convex geometries and their 
influence on the computed factor of safety. 

2.1 Geometry effect – concave or convex 
The geometry of the slope may not be planer as in the case of dams or embankments. This is es-
pecially true in mining applications. The three forms of slope geometry considered in this study 
are convex, concave and planar as shown in Figure 1. The slope aspect angles ranged from per-
fectly square concave ( = 45) to perfectly square convex corners ( = -45). An intermediate 
concave or convex aspect angle ( = 22.5) was also considered in the analysis. 

Figure 2 illustrates the boundary conditions adopted for the seepage analysis. The water table 
was set at 4 m deep at the left limit of the domain, 20 m from the crest. The boundary condition 
at the left-hand side of the model was set as an essential boundary condition corresponding to a 
total head of 16 m. A head of 10 m was set along the right-had side boundary. A review bound-
ary condition was set along the slope face, so that the exit point of the water table could be de-
termined. The material was considered isotropic and homogeneous. Therefore, the permeability 
value adopted does not influence the pore distribution of pressure and hydraulic heads consider-
ing the boundary conditions of the problem. 
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Figure 1. Slope geometries: (a) plane slope; (b) convex slope; (c) concave slope 
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2.1.1 Soil properties 
 
The factor of safety for various shear strength parameters was evaluated. Table 1 presents the 
ranges adopted for each soil property. The b  values were set approximately proportional to the 
angle of frictional resistance  , between 1/2 and 2/3, in accordance with recommendations 
from  Fredlund & Rahardjo (1993). 

 
 
Table 1. Set of scenarios studied. _____________________________________________________________________________   

Slope aspect angle ()  
Case identifier          Soil Properties 

Convex    Plane   Concave _____________________________________________________________________________ 
-45  -22.5  0   22.5   45    c          b   _____________________________________________________________________________ 
  1a   1b   1c      1d    1e    10    10      5 
  2a   2b   2c      2d    2e    10    20    10 
  3a   3b   3c      3d    3e    10    30    20 
  4a   4b   4c      4d    4e    20    10      5 
  5a   5b   5c      5d    5e    20    20    10 
  6a   6b   6c      6d    6e    20    30    20 
  7a   7b   7c      7d    7e    30    10      5 
  8a   8b   8c      8d    8e    30    20    10 
  9a   9b   9c      9d    9e    30    30    20 
10a     10b     10c    10d      10e    40    10      5 
11a     11b     11c    11d      11e    40    20    10 
12a     12b     12c    12d      12e    40    30    20 _____________________________________________________________________________ 
 

2.2 Numerical tools 
The limit equilibrium method of columns implemented in SVOFFICE 2009 (SoilVision 
Systems Ltd. 2010) was used for these analyses. The pore-water pressure profile was computed 
first using SVFLUX which was imported to the SVSLOPE package for the factor of safety and 
potential slip surface analysis. The software allows the user to specify piezometric surfaces, 
discrete pore-water pressure points, or pore-water pressures obtained from a seepage analysis. 
The latter option was employed in this study. The slip direction was pre-established. Ellipsoidal 
slip surfaces were searched using the grid and radius method. It is noteworthy that the grid of 
centres was a plane along the axis of symmetry of the slope domain. The ellipsoid aspect ratio 
was also varied. 

z 

x 

q = 0 

q = 0 

q = 0 Free seepage (Review B.C.) 

uw = 0 

h = 10 m 

4 m 

h = 16 m 

110 m 

Figure 2. Seepage boundary conditions in a cross-section. 
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The methods of analyses employed were as follows: Simplified Bishop (Bishop 1955); Janbu 
Simplified (Janbu 1973); Spencer (Spencer 1967); Morgenstern-Price (Morgenstern & Price 
1965); and Generalized Limit Equilibrium (GLE) method (Fredlund et al. 1981). However, only 
the results from GLE method are included in this paper. To understand the effects of effective 
cohesion and effective friction angle on the slope stability, plots were made relating the factors 
of safety calculated for various sets of soil parameters in comparison with the stability number 
(Janbu 1954). The stability number can be calculated as follows: 

 

tanStability number H
c

 



 (1) 

where   is unit weight of the soil, H  is height of the slope,   is effective friction angle, 
and c  is effective cohesion. 

3 RESULTS AND DISCUSSION 

The results in the following sections present the influence of the geometry on the FOS. The crit-
ical slip surface location is also searched for independently in each analysis. 

3.1 Influence of three-dimensional geometry on the factor of safety and critical slip surface 
position 
Figure 3 presents the results of three-dimensional slope stability analysis where the slope geom-
etry varied from concave to convex. It can be seen that the concave shapes result in factors of 
safety that are higher than those obtained for convex geometries for the same material condi-
tions. This type of result can be explained by the arching effect, which occurs in a pronounce 
manner as the slope becomes more concave. The overall effect of slope geometry was similar 
for all soil property combinations. The factor of safety tends to decrease as the slope shape be-
comes closer to plane, reaching the lowest value when the geometry is perfectly plane. For 
plane geometry, the ellipsoid aspect ratio can go very large and SVSLOPE shows slip surfaces 
for plane slopes that always exceed the side boundaries. Attempts were made to increase the 
domain dimensions, but the resulting slip surface was found to increase with dimension. This 
result may be as per expectation since a plane; homogenous and symmetric slope is essentially a 
two-dimensional problem. This type of behavior is also a confirmation of an adequate perfor-
mance of the software. The results for plane slopes were obtained using two-dimensional anal-
yses because of this behavior. 
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Figure 3. Factor of safety as a function of slope aspect angle. 

 
 
Figures 4 and 5 show the critical slip surface for slopes with different geometries, with face 

angles of 45, 22,5º, -22.5°, and -45°. Two sets of soil properties were selected to represent a less 
cohesive soil with significant internal friction and the opposite condition. The slip surfaces have 
more elongated shapes for slope geometries that as closer to plane, as expected. Similar failure 
region volumes are observed for concave and convex slopes that have the same surface angle 
(e.g. 45 and -45). The narrower corners present failure modes that touch the crest right at the 
slope. More plane geometries obviously result in deeper slip surfaces.  

The depth of the critical slip surfaces depends on the set of soil properties. The more cohe-
sive soil exhibits deeper surfaces, as expected.  

Figure 6 presents critical slip surfaces for the plane slope. These results were obtained based 
on a two-dimensional analysis, since the aspect ratio tends to an infinite value with a very elon-
gated failure surface. 

 
 

         
 

 
(a) (b) 
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Figure 4. Critical slip surface for slope with c = 10 kPa,  = 30, b = 20: (a) concave ( = 45); (b) 
intermediate concave (= = 22.5); (c) intermediate convex ( = -22.5); (d) convex = ( = -45). 
 

 
 

          
 
 

          
 

 
Figure 5. Critical slip surface for slope with c = 40 kPa,  =10, b = 5: (a) concave ( = 45); (b) in-
termediate concave (= = 22.5); (c) intermediate convex ( = -22.5); (d) convex = ( = -45). 
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Figure 6. Critical slip surface for plane slope: (a) c = 10 kPa,  =30, b = 20; (b) c = 40 kPa, 
 =10, b = 5. 

 
 
Figures 7 and 8 show mid cross-sections at the centers of the symmetrical 3D critical slip sur-

faces for different slope geometries considering two specific cases: a  less cohesive and more 
friction soil ( c = 10 kPa;  = 30; b = 20) and cohesive soil with low friction ( c = 40;  = 
10; b = 5).  Figures 7 and 8 show that the depth and position of the critical slip surfaces de-
pend not only on the set of soil properties, but also on the slope geometry. Deeper slip surfaces 
were obtained for more cohesive soils and also for more plane and convex geometries. Another 
important effect of slope geometry was that convex shapes produce critical slip surfaces that 
reach the toe of the slope, while plane and concave shapes have deep modes of failure. 

 
 

 
Figure 7.  Comparison of critical slip surface depths at the centre in the slope c = 10 kPa,  =30, b = 
20. 

 
 

(b) 
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Figure 8. Comparison of critical slip surface depths at the centre in the slope c = 40 kPa,  =10, b = 
5. 

3.2 Influence of shear strength parameters to 3D factors of safety 
Figure 9 shows the relationship between the three-dimensional factor of safety obtained by the 
GLE  method  and  Janbu’s  stability  number  for  the soil shear strength parameters listed in Table 
1. The results are presented for all the geometry characteristics of the slope, ranging from con-
cave, plane and convex. The most important observation is that more cohesive soils are more 
sensitive to the slope geometry. Another interesting observation is that concave slopes have fac-
tors of safety that are more sensitive to changes in shear strength. 

Figures 10 and 11 show a comparison between the factors of safety obtained from two-
dimensional analysis of a plane slope and three-dimensional analysis of convex and concave 
slopes considering various mechanical properties of the soil, shown in Table 1. Figures 10 and 
11 reinforce the findings from other researchers that the factor of safety from two-dimensional 
analysis is lower than that obtained from the three-dimensional analysis. Note that the lowest 
factor of safety occurs when the slope aspect angle (α) is closer to a plane slope. Also, notice 
that the soil friction angle has higher influence on the factor of safety than cohesion, but the 
greatest factor of safety values are a combination of more favorable parameters of cohesion and 
friction angle. 
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Figure 9. Three-dimensional factor of safety with respect to Janbu's stability number. 

 
 

 
Figure 10. Comparison between two-dimensional and three-dimensional factors of safety for various soil 
properties. 
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Figure 11. Comparison between two-dimensional and three-dimensional factors of safety for various soil 
properties. 

 

4 CONCLUSIONS 

A number of interesting conclusions can be drawn from this parametric study of geometry ef-
fects on 3D slope stability anlysis. The conclusions may be summarized as follows: 

 
 Geometry has a significant effect on the computed FS in a 3D analysis 
 Computed FS values for a 3D analysis are almost always higher than for a 2D analy-

sis. This is true even for a convex geometry which is counter-intuitive. 
 Cohesive soils are more sensitive to the slope geometry 
 Concave slopes have factors of safety that are more sensitive to changes in shear 

strength 
 Both concave and convex geometry result in a computed higher FS over a planar FS 
 The percentage increase of a 3D FS over a 2D FS is higher for concave slopes than 

for convex slopes 
 Typical increases in the FS for convex slopes range from 10% - 25% 
 Typical increases in the FS for concave slopes rage from 32% - 38% 
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1 INTRODUCTION 

Processing of bauxite to extract alumina involves the production of fine-grained, highly alkaline 
(caustic) waste known as red mud. The caustic red mud is often neutralised using sea water, be-
fore typically being thickened to between 25% and 30% solids by mass prior to disposal, gener-
ally to a surface storage facility. On sub-aerial disposal, the red mud slurry undergoes a number 
of physical processes that increase its density, including hydraulic sorting down the beach, 
settling, self-weight consolidation, and desiccation on exposure to drying by solar and wind ac-
tion (Williams 2005). All of these processes affect the volume required to accommodate the red 
mud, and also affect the geotechnical engineering behaviour and parameters of the deposited 
waste. The estimation of the required storage volume is a crucial step in the design of the stor-
age facilities. However, the reliability of such estimation depends on the availability of accurate 
settling and consolidation test data. In the laboratory, settling and consolidation testing of slurry 
samples are conventionally carried out in quite separate apparatus; settling in a column and 
consolidation in a consolidometer, with no overlap between them. 

In this paper, the settling and consolidation behaviours of red mud samples are tested in a 
large, purpose-built slurry consolidometer, in which the red mud is added in three layers at a 
nominal 30% solids by mass, with each layer allowed to settle, before being consolidated by 
one of two methods: (i) constant rate of loading (CRL), and (ii) standard incremental loading. 
Thus, the two essential processes of settling and consolidation are performed in the same appa-
ratus, better representing field conditions. 

Settling and Consolidation Behaviour of Red Mud Slurry under 
Constant Rate and Incremental Loading 
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ABSTRACT: Red mud is the fine-grained waste residue from the processing of bauxite to form 
alumina. The red mud is often neutralised using sea water, before typically being thickened to 
between 25% and 30% solids by mass prior to disposal in a surface storage facility. On deposi-
tion, the aqueous red mud undergoes settling and self-weight consolidation. These processes 
have been modelled physically in a purpose-built 150 mm diameter by 410 mm high slurry con-
solidometer, in which red mud slurry was added in three layers at a nominal 30% solids, and al-
lowed to settle between layers. This was followed by consolidation under either constant rate or 
standard incremental loading. Constant rate loading simulates the build-up of tailings self-
weight over time, while incremental loading lends itself to conventional interpretation. The re-
sults of the two tests are compared, and the results of the incremental loading tests are analysed 
using the conventional Terzaghi consolidation theory. 
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2 TEST METHODOLOGY 

2.1 Material Tested 
The red mud samples used in this investigation were collected from an alumina refinery operat-
ed by Rio Tinto Aluminium in Queensland, Australia. The samples were taken at the same time 
from the base of the thickening tank before disposal to the residue storage. 

2.2 Characterisation Testing 
Characterisation testing, including specific gravity, Atterberg limits for plasticity, sieving and 
hydrometer analysis for particle size, and pH and electrical conductivity, were carried out on 
the collected red mud samples. All tests were performed in accordance with AS 1289 (2003), 
apart from the specific gravity testing, which was carried out in accordance with ASTM D 
5550-00 (2000). 

2.3 Consolidation Testing 
Laboratory consolidation testing was undertaken in a large purpose-built slurry consolidometer 
on settled red mud deposited in three layers, with top drainage only. 

2.3.1 Slurry consolidometer 
The slurry consolidometer was manufactured by Wille-Geotechnik of Germany to the 
specifications of The University of Queensland. It consists of a stainless steel cell of 150 mm 
internal diameter and 410 mm height, as shown in Figure 1. It is instrumented with top and base 
load cells; 1,000 kPa capacity pore water pressure transducers at the mid-height, the base and 
halfway between the mid-height and base (i.e. at quarter-height); a 10 kN electromagnetic load 
frame; and a data logger and controller. The stress applied via a cap to the top of the specimen 
is measured by the top load cell connected to the loading piston, and the stress transmitted to 
the base is measured by the base load cell. The difference between the measured top and base 
loads gives the combined loading piston and wall friction losses. The height of the cell allows 
slurry samples to be placed in a number of layers, and allowed to settle between layers, to form 
a test specimen of the order of 300 mm high. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)               (b) 
Figure 1. Slurry consolidometer: (a) schematic, and (b) photograph. 
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2.3.2 Sample preparation 
The test specimens were formed in three layers. The batch of slurry for each layer was prepared 
at a nominal solids concentration of 30% by mass (gravimetric moisture content of 233%, void 
ratio of 5.33, dry density of 0.375 t/m3) and placed into the cell using a funnel and tube as a 
tremie. Some extra water was required to wash out the material remaining in the tube, resulting 
in a slight reduction of the solids concentration. 

Each of the three layers of slurry was allowed to settle for about 24 hours, and the superna-
tant water was removed and weighed prior to the next layer of slurry being placed. Little set-
tling occurred due to the placement consistency and very fine particle size of the red mud. 

2.3.3 Loading and test conditions 
Two slurry consolidometer tests were carried out on the settled red mud using two different 
loading conditions: 

1. Constant rate of loading: 
a. Initial settled height of red mud = 273 mm. 
b. Constant rate of loading = 0.2 kPa/min, limited to minimise the initial loss of the fine-

grained particles from the slurry around the loading piston. 
c. Test duration = 1,500 min (24 hours), to achieve a final applied stress of 300 kPa, 

equivalent to 18.3 m height of consolidated red mud at an average wet unit weight of 
16.39 kN/m3. 

2. Standard incremental loading: 
a. Initial settled height of red mud = 300 mm. 
b. Applied stress increments of 50 kPa, 200 kPa and 400 kPa, equivalent to 3.7 m, 13.7 m 

and 23.8 m height of consolidated red mud at average wet unit weights of 13.45 kN/m3, 
14.58 kN/m3 and 16.83 kN/m3, respectively. 

c. To minimise the initial loss of the fine-grained particles from the slurry around the 
loading piston, the first load increment was applied at a rate of 0.2 kPa/min. The second 
and third increments were able to be applied at a rate of 20 kPa/min, without further loss 
of fines. 

d. Each increment was maintained until the pore water pressure at the base of the slurry 
consolidometer was completely dissipated. 

3 TEST RESULTS 

3.1 Characterisation Test Results 

3.1.1 Specific gravity, Atterberg limits and pH and electrical conductivity 
Table 1, summerises the results of the characterisation testing carried out on the red mud sam-
ples. 
 
Table 1. Results of characterisation testing of red mud samples. ________________________________________________________________________________________________________ 
Test                                 Results ________________________________________________________________________________________________________ 
Specific gravity                               3.00 
Liquid limit (%)                                  69 
Plastic limit (%)                                  50 
Plasticity Index (%)                                 19 
pH                                   10.2 
Electrical conductivity (S/m)                          37.4 
Unified Soil Classification                            MH ________________________________________________________________________________________________________ 

3.1.2 Particle size distribution 
Figure 2 shows the particle size distribution curve for the red mud in terms of % passing by dry 
mass, obtained from hydrometer testing. Based on the results of the particle size distribution 
analysis and Atterberg limit testing, the red mud is classified as MH (silt of high plasticity) un-
der the Unified Soil Classification (USC). 
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Figure 2. Particle size distribution curve for red mud obtained by hydrometer analysis. 

3.2 Consolidation Test Results 

Figures 3 and 4 show the results of the slurry consolidometer tests carried out on the settled 
red mud, for constant rate and incremental loading, respectively. Figure 5 compares the results 
of the two consolidation tests. 

As can be seen for the slurry consolidometer test carried out at a constant rate of loading 
(CRL; Fig. 3), the pore water pressure initially increased in line with the increasing applied 
stress. However, the rate of increase in pore water pressure started to decline after about 
100 min. The pore water pressures at the middle and base of the consolidometer reached 
maximum values of about 73 kPa and 108 kPa, respectively. The pore water pressure at the 
middle and base of the consolidometer started to dissipate after about 500 min and 690 min, re-
spectively. 

The initial increase in pore water pressure inline with the increase in applied stress, and its 
peaking and subsequent dissipation, can be explained by the transition of the specimen from a 
slurry state to a soil-like state. In the early stage of the test, the specimen behaves as a dense 
fluid (Monte & Krizek 1976; Bo et al. 1999) and interactions between particles are 
insignificant. The applied stress is essentially carried by the incompressible fluid and the 
effective stress is near zero. However, water is continuously expelled from the specimen, result-
ing in substantial settlement, forcing the particles into closer contact. Once in contact, the parti-
cles start to carry the applied stress, and effective stresses develop as the pore water pressure 
dissipates. 

The slurry consolidometer test carried out under incremental loading (Fig. 4) showed a simi-
lar pore water pressure response at the start of the first increment to that observed initially in 
the CRL test, as would be expected. However, the maximum pore water pressure occurred when 
the stress level of the first increment (50 kPa) was reached and held, after which the pore water 
pressure dissipated. The red mud had achieved a soil-like state at this point. Similar pore water 
pressure responses were observed on incrementing to the second and then the third stress levels, 
but these were compressed in time due to the very much faster increase in applied stress. 
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Figure 3. Results of constant rate of loading consolidation testing of settled red mud. 
 

 
Figure 4. Results of incremental loading consolidation testing of settled red mud. 
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Figure 5. Comparison between results of constant rate and incremental loading of settled red mud. 
 

In both tests, when the applied stress was initially matched by an increase pore water pres-
sure and absence of effective stress, the stress measured at the base of the slurry consolidometer 
matched the applied stress, implying negligible piston and wall friction. However, as the pore 
water pressures dissipated and were converted to effective stress, the stress measured at the 
base began to decrease, reaching about 50% of the applied stress after the complete dissipation 
of pore water pressure and development of effective stress, indicating increasing wall friction. 

Figure 5 compares the settlements measured during the CRL and incremental loading slurry 
consolidometer tests. Up to 50 kPa applied stress, both test specimens experienced the same 
magnitude of settlement. However, the settlement achieved at the end of the 50 kPa increment 
in the incremental test continued to increase as the pore water pressures continued to dissipate. 
is much greater then CRL test. The ongoing settlement during the maintenance of the second 
and third increments of the incremental loading test was less marked. 

Overall, the settlements induced by the CRL and incremental loading tests were similar, and 
amounted to about half the initial height of the settled red mud. The initial and final states for 
the two slurry consolidometer tests are summarised in Table 2. The final states indicated in Ta-
ble 2 would only be reached in the field if the self-weight-induced excess pore water pressures 
within the tailings are able to fully dissipate. This may not occur if the rate of rise of the tailings 
is high and/or the height of tailings results in excessive drainage path lengths, given that the rate 
of pore water pressure dissipation is a function of the drainage path length squared. 
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Table 2. Initial, final and average states for slurry consolidometer tests. ________________________________________________________________________________________________________ 
Test            Constant Rate of Loading           Incremental Loading ________________________________________________________________________________________________________ 
Initial State: 
Initial height (mm)              273.7              300.0 
% Solids                   30.1                30.6 
Gravimetric moisture content (%)            232                 227 
Dry Density (t/m3)              0.377              0.384 
Wet Density (t/m3)              1.252              1.256 ________________________________________________________________________________________________________ 
Final State: 
Final Applied Stress (kPa)              300                 400 
Settlement (mm)               138.0              157.6 
Settlement (% of initial height)            50.4                52.5 
% Solids                   78.2                81.0 
Gravimetric moisture content (%)           27.9                23.5 
Dry Density (t/m3)              1.633              1.760 
Wet Density (t/m3)              2.089              2.174 ________________________________________________________________________________________________________ 
Average State: 
Average Dry Density (t/m3)           1.005              1.072 
Average Wet Density (t/m3)           1.671              1.715 ________________________________________________________________________________________________________ 

4 DISCUSSION 

In the following sections, the volume change behaviour of the two slurry consolidometer test 
specimens is examined in terms of change in their void ratio under incremental and constant 
rate of loading, and the average hydraulic conductivity is estimated for both tests. 

4.1 Volume Change Behaviour 
Figure 6 shows the void ratio versus average effective stress (e-log10 σ’) curves for the two slur-
ry consolidometer tests. The average effective stress was calculated based on the assuming a 
parabolic distribution of stress over the height of the specimen. Hence, the average total stress 
av can be obtained from: 

  3/2 btbav
   (1) 

where σt is the stress applied to the top of the specimen, and σb is the stress measured at the 
base. Based on the Equation (1), the average effective stress ’av over the height of the speci-
men can be calculated as: 

b
u

avav
.'    (2) 

where β is the ratio of the average pore water pressure over the height of the specimen to the 
pore water pressure at the base, and ub is the excess pore water pressure at the base of the spec-
imen. 

The value of  β  depends  on  the  ratio  of  pore  water  pressure  at the base to the applied stress 
(ub / σ).Janbu et al. (1981) and Leroueil et al. (1985) suggested β = 0.67 for ub / σ <0.4, β = 0.7 
for ub / σ = 0.7, and β = 0.75 for ub / σ = 0.92. However, in the calculation of the average effec-
tive stress using Equation (2), the stress applied to the top of the specimen was replaced by the 
average stress calculated using Equation (1) to allow for wall friction losses. 

As can be seen in Figure 6, the initial void ratio of the two settled specimens prior to loading 
are similar, and equal to about 6.7. Despite the significant difference in the e-log10 σ’  plots  to  an  
applied stress of about 50 kPa, at higher applied stresses the two plots tend to converge as the 
red mud becomes more soil-like in both tests. The Compression Index (Cc) is the slope of the 
linear portion of the e-log10 σ’  curve  and  can  be  determined from: 

   
1'/2'10

log/21 ee
c

C   (3) 
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where, e1 and e2 are void ratios corresponding to the linear portion of the e-log10 σ’  curve  and  
σ’1 and σ’2 are effective stresses over the selected range. Beyond an applied stress of about 
50 kPa, the average Compression Indices (Cc) based on Equation (3) are about 1.13 for the CRL 
test and 0.98 for the incremental loading test. 
 

 
Figure 6.Void ratio versus average effective stress for CRL and incremental loading tests. 

4.2 Hydraulic Conductivity 
The average (over the height of the specimen) hydraulic conductivity for the CRL test may be 
estimated from (Davison & Atkinson 1990): 

   dtdhbuHwk /.2/.  (4) 

where k is the hydraulic conductivity (in m/s), γw is unit weight of water (in kN/m3), H is height 
of the specimen (in m), ub is the excess pore water pressure at the base (in kPa), and dh is the 
change in height of the specimen (in m) during the time interval dt (in s). 

The hydraulic conductivity for the incremental loading test may be estimated using the 
Terzaghi one-dimensional consolidation interpretation (Terzaghi 1943): 

wv
c

v
mk ..  (5) 

where mv is the coefficient of volume decrease, cv is the coefficient of vertical consolidation, 
and w is the unit weight of water. Figure 7 presents the estimated average hydraulic 
conductivities for the incremental loading test calculated based upon an interpretation of the 
CRL test data using Equation (4), and upon the incremental loading test data using the log10 
time method for estimating cv and applying Equation (5). 

As can be seen in Figure 7, the hydraulic conductivity values obtained from the CRL and in-
cremental loading tests are similar at similar applied stresses. The values obtained from the 
CRL tests vary between 5.5E-5 m/s and 5E-8 m/s, while those obtained from the incremental 
loading tests vary between 4.5E-7 m/s and 8E-9 m/s, depending on the applied stress. However, 
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it should be noted that the initial high values of hydraulic conductivity estimated for the CRL 
test corresponds to the period in which the specimen was slurry-like. 
 

 
Figure 7. Estimated hydraulic conductivity of the specimens in the performed experiments. 

5 CONCLUSIONS 

A series of laboratory experiments including characterisation testing, settling and consolidation 
testing was performed on red mud samples collected from an alumina refinery. 

Settling and consolidation tests on the red mud slurry from an initial solids concentration of 
about 30%, representative of thickened red mud discharged to a surface storage, were undertak-
en in a large, purpose-built slurry consolidometer, either at a constant rate of loading or incre-
mental loading. The results from the two different loading methods were compared in terms of 
measured pore water pressures, settlements, plots of void ratio versus log10 of average effective 
stress, and hydraulic conductivity. 

It was found that the overall behaviour of the two specimens of red mud subjected to the 
different loading methods was similar. The major differences between the results occurred in 
the early parts of the tests, when the specimens were more slurry-like. Once the specimens 
becaame more soil-like, the differences were more minor. The final states and settlements of the 
two specimens were similar, as were their void ratio versus log10 of average effective stress 
plots, and their hydraulic conductivities. 

However, it should be noted that the initially slurried specimens underwent about 50% 
consolidation in the slurry consolidometer tests. This is contrary to the assumption of 
infinitesimal   strain   in   Terzaghi’s   one-dimensional consolidation theory, which is likely to 
influence the hydraulic conductivities estimated from the incremental loading test data.  The 
hydraulic conductivity relationship obtained from the constant rate of loading test data is 
continuous and extends from the slurry-like state to the soil-like state. Hence, the constant rate 
of loading slurry consolidation test is more relevant to testing and analysing the settling and 
consolidation behaviour and parameters of red mud, and other processing residues and tailings. 
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It should be noted that the final states reached in the laboratory slurry consolidometer tests 
would only be reached in the field if the self-weight-induced excess pore water pressures within 
the tailings are able to fully dissipate. This may not occur if the rate of rise of the tailings is 
high and/or the height of tailings results in excessive drainage path lengths, given that the rate 
of pore water pressure dissipation is a function of the drainage path length squared. 
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1 INRODUCTION 

Conventionally, tailings are pumped as a slurry using centrifugal pumps to a surface storage fa-
cility, where they are deposited sub-aerially. On deposition, they undergo beaching, hydraulic 
sorting according to their particle size and any specific gravity differences, settling, self-weight 
consolidation, and desiccation on exposure to sun and wind. The safety and efficiency of a sur-
face tailings storage facility (TSF) is largely determined by the settling, self-weight consolida-
tion and, in particular, desiccation of the tailings. Tailings that retain a high moisture content 
will have a low density and a high water-filled porosity, thus reducing the storage capacity of 
the TSF. Excessive moisture content also reduces the shear strength of the deposited tailings 
and hence poses a higher risk in the event of tailings dam failure and makes rehabilitation of the 
facility on closure more difficult and costly. Furthermore, tailings with a high moisture content 
will have a high hydraulic conductivity, resulting in increased potential for seepage from the 
TSF. 

To optimise the density achieved by tailings deposited as a slurry, the deposition should ide-
ally be cycled in relatively thin layers, and allowed to settle, consolidate and desiccate prior to 
the next layer being deposited. Laboratory column testing, involving settling, self-weight con-
solidation and desiccation, is a useful aide in determining the optimal layer thickness for a giv-
en tailings. With this information, and the tailings production rate, the required size of the TSF 
may be estimated. 

The operational performance of a TSF in practice is also a function of the prevailing climatic 
conditions, particularly the site rainfall and evaporation and their seasonal and annual varia-
tions. Heavy rainfall events inundate the TSF, limiting evaporation until the excess stored sur-
face water can be removed. Evaporation by sun and wind drives tailings desiccation (Simms et 
al. 2007; Fujiyasu & Fahey 2000). 

Settling, Self-weight Consolidation and Desiccation of Coal Mine 
Tailings in a Laboratory Column 

C. Zhang 
The University of Queensland, Brisbane, QLD, Australia 

D.J. Williams 
The University of Queensland, Brisbane, QLD, Australia 

A. Shokouhi 
The University of Queensland, Brisbane, QLD, Australia 

ABSTRACT: Surface tailings storage facilities are typically sized and operated in a way to 
minimise the initial capital cost of the facility. However, this often leads to too small a storage, 
and too fast a rate of rise of the tailings, resulting in a low tailings density and the need for fre-
quent and costly embankment raises. Among the physical processes that tailings undergo, set-
tling, self-weight consolidation and desiccation may be simulated in a laboratory column. Set-
tling and desiccation involve the largest increases in tailings density. Coal tailings have been 
subjected to the three processes in a laboratory column instrumented with moisture, tempera-
ture and suction sensors, and mounted on a balance to track the water balance. The purpose of 
the testing was to determine the layer thickness of tailings to be deposited and the time between 
deposition cycles to ensure optimal settling, self-weight consolidation and desiccation for these 
tailings. 
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The desiccation process can be classified into four stages, based on the evaporation rate 
(Zhang et al. 2014). In Stage I, water is ponded above the tailings surface and evaporation oc-
curs at the potential rate, limited only by any increase in the salinity of the water. Stage II be-
gins when the surface of the tailings becomes exposed (that is, evaporation from exposed wet 
tailings). Stage III is accompanied by a sharp drop in the evaporation rate as the surface tailings 
dry and the hydraulic connection to the dropping water table becomes disrupted (that is, evapo-
ration from dry tailings). The disappearance of wet surface patches marks the onset of Stage IV, 
in which the hydraulic connection between the surface and the water table is absent. In Stage 
IV, evaporation is sustained by water vapour generated from the dry surface tailings to the at-
mosphere. The evaporation rate in Stage IV is low and continues to decline as the thickness of 
the dry surface layer increases. 

Although much research has been conducted on investigating evaporation from the natural 
bare soils (e.g., Smits et al. 2011), the desiccation dynamics of tailings is still poorly under-
stood. Further, tailings have different hydrological parameters to many natural soils (Rodriguez 
at al. 2007; Peron et al. 2009; Fanni & Williams 2013). This study investigates the settling, 
self-weight consolidation and desiccation behaviour of coal tailings in a laboratory column un-
der controlled conditions. 

2 EXPERIMENTAL DESCRIPTION 

2.1 Tailings 
Coal tailings, flocculated and thickened to 25% solids by mass, were collected from Jeebropilly 
Coal Mine, located in the Ipswich Coalfields of South-East Queensland, Australia. As shown in 
Figure 1, these tailings are nominally sand-sized (0.06 to 2 mm), with about 5% by dry mass 
gravel-sized (2 to 5 mm), about 5% silt-sized (0.001 to 0.06 mm), and about 5% clay-sized 
(<0.002 mm). However, the tailings are known to be smectite-rich, and are agglomerated both 
naturally and by virtue of the flocculant added to facilitate thickening. Their specific gravity 
was determined using a pycnometer with helium to be about 1.90, implying a coal content of 
about 55%, with the remainder comprising mainly smectite. The tailings were found to have a 
Liquid limit of 41% and a Plasticity Index of 24%, and they are classified as silty sand (SM) 
based on the Unified Soil Classification System. 

2.2 Experimental Set-Up 
A schematic of the laboratory column is shown in Figure 2. The cylindrical acrylic column 
measures 110 mm in diameter by 700 mm high, and has horizontal holes through the wall for 
sensor installation. The bottom of the column is connected to a water reservoir, which is used to 
fill the column with deionised water up to 30 mm above the tailings surface. Above the column, 
an infrared lamp (Philips BR125 IR 250W E27 230-250V Red 1CT) with a dimmer switch was 
installed for supply heat to the surface, simulating the evaporative effect of the sun. During the 
experiment, the column is placed on a balance (Ohaus NVL20000, capacity 20 kg, resolution 
±1 g) to record water loss due to evaporation at 30 s intervals. 

Dielectric soil moisture sensors (ECH2O EC-5, Decagon Devices, Inc.) were installed at 
30 mm, 80 mm and 160 mm below the settled tailings surface to measure the liquid water satu-
ration. The sensors were buried within the tailings to ensure a good contact with the tailings 
(Sakaki et al. 2008). Dielectric water potential sensors (MPS-2, Decagon Devices, Inc.) were 
installed at 20 mm, 80 mm, 140 mm, 300 mm and 500 mm below the settled tailings surface to 
measure the matric potential (suction) and temperature. The dielectric soil moisture sensors and 
dielectric water potential sensors were connected to a data logger (DT85G, Thermo Fisher Sci-
entific Australia Inc.). Sensors located at similar elevations were installed from opposing sides 
of the column to avoid interference. The flat planes of the sensors were placed parallel to the 
upward flow direction to minimise any obstruction to flow. Temperature and relative humidity 
near the tailings surface and ambient conditions within the laboratory were monitored by rela-
tive humidity sensors (EHT temperature and RH sensor, Decagon Devices, Inc.), which were 
connected to a second data logger (EM50, Decagon Devices, Inc.). To avoid the black sensor 
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body being directly exposed to the heating source applied to the tailings surface, the relative 
humidity sensors were covered by thermal insulating foam 1 mm thick. All the sensors were set 
to acquire data at 15 min intervals. 
 

 
Figure 1. Particle size distribution of coal tailings 
 

2.3 Column Sample Preparation 
Gravel was placed to a height of 50 mm in the base of the column to enhance the hydraulic 
connectivity between the base of the tailings and the reservoir. A metal wire mesh with 0.3 mm 
openings wrapped in a geotextile was placed above the gravel to prevent the tailings from mix-
ing with the gravel and reducing the hydraulic connection. The sensors were then installed 
through the wall of the column prior to the deposition of tailings. 

The tailings were prepared by first drying them in a 60oC oven (the temperature limited to 
avoid the combustion of any coal present), followed by adding process water and stirring with a 
mechanical mixer to achieve a solids concentration of 25% by mass, representing that achieved 
in the coal processing plant. The tailings column was formed in four layers, with each layer of 
tailings delivered by tremie to the base of the column via a funnel and pipe. Care was taken to 
minimise the amount of air mixed in with the tailings slurry during placement. Although the 
tailings slurry was prepared to 25% solids by mass, a small amount of extra water was required 
to wash out the tailings particles remaining in the funnel and tube, resulting in a reduction in the 
solids concentration to 22 to 23%. Each of the four layers of tailings slurry was allowed to set-
tle for about 2 hours, and the supernatant water was removed and weighed prior to the next lay-
er of slurry being placed. The final settled height of tailings was approximately 600 mm. Fol-
lowing the settling of the last tailings slurry layer, 30 mm of supernatant water was retained to 
simulate the ponding of water on top of the tailings. 
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Figure 2. Schematic of laboratory desiccation column: (a) overall view, and (b) blow-up of soil-air inter-
face (column and sensors are not to scale). 
 

2.4 Desiccation Tests 
The column tests were conducted in an environmentally-controlled laboratory with the tempera-
ture maintained at 24°C and the relative humidity maintained at 60%. Prior to the start of the 
first desiccation test, the tailings-filled column was left for 2 days to achieve equilibrium. The 
first desiccation test was started by switching on the infrared lamp to a heat intensity of about 
500W/m2, and was continued for 51 days until a very low evaporation rate of less than 
1 mm/day was achieved. The base reservoir was then opened and the tailings column re-
saturated with deionised water to a level 30 mm above the tailings surface, prior to a second 
desiccation test using a lower heat intensity of about 400W/m2 to simulate less extreme evapo-
rative conditions, which was continued for 26 days. 

3 COLUMN TEST RESULTS 

3.1 First Desiccation Test 
Figure 3 shows the results of the 51-day first desiccation test. Figure 3(a) shows a continuous 
and increasing rise in temperature at the tailings surface, from 30oC at the start of Stage I to 
about 42oC when the surface became completely dry early in Stage IV. Temperatures below the 
surface remained below 25oC. The temperature rise at depth below the surface was much more 
muted than that at the surface, although an upward temperature gradient remained throughout 
the desiccation process. Figure 3(b) shows that the tailings surface remained fully saturated un-
til the end of Stage I, when the surface began to desaturate rapidly desaturate, becoming fully 
dry during Stage IV. At depth below the surface, the onset of desaturation was increasingly de-
layed and less extreme, and full desaturation was not reached (limited to 0.2). 

Figure 3(d) shows that the rate of evaporation was highest during the near-saturated Stages I 
and II, at about 8 mm/day and dropping off only slightly, before dropping rapidly during Stage 
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III towards a very low rate of about 1 mm/day in Stage IV. The most rapid drop off in evapora-
tion rate during Stage III corresponds to the rapid rise in surface temperature during that stage, 
and the reduced heat capacity of the dry tailings compared with that of wet tailings. The surface 
of the tailings developed desiccation cracks to a depth of about 10 mm during Stage III. During 
Stages III and IV, evaporation is limited by the capacity of the capillary forces to draw moisture 
to the surface. The low and gradually decreasing evaporation rate during Stage IV corresponds 
to a relatively constant surface temperature of about 42oC and temperatures of between 23oC 
and 25oC at depth. During the course of the first desiccation test, the cumulative evaporation 
rose to about 115 mm (Figure 3(c)), and the 600 mm tailings column underwent a settlement of 
only about 12 mm (2%), a drop in porosity from 0.58 to 0.57. 
 

 
Figure 3. Plots with time for first desiccation test: (a) temperature, (b) degree of saturation, (c) cumulative 
evaporation, and (d) evaporation rate. The vertical lines separate the desiccation process into four stages. 
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3.2 Second Desiccation Test 
Figure 4 shows the results of the second desiccation test, under a 20% lower heat intensity than 
was applied in the first desiccation test. Figure 4(a) shows a more moderate rise in temperature 
at the tailings surface, increasing gradually from 28oC at the start of Stage I to 32oC at the end 
of Stage IV after 26 days, when the surface became completely dry. Temperatures below the 
surface remained below 24oC. The temperature rise at depth below the surface was much more 
muted than that at the surface, although an upward temperature gradient remained throughout 
the desiccation process. Figure 4(b) shows that the tailings surface remained fully saturated un-
til the end of Stage I, when the surface began to desaturate rapidly desaturate, becoming fully 
dry during Stage IV. At depth below the surface, the onset of desaturation was increasingly de-
layed and less extreme, and full desaturation was not reached (again limited to 0.2). 

Figure 4(d) shows that the rate of evaporation was highest during the near-saturated Stages I 
and II, dropping gradually from an initial rate of 6 mm/day to less than 1 mm/day after 19 days. 
The most rapid drop off in evaporation rate during Stage III corresponds to the rapid rise in sur-
face temperature during that stage, and the reduced heat capacity of the dry tailings compared 
with that of wet tailings. During the course of the second desiccation test, the cumulative evap-
oration rose to about 85 mm, and negligible settlement was observed. 

3.3 Comparison of First and Second Desiccation Tests 
Figures 3 and 4 show that a very much higher temperature (42oC) was reached at the tailings 
surface in the first desiccation test, compared with 32oC in the lower intensity heat applied in 
the second desiccation test. The temperature at depth below the surface of the tailings remained 
relatively constant throughout both desiccation tests, at similar values much lower than at the 
surface. Stages I, II and III lasted 4 days and 5 days, 4 days and 8 days, and 5 days and 7 days, 
in the first and second desiccation tests, respectively, reflecting the lower intensity heat applied 
in the second test. The reduced heat intensity applied in the second desiccation test resulted in a 
reduced evaporation rate, a more gradual decline in the evaporation rate, and a reduced cumula-
tive evaporation, compared with that due to the higher heat intensity applied in the first desicca-
tion test. 

Figure 5 compares in detail the behaviour of the two desiccation tests. Figure 5(a) shows that 
the reduced heat intensity diminishes the initial evaporation rate and lengthens the duration of 
evaporation. In Stage IV of both tests, the impact of potential evaporation on the actual evapo-
ration becomes relatively small (Zhang et al. 2014). Figure 5(b) shows that evaporation rate 
drops off rapidly at a degree of saturation of 0.2, irrespective of the heat intensity applied, cor-
responding to the transition from Stage III to Stage IV. Figure 5(c) shows that the cumulative 
evaporation at the end of Stage III is similar, at about 80 mm, irrespective of the heat intensity 
applied. Figure 5(d) suggests that the cumulative evaporation is in line with the degree of satu-
ration at the tailings surface, for the same initial level of supernatant water on the surface of the 
tailings. The cumulative evaporation during Stage IV is largely dependent on the duration of 
this stage, in both tests. 
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Figure 4. Plots with time for second desiccation test: (a) temperature, (b) degree of saturation, (c) cumula-
tive evaporation, and (d) evaporation rate. The vertical lines separate the desiccation process into four 
stages. 
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Figure 5. Comparison plots between first and second desiccation tests: (a), evaporation rate versus time, 
(b) evaporation rate versus degree of saturation, (c) evaporation rate versus cumulative evaporation, and 
(d) cumulative evaporation versus degree of saturation. 

3.4 Comparison of Desiccation Stages 
The desiccation stage duration, evaporation amount and average evaporation rate for the two 
tests are summarised in Table 1, which shows that the results of the two tests are quite compa-
rable when expressed on the basis of desiccation stages. The evaporation rate from the dried 
tailings surface (Stage IV) is much lower than the potential evaporation rate. The residual de-
gree of saturation at relatively shallow depth beneath the tailings surface shows the limited ca-
pacity to draw moisture from depth within the coal tailings. 
 
Table 1. Desiccation stage duration, evaporation amount and average evaporation rate. ________________________________________________________________________________________________________ 
Case             Parameter    Stage I  Stage II  Stage III  Stage IV ________________________________________________________________________________________________________ 
First Desiccation     Duration of stage (days)      4     4       5     39 

 Evaporation/stage (mm)        32       28     25     35 
 Average evap. rate (mm/day)     8.0      7.5    4.5    1.0 

Second Desiccation    Duration of stage (days)      5     8       7       6 
 Evaporation/stage (mm)        30       32     28       6 
 Average evap. rate (mm/day)     5.5      4.5    2.0    1.0 ________________________________________________________________________________________________________ 
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4 CONCLUSIONS 

This study presents a column test method to investigate the settling, self-weight consolidation 
and desiccation of tailings under controlled laboratory conditions. The study investigated coal 
tailings of silty sand-size, which could only be desiccated to relatively shallow depth. The test-
ing will be extended to a range of mine tailings of different particle size distribution and miner-
alogy, and to establishing correlations between desiccation-induced drying and the results of 
conventional soil water characteristic curve testing. 
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ABSTRACT: Unlike  tailings  deposited  at  low  solids  content  (‘conventional  tailings’),  thickened  
tailings are often non-segregating. Accordingly, the particle size distribution remains virtually 
constant along the beach. The benefit of conventional tailings, whereby the tailings facility 
perimeter consists primarily of coarser tailings is not achieved with thickened tailings. A common 
deposition strategy with thickened tailings is thus thin-lift deposition, which depends on 
consolidation and desiccation of a thin layer of tailings to achieve a desired shear strength, prior 
to placement of a subsequent thin layer. The rate of gain of shear strength is a complex process 
of interacting factors (drainage, consolidation and desiccation). One way to address this issue is 
using numerical modeling, backed up by appropriate laboratory characterisation tests. A finite 
strain consolidation programme (CONDES) was used to investigate the effects of climate, lift 
thickness and tailings properties, on achieving target void ratios. Through a relatively limited 
comparison of conditions, the paper provides guidance on conditions under which thin-lift 
deposition may be more successful than others. 

1. INTRODUCTION 

Recent high profile failures of tailings storage facilities (TSFs), such as the failure that occurred 
at the Samarco site in Brazil in November 2015, has resulted in a renewed interest in alternative 
techniques for tailings deposition and management. High on the list of possible alternative 
strategies is the use of high density thickened tailings, with filtered tailings becoming an 
increasingly attractive option for some projects. This paper focusses on deposition of tailings that 
are sufficiently thickened as to be (largely) non-segregating on deposition, but still able to be 
transported and deposited hydraulically, i.e. at a lower solids content than filtered tailings. 

One of the key features that has become apparent from the documented experience of 
deposition of high density thickened tailings (hereafter referred to as TT) is the establishment of 
a beach slope of around 1% to 3%, with little or no particle segregation occurring along the beach. 
The resulting beach slope makes it possible to deposit tailings in layers with relatively uniform 
thickness, as has been   achieved   at   operations   such   as   Alcoa’s   red   mud   deposits   in Western 
Australia (Cooling, 2007). Referred to as thin-layer deposition, this technique has also been 
trialled, and continues to be trialled, in the Oilsands tailings operations in Canada (Wells et al, 
2011). Key to successful use of thin-layer deposition is that each layer should reach a sufficiently 
low void ratio (i.e. water content), and thus sufficiently high shear strength to support deposition 
of a subsequent layer of tailings, as well as ensure that as the height of the TSF increases the shear 
strength throughout the tailings stack is sufficient to support the weight of the overlying tailings. 
Reaching a specific value of undrained shear strength (5kPa) was intrinsic to the now-defunct 
Directive 074 that was issued by the Alberta Energy Regulator in Alberta, Canada as part of 
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regulated management of Oilsands tailings. Although this particular Directive has since been 
superseded, the concept of ensuring sufficient strength gain between the deposition of successive 
layers remains an important tailings management strategy. 

Thin-layer deposition potentially relies on both consolidation and evaporative drying of a 
tailings layer to achieve the required moisture content and thus shear strength prior to deposition 
of a subsequent layer. The rate at which dewatering of a layer occurs depends on the material 
properties and of course the layer thickness; additionally, drying due to evaporation depends on 
climatic conditions at the site in question. This paper investigates the importance of some of these 
parameters, identifying situations in which the benefits of thin-layer deposition are minimal, or 
unlikely to be achieved. 

2. METHODOLOGY ADOPTED 

The finite difference program CONDES (Yao et al., 2002), was used in the numerical simulations 
reported in this paper. Hypothetical examples of filling rate and layer thickness were used, 
although the numbers are based on values typically adopted in many tailings deposition schemes. 
Two  different  tailings  were  chosen  for  the  analyses,  being  a  mineral  sands  ‘slimes’,  i.e.  the  fine  
fraction of the mineral sands tailings stream; this material is designated as MS in the paper. MS 
tailings are often deposited separately from the distinctly coarser sand fraction (the latter typically 
having a d50 of around 0.5 mm). Deposition of MS tailings in Western Australia is often into 
purpose-built impoundments that are about 2m deep, with an area of 10 hectares or more. The 
tailings are allowed to consolidate and desiccate with time, and when sufficient drying has 
occurred the tailings are excavated, blended with the coarse sand fraction and backfilled into 
worked-out pits. The mining cycle requires backfilling of pits timeously, to meet environmental 
and incremental rehabilitation requirements, so the rate of consolidation and drying of the fine 
fraction is critically important. 

The second tailings chosen for this study is a typical gold tailings found in Western Australia 
(WA), with the properties required for the analyses being derived from Fahey and Toh (1992). 
Gold tailings storage facilities (TSFs) in WA are typically built using the upstream method of 
construction, with deposition taking place in discrete layers and periods of consolidation and 
drying allowed between deposition of successive layers. Thus, in both cases, the rate of settlement 
and the gain of shear strength due to dewatering (from either consolidation or drying, or both) is 
critically important, and this paper focusses on this issue. 
The material properties of the two tailings materials, which were derived from laboratory tests, 
are summarised in Table 1 and illustrated in Figure 1.  

Figure 1. Experimental data for MS and gold tailings plotted in terms of (a) void ratio vs vertical effective 
stress and (b) void ratio vs hydraulic conductivity. 
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Table 1. Properties of the tailings used in the numerical simulations. 

Property/parameter MS tailings Gold tailings 
A 4.1907 2.7383 
B -0.2092 -0.1794 
C 5.608x10-9 cm/sec 1.37x10-7 cm/sec 
D 3.61 3.54 
Z 0.01 kPa 0.6 kPa 

SL 0.65 0.56 
e0 10.2 3 

 

The parameters A, B, C, D and Z are empirical parameters that are used to describe the non-linear 
relationships   between   effective   stress   (σ´),   void   ratio   e and hydraulic conductivity k. These 
relationships (which are implemented in CONDES) are: 

𝑒 𝜎´ = 𝐴 𝜎´ + 𝑍  

𝑘(𝑒) = 𝐶𝑒  

The shrinkage limit is designated as SL and e0 refers to the void ratio at which the tailings are 
deposited at the sites in question.  

3. SCENARIOS MODELLED 

For most TSFs, the area of the facility is determined by the volume of tailings to be stored, and 
the allowable final height determined by either regulatory restrictions or stability considerations. 
For a particular tailings production rate, the overall rate of rise of the facility is thus largely fixed, 
although if improved consolidation and drying can be achieved, thus achieving a higher in-situ 
dry density, a greater volume of tailings may be stored within a given footprint without exceeding 
the designated height limit. 

To provide realistic bounds on layer thickness (t), two values of t were used, 0.2m and 1m. 
Similarly, to bracket likely evaporation rates, values of 7.7mm/day and 0.7mm/day (representing 
typical maximum and minimum daily rates in Perth, WA) were used. Modelling consisted of 
placing a layer of thickness t, at a rate of deposition of 0.2m/day and then either allowing 
consolidation and drying due to evaporation, or consolidation only. The latter analyses were done 
to illustrate the limitations of a consolidation-only scenario and clearly emphasise the importance 
of climatic effects on optimising management of tailings deposition using thin-layers. As will be 
seen, however, even for cases of low evaporation rates (relative to consolidation rates), 
evaporative drying is surprisingly ineffectual. 

3.1 MS tailings deposited in 0.2m thick layers 

Deposition of tailings in very thin layers (i.e. 0.2m) can be expected to result in fast rates of 
dewatering, particularly when compared with thicker layers. The disadvantage of depositing in 
very thin layers is the cost and time associated with more regular opening and closing of spigots 
and valves, the potential need for flushing of lines and additional supervision (to ensure the 
desired layer thickness is achieved). The attractiveness of thicker layers is obvious. As one 
possible extreme, layers only 0.2m thick were thus considered. 

Deposition of a 0.2m thick layer was simulated to occur in one day. Figure 2 shows the rate of 
settlement of this layer with time after deposition (i.e. time zero corresponds to the time when 
deposition is complete). The starting height is not exactly 0.2m because some (small) 
consolidation occurs even during the deposition process. Results are shown for two scenarios, one 
being consolidation only (no evaporation) and the other being consolidation plus evaporation at 
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the high rate of 7.7mm/day. For the latter case, the rate of settlement upon placement of a second, 
0.2m thick layer is also shown. 

 

 
Figure 2. a) Settlement of 0.2m thick layer of MS tailings after deposition, with and without evaporation of 
7.7mm/day and (b) Variation of void ratio within layer. 

A common strategy when managing thickened tailings deposits, particularly where little or no 
particle segregation occurs along the beach and thus the material is relatively homogeneous, at 
least laterally, is to target the shrinkage limit as the desired moisture content prior to placement 
of subsequent layers of tailings (e.g. Robinsky, 1999). For the MS tailings this value was 0.65, as 
shown in Table 1. The minimum void ratio in the analysis shown in Figure 2 was thus set to 0.65. 
Once the void ratio reached this value, no further change in void ratio was thus possible 
(applicable to each node in the layer of tailings). This explains why the curve in Figure 2 for the 
scenario including evaporation flattens out abruptly at 22 days. The entire layer had reached the 
shrinkage limit. Although CONDES has the capability to model cracking after the shrinkage limit 
has been reached, this option was not used in the analysis here as the goal was to deposit as soon 
after reaching the shrinkage limit as possible. 

Deposition of a second layer onto the layer that was subject to both consolidation and 
evaporation causes no further settlement. The void ratio of 0.65 is consistent with an applied 
effective stress of around 7000kPa, therefore the addition of some 2kPa of additional loading (the 
second 0.2m thick layer) causes no further compression. At this point it is noted that CONDES 
does not model the volume changes that occur on reduction of effective stress, e.g. due to wetting 
from a newly placed layer. The amount of rebound that occurs under these conditions is 
considered negligible (the swelling index is always significantly less than the compression index) 
and is ignored.  

Although not shown, the simulation using the low evaporation rate of 0.7mm/day resulted in 
settlements that were indiscernible from those of the consolidation-only analysis. This was 
because the rate of consolidation resulted in water flowing to the surface at an initial rate of about 
3.45mm/day, which is more than can be removed by evaporation. Evaporation thus has no effect 
on the drying rate of the layer. Although the rate of water flow to the surface decreased with time, 
even after 24 days it was producing more water than could be removed by an evaporation rate of 
0.7mm/day. This highlights the first key observation of this paper, which is that evaporation is 
not necessarily a contributor to effective dewatering. The evaporation rate must be higher than 
the water release rate in order to contribute to dewatering. As in this example, even a relatively 
thin layer produces water flowing to surface at an initial rate of around 3.45mm/day, which, 
expressed as an evaporation rate, is high. Even in some hot, but humid climates such rates of 
evaporation may be rare. With a thicker layer, the initial rate of water release is slightly higher 
(for the 1m thick layer it was 3.6 mm/day). The initial rate would also persist for a much longer 
time in a thicker layer. 

As shown in Figure 2b, the deposition of a second, 0.2m thick layer only brings the first (now 
underlying) layer to a relatively uniform void ratio of about 3.5, i.e. still a lot higher than the 0.65 
achieved in the first layer exposed to a high evaporation rate. Indeed, as alluded to above, it would 
require the application of about 7000kPa to achieve a void ratio by consolidation alone. Clearly, 
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if the evaporation rate is high, deposition of 0.2m thick layers achieves very effective dewatering 
of the tailings, rendering it virtually incompressible and, it terms of behaviour when sheared, 
likely to be highly dilative and thus not susceptible to liquefaction if loaded undrained. 

3.2 MS tailings deposited in 1.0m thick layers 

The strategy of depositing in thicker layers is that the tailings could be left to consolidate and dry 
for longer than when using thinner layers, i.e. the cycle time between successive lifts can be 
increased. To achieve deposition of the equivalent of 1m of tailings using thin (0.2m) lifts would 
require around 105 days, i.e. four drying periods of 25 days each, with five deposition cycles of 
one day each. To compare thin-lift deposition against thick-lift deposition on an equal basis, the 
deposition of the MS tailings in 1m lifts was therefore assumed to take place over five days, 
followed by 100 days before placement of the second (1m thick) layer. A comparison of the 
settlements and the void ratios achieved using the two different strategies is discussed after first 
describing the results from the thick-layer deposition simulation. 

 
Figure 3. a) Settlement of 1m thick layer after deposition, with and without evaporation of 7.7 mm/day and 
(b) Variation of void ratio within layer at 100 days after deposition. 

Figure 3 shows the decrease in height of the initially 1m thick layer with time after deposition for 
the case of consolidation only and for consolidation plus evaporation of 7.7 mm/day; also shown 
in Figure 3 are the corresponding void ratio distributions in the layer at 100 days after deposition. 
Even with the high evaporation rate of 7.7 mm/day, the 1m thick layer does not reach the 
shrinkage limit of the tailings. The lowest void ratio is achieved at the surface of the layer, where 
it was about 0.93. Therefore even in an area where evaporation is high, deposition of 1m thick 
layers using a 100 day cycle would not achieve the same benefit as deposition of 0.2m thick layers 
using a 24 day cycle. The situation is even worse for the consolidation-only scenario, where the 
void ratio is greater than 4 over the entire layer. The Liquid Limit of the MS tailings was between 
75 and 80, the higher of these values corresponding to a void ratio of 2.04. This means that even 
after 100 days of consolidation, the entire layer would have an extremely low undrained shear 
strength – less than 1kPa almost certainly. When evaporation is incorporated into the analysis, the 
situation is again much better, with the void ratio through the entire layer being below the Liquid 
Limit and dipping below the Plastic Limit (which was equivalent to a void ratio of 0.97) at and 
near the surface. 

For tailings such as the MS tailings (where the hydraulic conductivity is particularly low), it 
will be difficult to achieve significant dewatering in areas where the potential evaporation rate is 
low. Even in an area where the evaporation rate is high, deposition of thick (1m) layers does not 
result in the desired water content, i.e. the shrinkage limit, being achieved. To optimise conditions 
at a site such as that studied here, it could be possible to optimise the layer thickness. Although 
using 0.2m thick layers will achieve the required water content throughout the tailings deposit, it 
will also require frequent moving and raising of pipes as well as other operations, all of which 
add to the cost of tailings management. It would thus be desirable to increase the deposition layer 
thickness. Clearly a 1m thick layer is too much, as the desired dewatering is not achieved, so a 
layer between 0.2m and 1m thick could achieve the required dewatering, whilst minimising 
operational costs. Such an optimisation study is left to a later paper. However, it should be noted 
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that conditions in reality will be much more complex, e.g. the evaporation rate will vary from day 
to day and periods of rainfall will additionally impact on evaporation rates. The current study is 
limited to constant evaporation rates, but nevertheless provide clearly discernible differences in 
outcomes with different layer thicknesses. 
Figure 4a shows the rate of settlement of the initial layer that underwent consolidation alone when 
a second, 1m thick layer was deposited. Once again, even after 100 days of consolidation, 
settlement continued to occur. 

 
Figure 4. a) Settlement of first layer (initially 1m thick) upon placement of second, 1m thick layer and (b) 
Void ratio profile of this layer after 100 days of consolidation due to placement of second layer. 

Figure 4b shows the void ratio profile in the first layer after 100 days of consolidation due to 
placement of the second, 1m thick layer. Contrast this with Figure 3b and it can be seen that the 
void ratios achieved by consolidation and evaporation in layer 1 are still much lower than 
achieved due to consolidation alone, even under the surcharge of the second layer. The reason is 
that the void ratios achieved due to evaporation are equivalent to effective stresses of 85kPa and 
above (the highest void ratio, which occurs at the base of the layer is consistent with an effective 
stress of 85kPa). These are significantly higher than the surcharge load of the second layer, which 
was 11.4kPa. 

3.3 Gold tailings deposited in 0.2m thick layers 

Typical layer thicknesses for operations in the West Australian goldfields would be more than 
0.2m. However, to provide a comparison with the MS tailings results, thicknesses of 0.2m and 
1m were again used. Figure 5a shows the settlement of a 0.2m thick layer of the gold tailings, 
with and without evaporation, as well as settlement of this layer after placement of the second 
layer of tailings. Figure5b shows the corresponding void ratio profiles for the three conditions in 
Figure 5a. 

  
Figure 5 a) Settlement of 0.2m thick layer of gold tailings after deposition, with and without evaporation 
of 7.7mm/day and (b) Variation of void ratio within layer. 

For the gold tailings, a 0.2m thick layer subjected to both evaporation and consolidation reaches 
the minimum void ratio (shrinkage limit) in only 15 days and settlement then ceases, whereas 
when evaporation is absent, the void ratio does not drop below 2.5 throughout the layer. Also 
notable is that in the absence of evaporation, settlement is complete after only about ten days 
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whereas the MS tailings was still consolidating 24 days after placement. The gold tailings has a 
much higher coefficient of consolidation than the MS tailings, so settlement is complete relatively 
quickly, although the amount of settlement is less. This is because the compressibility is less, and 
the gold tailings was deposited at a higher initial solids content than the MS tailings. 

As with the MS tailings, placement of a subsequent 0.2m thick layer of gold tailings does not 
result in the minimum void ratio being reached anywhere within the initial layer of tailings. 
Evaporation is thus highly effective in achieving desired void ratios (and hence desired shear 
strengths) rapidly. The observation that the gold tailings reached the minimum void ratio in only 
15 days is consistent with the operational rules of thumb for gold tailings in much of Western 
Australia, where layer thicknesses in excess of 0.2m are usually used. If layers as thin as 0.2m 
were to be used, a cycle time of only 15 days would be possible; however, this would be 
excessively expensive and disruptive to the mining operation. It is thus interesting to consider the 
possibility of reaching the target minimum void ratio in a much thicker layer of the gold tailings. 

Figure 6 shows the same data as Figure 5, but for a layer that is placed at 0.2m per day for five 
days, followed by either consolidation alone or consolidation and evaporation at the high rate of 
7.7mm/day.  

As evident in Figure 6a, the layer is initially slightly less than 1m. This is because a small 
amount of consolidation occurs during placement of the layer (time zero in Figure 6a corresponds 
to the end of the deposition cycle). The minimum void ratio of 0.56 is reached in 76 days when 
the layer is subjected to a high rate of evaporation. A cycle time of 76 days would, however,  

 

 
Figure 6 a) Settlement of 1m thick layer of gold tailings after deposition, with and without evaporation of 
7.7mm/day and (b) Variation of void ratio within layer. 

probably be excessive for a gold tailings storage facility, as it would require a very large area to 
accommodate such a large cycle time. The goal of managing a TSF is to balance the achievable 
dry density against the area of land required for the TSF. Having a very long cycle time is 
inconsistent with the achievement of both these goals. Once again, this observation is consistent 
with current practice, where the layer thickness is less than 1m (but more than 0.2m, as discussed 
before). 

Placement of a second layer does not result in the initial layer reaching the minimum void 
ratio, which is expected. It does, however, produce a lower void ratio in the initial layer than the 
case for 0.2m thick layers, because the overburden and self-weight are of course significantly 
higher for the thicker layers. 

 
4. EFFECT OF EVAPORATION RATE ON OPTIMISATIN OF LAYER THICKNESS 
 
The high evaporation rate of 7.7mm/day is not uncommon during the summer months in Western 
Australia. However, during the cool, wet winter months, the net evaporation rate is likely to be 
closer to 0.7mm/day, with effectively zero evaporation occurring during periods of prolonged 
rainfall. To determine whether the desired minimum void ratio was achievable under conditions 
of low evaporation, the simulation of the 1m thick layer of gold tailings was repeated using an 
evaporation rate of 0.7mm/day. Figure 7 shows the resulting void ratio profiles after 10 days of 
the high and the low evaporation rates. Also shown on this figure are the initial void ratio profile 
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immediately after placement of the 1m thick layer and the void ratio profile after 76 days of low 
evaporation. This latter result is included because after 76 days of high evaporation, the 1m thick 
layer achieved the target minimum void ratio throughout the layer. 

 
  

 

 

 

 

 

 

 

Figure 7. Void ratio profiles due to high and low evaporation rates. The initial void ratio profile immediately 
after placement of the 1m thick layer is included for comparison. 

After only ten days, the effect of the high evaporation rate was to reduce the void ratio at the 
surface to below 2, with significant impact occurring to a depth of about the midpoint of the layer. 
Contrast this with the result due to a low evaporation rate, where there is no change in void ratio 
near the surface and only a slight decrease in void ratio with depth compared with the initial 
profile. Although not shown here, the result for the simulation of consolidation only (i.e. no 
evaporation) was indiscernible from the low evaporation rate condition. The reason is that during 
initial consolidation, the settlement rate (and thus the rate of water release) was in excess of 
2.6mm/day, which is greater than the low rate of evaporation. Evaporation thus had no effect on 
the change in void ratio with time, at least initially. When the consolidation-only condition is 
considered, the settlement rate dropped below the low evaporation rate (0.7mm/day) after about 
70 days. The effect is clear in Figure 8, which shows the settlement of the 1m thick layer in the 
absence of evaporation, and for an evaporation rate of 0.7mm/day. The effect of evaporation is 
clearly minimal in this case. 

 

 

 

 

 

 

 

Figure 8. Settlement of 1m thick layer of gold tailings subjected to a low evaporation rate (0.7mm/day) and 
a condition of zero evaporation. 

The dilemma that sometimes faces an operator of a TSF is clear. Although, as in the case of the 
gold tailings examined here, excellent drying rates during summer result in very fast decreases in 
void ratio and thus rapid gains in density and strength, the same is not true for winter conditions. 
In winter, when evaporation rate may be below 1mm/day for the area in question, evaporation has 
virtually no effect on the densification of an initially 1m thick layer of gold tailings. 
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Figure 9 shows the settlement of an initially 0.2m thick layer of gold tailings subjected to the 
low evaporation rate, compared with the consolidation-only condition. Contrary to the condition 
of an initially thick (1m) layer, the low evaporation rate accelerates the rate of dewatering of a 
thin layer when compared with a condition of consolidation only. The reason for this is that the 
rate of water flow to the ground (drainage) surface slows down relatively quickly for a thin layer 
of tailings, because there is a limited amount of water available. Although the initial rate of 
consolidation is similar to that of the 1m thick layer (around 2.3mm/day), it drops below 
0.7mm/day after only six days (in contrast with 76 days for the 1m thick layer).  

 

Figure 9. a) Settlement of 0.2m thick layer of gold tailings subjected to a low evaporation rate (0.7mm/day) 
and a condition of zero evaporation, and (b) void ratio profiles after 24 days of no evaporation and low 
(0.7mm/day) evaporation, as well as void ratio profile after ten days of low evaporation. 

For the case of the thinner (0.2m thick) layer shown in Figure 9, even the low rate of evaporation 
has a beneficial effect on the layer dewatering. After only ten days, the void ratios throughout the 
layer are smaller than the void ratios after 24 days of consolidation alone. After 24 days of low 
evaporation, the void ratios however still remain significantly above the target minimum value of 
0.56. Thus, although beneficial, with a low evaporation rate the target drying rate was not 
achieved, even with an initially thin layer. 

5. IMPLICATIONS OF FINDINGS 

It must be stressed that the simulations discussed in this paper made a number of simplifying 
assumptions, particularly regarding the rates of evaporation. For any particular analysis scenario 
it was assumed that the evaporation rate was constant (either zero, low or high). In reality, the 
evaporation rate will vary from day to day, and even during a particular day. Although it is 
possible to model any desired variation of evaporation rate with time, the objective of this paper 
was to demonstrate the key dependencies of factors such as evaporation rate, layer thickness and 
tailings characteristics. Modelling so-called   ‘realistic’   scenarios   can  be  very   cumbersome  and  
time-consuming and the intricacies of doing this can mask some of the underlying key factors; 
some of these factors have been discussed in this paper. 

Conventionally, tailings management strategies utilise uniform lift thicknesses throughout the 
year, as this is more convenient than altering lift thicknesses with time. However, recently 
Caldwell et al. (2014) describe an innovative concept whereby lift thicknesses utilised for 
deposition of oilsands tailings would vary seasonally, being thicker during the warm summer 
months than during the rest of the year. Future strategies on many conventional and thickened 
tailings deposits may benefit from such an approach, where a higher than average rate of rise is 
used in drier months and conversely a lower than average rate is used in wetter months. An 
investigation of this option was beyond the current paper. 

The results presented in this paper are for only two, extreme values of evaporation rate; 
similarly for layer thickness. The results cannot be extrapolated to other sites without carrying out 
some preliminary modeling. Although it is not suggested that detailed modeling be carried out in 
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every case, it would be prudent to always carry out some initial modeling using plausible bounds 
on parameters such as evaporation rate, rate of rise, lift thickness, etc. 

6. CONCLUSIONS 

Using numerical modeling of different layer thicknesses of two different tailings was carried out 
using the software CONDES. Two different potential evaporation rates were implemented. The 
key findings of the work described in this paper are: 

 Evaporation does not necessarily contribute to the rate of dewatering of a newly-placed 
tailings layer. If the rate of consolidation produces flow of water towards the service at a 
rate that is greater than the rate of evaporation, there is no benefit due to evaporation. 
Although perhaps somewhat self-evident, this observation illustrates why thin-layer 
deposition can be beneficial, even when the evaporation rate is low; with thinner layers 
there is less water to rise to the surface, hence the effect of evaporation occurs sooner 
than for thicker layers of tailings. 

 Evaporation can be effective in reducing the water content of a layer of tailings to a target 
value equivalent to the shrinkage limit. This target can be reached in a very short time 
when the evaporation rate is high, but is also achievable in low evaporation environments 
if the cycle time between successive layer deposition is sufficient and the layer thickness 
is optimised. 

 Varying rates of evaporation over a year are very common (exceptions perhaps some 
locations close to the equator). It may be possible to take advantage of higher evaporation 
rates during dry periods of the year by utilising higher rates of rise than the norm. A 
slower rate of rise can then be used during wet periods of the year, giving tailings more 
exposure time to the lower evaporation rates. 
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1 INTRODUCTION AND BACKGROUND 

The Deilmann Tailings Management Facility (DTMF) at the Key Lake uranium mill in northern 
Saskatchewan is a former open pit mine that has been the receptor for tailings since 1996. Ap-
proximately 70m of outwash sand overlying sandstone bedrock is exposed in the west wall of the 
west cell in the DTMF. Tailings were first deposited in the east cell of the DTMF in January 1996. 
Sub-aerial deposition was used in the east cell between January 1996 and December 1998. The 
first tailings in the west cell of the DTMF were sub-aerially deposited in April 1999. In mid-2000 
a new pit crest tailings distribution system was commissioned, the old in-pit tailings distribution 
system was decommissioned, and flooding of the DTMF commenced. The objectives in flooding 
of the pit included preventing the freezing of deposited tailings, reduction of dewatering volumes 
and stabilization of the pit walls under a deep water cover. Flooding was achieved by pumping all 
Deilmann dewatering flow into the pit, as well as by allowing horizontal drain flow to report 
directly to the pit.  Figure 1 presents a schematic section of the DTMF design, showing the main 
elements.  Figure 2 presents a view of Deilmann pond during the early stages of flooding, with a 
tailings deposition barge in the foreground and the outwash sand visible above the sandstone bed-
rock on the far west wall.  
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ABSTRACT: The Deilmann Tailings Management Facility (DTMF) at Key Lake is a former open 
pit mine that has been the receptor for tailings since 1996. The west wall of the DTMF exposes 
approximately 70m of outwash sand overlying sandstone bedrock. The first tailings were depos-
ited in the east cell of the DTMF in January 1996 and initial flooding of the DTMF began in 1998 
by allowing various existing horizontal drains to flow directly into the pit. Pit slope sloughing 
began to occur in mid-2001 and continued until pit flooding was stopped.  Field studies have 
concluded that very loose to medium dense sands are present in the DTMF outwash sand deposit 
at depth.  Interpretation of CPT and SPT test data indicated void ratios above the steady-state line, 
indicating a loose state that could collapse upon loading.  The failure mechanism was identified 
as structural collapse of the loose outwash sands upon re-saturation followed by flow liquefaction.   
Finite element (FE) modeling was used to compute insitu stresses within the outwash sand slope 
under various conditions.  The FE model was developed for discrete stages (both historic and 
proposed)  to  estimate  stress  conditions  in  the  outwash  sand  from  “flat  ground”  pre-mining condi-
tions through dewatering, mining, pit flooding, unloading due to slope failures and planned slope 
flattening excavation and loading due to final pit flooding to a final pond elevation.  The primary 
objective of the modeling was to evaluate the effective stress path of soil elements to provide a 
level of confidence that loads produced by construction and final pit flooding do not result in 
stress states in the slope that are on or above the collapse surface, thereby indicating that collapse 
triggering would not be expected to occur.   
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Figure 1. DTMF Schematic Section 
 

 
Figure 2. DTMF Initial Pit Flooding 

 

In August 2001, as the water level rose above the toe of the lowermost sand overburden slopes in 
the west cell above approximately elevation 465 m, some pit sloughing began to occur. By the 
time water levels reached an elevation of about 475 m in October, 2001, the rate and extent of 
sloughing in this area and others was well beyond original expectations and threatened some of 
the infrastructure near the pit crest.  

Geotechnical Considerations

116



There were two significant slope failures: one in February 2002; and a second one in February 
2003. By August 2003, the slope crest had receded a total of approximately 31 m to 46 m, de-
pending on the location around the pit perimeter. Then on November 11, 2003, a major sloughing 
event occurred causing pit crest regressions on the order of 15 m to 21 m in some areas and span-
ning about 1000 m of the perimeter of the DTMF in the West cell. 

This unexpected failure, and the magnitude of the failure, forced Cameco to re-evaluate the 
strategy of quickly flooding to elevation 510 and prompted a series of actions beginning with 
stabilization of the water level at about 497 m Figure 3 presents a photograph of the DTMF out-
wash sand slope in 2009 after water levels had been stabilized and slope sloughing substantially 
abated.  Figure 4 presents a photograph of the same slope area following remediation which in-
volved excavation of the slope to a stable angle and placement of a rock fill toe buttress.   

 

 
 
Figure 3. Original DTMF Pit Slope. 

 
 

 
 
Figure 4. Remediated DTMF Pit Slope. 
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1.1 Failure Mechanism 
Under saturated conditions loose sands can develop a mobilized peak strength that is less than the 
conventional effective friction angle at critical state condition.  This is sometimes referred to as a 
“collapse  mechanism”  with  an  associated  mobilized  soil  strength  referred  to  as  a  “collapse  friction  
angle” or  “collapse  strength”.  Research has shown that the sand grain structure can collapse dur-
ing fully drained loading, as well as during undrained loading with a mobilized friction angle well 
below the conventional effective friction angle (Sasitharan et al. 1993).  Hanzawa (1980) hypoth-
esized a similar mechanism for liquefaction of loose sands. 

Laboratory testing of the DTMF outwash sands indicated volumetrically contractive behavior, 
which under undrained conditions produces a potential for pore pressure increases and consequent 
liquefaction, or void ratio decrease followed by stress redistribution in a drained response.  Either 
case can lead to slope failure.   

It was postulated that the outwash sand pit wall failures occurred as a result of: re-submergence 
of the sand slope, resulting in loss of suction strength in the saturated sand; reduction of the ef-
fective stress accompanied by a suppression in shear resistance below the water level; and yielding 
of the sand in the toe area when the ground stress approaches or equals the strength of the soil.  
This reduced available shear strength (collapse strength) of the sand is less than the peak effective 
value.  It was postulated that sand grain structure collapse occurs in the re-submerged sand, fol-
lowed by a rapid undrained response and liquefaction leading to flow slide failure.   

This failure mechanism was adopted for the detailed geotechnical analyses to support the 
remediation design.  Methodology for finite element modeling incorporated the collapse surface 
related to loose sand collapse behavior.   

1.2 Design Criteria and Methodology 
Based on a review of industry standards and a project-specific risk evaluation, a minimum factor 
of safety (FoS) of 1.3 was selected for establishing safety setbacks during construction as well as 
long-term stability of the remediated pit slope.   

In addition to limit equilibrium (LE) analyses performed to determine the minimum factors of 
safety for the design, the project team considered it desirable to demonstrate the robustness of the 
design through finite element (FE) stress path modeling.  Given the postulated failure mode of 
structural sand grain collapse leading to slope failure, localized areas of stress could develop in 
the slope during final pit flooding which may be indicative of localized sloughing of the final 
slopes.  These localized sloughs have been known to be retrogressive in nature based on project 
history.  It was recognized that conventional LE analyses may indicate an acceptable FoS against 
slope instability, but not account for localized stress conditions.  This is an inherent limitation of 
LE analyses.  The primary goal of the FE modeling was to demonstrate that the onset (triggering) 
of collapse stress conditions in the slope, would not occur during slope remediation or subsequent 
flooding.   

It is important to distinguish between the two criteria for long-term reliability of the facility.  
A minimum FoS of 1.3 (as calculated by LE analyses) provides an adequate reserve resistance 
against  overall  collapse  and  can  be  viewed  as  a  “conventional”  factor  of  safety  against  slope  fail-
ure.  For most geotechnical projects evaluating slope stability, this type of criteria is normally 
applied.  However, the DTMF project was somewhat unique due to the meta-stable nature of the 
outwash sand requiring an adequate remedial design with reserve resistance against the trigger of 
local collapse, as determined through rigorous finite element modeling of the final slopes during 
pit flooding. This was achieved by modeling the loading history beginning with the pre-mining 
state and ending with a flooded pit.  This analysis determined the stress states in the sand mass, 
as well as effective stress paths of elements in the slope.  The established design criteria dictated 
that the stress states in the outwash sand slope must remain below the collapse surface (defined 
by a collapse friction angle) during each step of the remediation process and subsequent flooding.   
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1.3 Subsurface Conditions 
The overburden deposits in the Key Lake area are dominated by glacially derived materials.  Gla-
cial till deposits in the general DTMF area, include both ground moraine and drumlin forms. The 
till is typically a poorly sorted, unstratified mixture of sand, gravel, cobbles and boulders with 
lesser amounts of silt and clay. Till is generally present in the eastern two thirds of the DTMF.   In 
contrast, the west wall overburden slope is comprised of outwash deposits, with minimal (if any) 
till.  Outwash sand deposits would have formed during glacial retreat, as a portion of the till carried 
in the glaciers was washed out and deposited adjacent to the retreating ice.  This mode of deposi-
tion is known to result in loose deposits. Outwash sand deposits in the project area are up to 70 
meters in thickness and generally consist of stratified, poorly to well sorted sand with minor 
amounts of gravel.  Coarser (gravel to cobble size) deposits are also found in some areas near the 
base of the outwash sand above the sandstone contact.  These coarser deposits were encountered 
in boreholes completed in the western portion of the project area in the thickest sand sections.   

The geotechnical conditions encountered in the 2010 geotechnical exploration program were 
fairly consistent across the site and indicative of the glacial outwash geology of the area.  The 
outwash material encountered consisted mainly of interlayered clean sands of various sizes with 
some silty layers.  The major types of material can be grouped in four categories: 1) clean fine 
sand, 2) clean fine to medium sand, 3) fine to coarse sand with trace fine gravel, and 4) silty fine 
sand / sand with silt.  The moisture content of the sand above the water table was typically low, 
indicating a fairly well drained condition.  A zone of variable thickness consisting of gravel and 
cobble sized material, typically mixed with sand or in a sand matrix, was encountered just above 
the outwash/sandstone contact.   A zone of weathered sandstone was typically encountered below 
the contact.   

2 GEOTECHNICAL ANALYSES 

2.1 General 
The analyses included evaluation of multiple study sections spaced at regular intervals around the 
west cell of the DTMF.  The work involved the following primary elements: 

 Development of study sections around the project area. 
 Evaluation of field and laboratory physical data to determine appropriate material param-

eters for the analyses. 
 Back-analysis of the November 2003 slope failure event to verify geotechnical parame-

ters. 
 Geotechnical sensitivity analysis of a typical mining bench and current outwash sand 

slopes for verification of back-calculated parameters.  
 Finite element modeling of insitu conditions at various slope configurations and water 

table elevations to evaluate the effective stress path of points within the outwash sand 
behind the slope. 

 Geotechnical limit equilibrium analyses to establish initial construction safety setback 
distances at each study section for current conditions. 

 Calculation of long-term (following slope flattening and pit flooding to elevation 510m) 
factors of safety against slope failure. 

 Establishment of an excavation line for slope flattening around the entire project area 
based on results of geotechnical analyses. 

 

2.2 Material Properties 
The average critical state friction angle of the outwash sand, was estimated to be about 33 degrees 
with a range of 32 to 35 degrees based on triaxial compression testing. The mobilized (collapse) 
friction angle at onset of instability during undrained tests was found to range from about 20 to 
27 degrees, with a majority of the values in range of 22 to 24 degrees.   Conventional triaxial 
drained testing indicated a peak shear strength of about 31 to 35 for the sand.   
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Back-analyses were also conducted on cross-sections of the pit wall with data from well docu-
mented failure events to estimate the field-scale shear strength of the sand.  The results of this 
analysis revealed a fairly good agreement with the laboratory derived data mentioned above. 
Based on the laboratory testing and back-analysis results, the selected outwash sand engineering 
parameters for final detailed slope remediation design are presented in Table 1.  Rockfill proper-
ties were taken from literature values (Leps  1970).    Leps’  empirical  strength  model  of  the  weakest 
type of rockfill was conservatively adapted for stability analyses.   
 
Table 1 - Material Properties for Detailed Design Analyses 

Material Name Unit Weight 
(kN/m3) Cohesion (kPa) Phi 

(Degrees) 

Upper Sand 16.5 6 32 

Lower Sand 19.7 0 24 

Rockfill 22.0 0 38 

Bedrock No potential for slope instability 

2.3 Determination of Safety Setbacks 
Slope stability analyses were performed at nineteen study sections in the project area to establish 
safety setbacks around the west wall crest behind which slope remediation work could be safely 
performed. The study sections evaluated the following: 

 Existing conditions (existing ground surface with water level at 497m) to calculate cur-
rent FoS and required safety setback based on the design criteria (FoS > 1.3). 

 Proposed final slope conditions based on safety setback criteria plus 20m (work zone 
width behind safety setback line) or as needed to provide a final FoS > 1.3 with the wa-
ter level at 510m. 

 
The resulting average calculated safety setback was about 42 meters.  

2.4 Slope Remediation Design 
Each section was also evaluated for long-term factor of safety for the final (post-remediation) 
slope configuration with the water table elevation at 510m.  The final slope configuration was 
based on the calculated safety  setback  plus  20m  and  the  “bench  and  slice”  construction  method-
ology for two final slope configuration cases: 
 

1. Configuration based solely on LE analyses with a bottom bench elevation of 505m and a 
thin riprap rock layer for wave protection (see Figure 5) 

 
2. Configuration based on FE analysis with a constructed lower rock zone to prevent trig-

gering of sand collapse upon re-saturation (see Figure 6).     
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Figure 5 – Final Slope Configuration Without Rock Zone 

Figure 6 – Final Slope Configuration with Rock Zone 

3 FINITE ELEMENT MODELING 

3.1 General 
Finite element (FE) modeling was used to compute insitu stresses within the outwash sand slope 
under various conditions.  FE modeling was conducted using SIGMA/W, a computer program 
developed by Geoslope International (Geoslope, 2010b).  Stresses were computed at various 
stages (eg. pit mining, initial pit re-flooding, loss of mass due to slope failures, slope flattening 
excavation, and further pit re-flooding).    

The primary objective of the modeling was to evaluate the effective stress path of soil elements 
to provide a level of confidence that, loads produced by construction and final pit flooding would 
not result in stress states on or above the collapse surface.  Although LE analyses results indicated 
acceptable factors of safety against slope instability for the remediated and flooded slope config-
uration, these analyses only considered average conditions along evaluated slip surfaces and did 
not consider localized stress zones that could develop within the sand mass due to loading.          

The pit slope sloughing history suggests that localized sloughing can lead to retrogressive slope 
failure.  Since the failure mechanism has been identified as: structural collapse of the loose sands 
upon re-saturation followed by flow liquefaction, the triggering of collapse must be avoided to 
provide a reliable design.    
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3.2 Methodology and Parameters 
The FE model was developed for discrete stages (both historic and proposed) to estimate stress 
conditions   in   the  outwash  sand   from  “flat  ground”  pre-mining conditions through dewatering, 
mining, pit flooding, unloading due to slope failures and planned slope flattening excavation and 
loading due to final pit flooding to 510 m elevation. 

The generalized   “collapse   surface”   concept   proposed   by   Sladen,   D’Hollander   and   Krahn  
(1985) was utilized by Geoslope in previous studies and was adopted for the purposes of this 
study.    When  deviator  stress  (q)  is  plotted  with  mean  effective  stress  (p’)  in  an  undrained triaxial 
test, the collapse surface can be determined from a straight line through the maximum deviator 
stress points for each test.    

A collapse surface angle of ranging from 22 to 24 degrees was used for the analysis based on 
the results of laboratory testing back analyses.  The intersection point of the collapse surface with 
the critical state line is referred to as the steady state strength (Css) and its value is estimated to be 
approximately 10 kPa from field observations of the flow failure runout angles (about 5 to 15 
degrees).     

3.3 Model Configuration 
The model geometry is based on ground survey data at various states as shown on Figure 6. The 
mesh consists of 3-meter quadrilateral and triangular elements with secondary nodes.  Boundary 
conditions  (BC’s)  include  fixed  stress/strain  along  the  model  border.    A  fluid  load  BC  was  estab-
lished on the slope to account for free water pool loading, where applicable.  Figure 6 presents the 
model configuration at proposed final remediated slope conditions. This configuration is referred 
to  as  the  “Base  Case”  and  represents  a  possible  remediated  slope  configuration  based  solely  on  
LE analyses results.  Figure 7 presents the finite element mesh and boundary conditions used.  A 
one-meter thick zone of rockfill (riprap) has been added to the final slope from elevation 498m to 
511m for protection of the slope against wave action.  Five selected mesh nodes are shown as 
points A through E, which were used to track effective stresses in the outwash sand mass at these 
areas of interest.    

 

 
Figure 7 – Finite Element Model Mesh and Boundary Conditions  
 
The outwash sand materials were modeled as elastic, perfectly plastic with values of the initial 
tangent modulus determined from consolidated-drained (CD) triaxial testing (Mittal 2007).    

3.4 Physical Modeling Sequence 
The FE modeling steps were developed to simulate fourteen distinct configurations of the slope 
from pre-mining conditions (step 1a) through dewatering (step 1b), pit development (step 2a), 
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tailings infill and reflooding (step 2b through 2d), slope failures (steps 3a and 3b), pond water 
level changes (steps 4a and 4b) and future highwall configurations (5a to 5d).  The modeling steps 
were linked within SIGMA/W resulting in staged analyses where results of a new stage depend 
on the solution of the previous stage.  Stress conditions are carried through the model allowing 
capture of the stress history from flat ground conditions to current conditions, accounting for water 
level changes and loss of soil mass due to slope failures based on field information provided by 
Cameco.  The final (proposed) slope configuration was then created by removing the excavated 
material and raising the pond level in several stages.  

3.5 Results 
Initial results indicated development of overstressed areas near the slope face between elevation 
497m and 511m.  The stress conditions predicted in the model indicate unstable conditions which 
could lead to progressive slope sloughing.  This condition did not meet the stated design criteria 
of preventing the onset of collapse conditions in the slope.  Rock fill was then added to the lower 
slope area until the model indicated safe conditions.   

Figure 8 presents the rock zone configuration established through iterative FE modeling.  Con-
struction of the rock zone involves excavation of outwash sands to create a minimum 10m wide 
bench at elevation 497.5m.  Following sand excavation, the rockfill is placed uncompacted to the 
dimensions shown. The rock zone improves the performance of the remediation by providing 
mass  for  “containment”  of  stresses  near  the  slope  face  thereby  preventing  the  onset  (triggering)  
of collapse stress conditions.  The effective stress paths for the rock replacement scenario are 
shown on Figures 9 through 13.  The rock zone mass provides effective stress confinement result-
ing in the stress paths remaining below the collapse line during the final flooding stages.  This 
provides confirmation that the proposed rock replacement meets the stated design criteria.  
 

 
Figure 8 – Rock Zone Configuration 
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Figure 9 – Rock Replacement FE Model Stress Path – Point A 
  

Figure 10 – Rock Replacement FE Model Stress Path – Point B   
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Figure 11 – Rock Replacement FE Model Stress Path – Point C  
 

Figure 12 – Rock Replacement FE Model Stress Path – Point D   
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Figure 13 – Rock Replacement FE Model Stress Path – Point E   
 
 

4 CONCLUSION 

Finite Element (FE) stress analyses were performed to evaluate the effective stress path of soil 
elements within the slope under excavation unloading and pit flooding conditions to further vali-
date the final design parameters and demonstrate a margin of safety against the onset of sand 
collapse conditions.  FE modeling results indicated collapse stress conditions developing near the 
slope face during final pit flooding for the Base Case slope configuration established through LE 
analyses.  In order to improve the slope remediation design to meet the design criteria, rock re-
placement of overstress sand near the slope face creating a rockfill zone along the lower slope was 
evaluated.  Iterative FE analyses were utilized to obtain a rock replacement design providing suf-
ficient confinement of the sand in the lower slope to provide a robust design.  A margin of safety 
(calculated by the Strength Reduction Factor technique) of over 1.6 was calculated for the final 
configuration with rock replacement and a final pond water elevation of 510m.   
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1 INTRODUCTION 

Tailings storage facilities (TSF) are one of the most important geotechnical structures in the 
mining industry and its failure represents the highest risk in terms of mechanical instability. 
Hence, the design and evaluation of the potential TSF failure is very important since it leads to 
economic, human and environmental losses. 

The very well documented Mount Polley failure is an example of a case of critical failure. 
This occurred due to the shear failure of dam foundation materials when the loading imposed by 
the dam exceeded the capacity of these materials to sustain it. The foundation geology was un-
detected because the geotechnical investigations were not able to represent its complexity. 
Moreover, the lack of foresight in planning the dam rising contributed to the collapse of the tail-
ings impoundment. Other examples of TSF failures are reported by Villavicencio et al. (2014), 
who present examples of the most relevant seismic-induced TSF failures in Chile, which mainly 
occurred due to seismic liquefaction with flow failure, due to seismically induced deformations 
and, in some cases, because of overtopping. 

Given the low commodities and metal prices, mining companies in Peru are reducing expens-
es in their projects. This situation has negatively impacted the quality of the geotechnical inves-
tigations, sometimes producing over-conservative designs to account for the lack of infor-
mation. 

This paper presents a case of study of a TSF in Peru founded on a soft clay foundation with 
high seismic conditions, where several sophisticated analysis were performed. Staged-
construction analyses to assess the undrained behavior of the soft clay using the finite-element 
technique, non-linear seismic response evaluations and dynamic analysis using the finite-
difference numerical scheme were conducted. Comparison of the  analyses’  results  allowed  the  
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ABSTRACT: Tailings storage facility failures are one of the most catastrophic events in ge-
otechnical engineering due to their large environmental and economic impact. In the Andean 
region, seismic induced phenomena, complex foundation soils such as saturated soft clays and 
the challenging of the geotechnical design are among the principal factors which increase the 
risk of failure. This paper presents a case study of a tailings storage facility in Peru founded on 
soft clay with high seismic conditions, where several sophisticated analyses were performed. 
Staged-construction analyses to assess the undrained behavior of the soft clay using the finite-
element technique, non-linear seismic response evaluations and dynamic analysis using the fi-
nite-difference numerical scheme were conducted. Comparison of the results allowed the au-
thors to evaluate the influence of the undrained strength of the soft clay. Likewise, the results of 
the seismic response, simplified procedures and dynamic analysis were discussed. 
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authors to evaluate the influence of the undrained strength of the soft clay. Likewise, the results 
of the seismic response, simplified procedures and dynamic analysis were discussed. Finally, 
the investment on geotechnical investigations and advanced geotechnical analysis avoided an 
over-conservative design, hence positively impacting on the final design of the TSF. 

2 BACKGROUND 

The case study is a TSF located in the middle of the Peruvian highlands in a deep valley sur-
rounded by the Andes, which is the typical location of most mining projects not only in Peru, 
but also in South America. 

The TSF dam is 30 m-high structure built following the downstream method. It consists of 
compacted rock mine waste and rockfill while the impoundment is filled by conventional tail-
ings. The TSF original design includes a buttress of compacted rockfill built as a stabilization 
measure due its complicated foundation consisting of saturated and normally-consolidated soft 
clay. Moreover, the TSF is located in the Pacific Ring of Fire which seismic activity is domi-
nated by the convergent plate boundary between the South America and Nazca plates. A Peak 
Ground Acceleration (PGA) of 0.27g for a return period of 475 years Class B soils or bedrock 
according to IBC (2012) is characteristic of the site. 

The authors were in charge of the 5 m center-line raise of the dam. However, they were not 
involved in previous investigations or designs of this facility. Given the risks associated with 
soft clays and high seismicity, several geotechnical investigations as well as laboratory tests for 
the consolidated soft clay were carried out in order to characterize adequately the undrained be-
havior of the clay foundation and overall dam seismic response. Figure 1 and 2 show the TSF 
plan view and critical cross-section (A-A’), respectively. 

 

 
Figure 1. Plan view of the tailings storage facility 
 

 
Figure 2. Cross-section A-A’ 
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3 GEOTECHNICAL INVESTIGATIONS 

A large geotechnical site investigation program was carried out in order to properly define the 
geotechnical properties of the TSF materials and foundation. A total of 40 test pits, 10 geotech-
nical boreholes and 11 seismic cone penetration testing (SPCTu) were executed within an area 
of over 8 ha. Laboratory tests included undrained and drained triaxial tests as well as one-
dimensional consolidation on undisturbed and remolded samples. A wide range of geophysical 
investigations were also performed in the foundation soils, existing dam and tailings impound-
ment. All of this information allowed the authors to describe and discretize the foundation soils 
and TSF materials in more detail. Figure 3 shows the undrained resistance of the tailings ob-
tained from the SCPTu tests. 

 

Figure 3. SCPTu tests results on stored tailings 

4 GEOTECHNICAL PROPERTIES 

Since each different analysis for the TSF focused on different stages of analysis (short-term, 
long-term and seismic), distinct approaches were taken in consideration. The limit equilibrium 
(LE) slope stability analysis focused on long-term static analysis; hence, drained properties 
were defined for this case. Table 1 shows the main properties for the materials involved in the 
geotechnical analysis of the TSF. 

The stress-strain finite element analysis evaluated the short-term undrained strength of the 
soft clays and tailings. As a consequence, several advanced constitutive models were used to 
model this behavior while using drained properties, the undrained strength was calibrated so 
that it represents the values defined during the geotechnical investigations. The Soft Soil (SS) 
model (Brinkgreve et al. 2014) was used for these materials and was calibrated using drained 
triaxial, undrained triaxial and consolidation tests. On the other hand, the Hardening Soil (HS) 
model (Brinkgreve et al. 2014) was employed for the rock mine waste and rockfill of the dam 
and was calibrated using only drained triaxial tests. 
Finally, the dynamic analysis, which was carried out using a finite difference scheme, evaluated the occur-
rence of a seismic event once foundation excess pore pressures were dissipated. Hence, shear strength 
properties were defined using consolidated undrained triaxial tests and using a total stress approach. The 
small strain shear modulus (Gmax) was defined for each material based upon the shear wave velocities 
measured from the geotechnical investigations. Table 1 shows the geotechnical properties of all materials 
involved in the limit equilibrium (LE) slope stability analysis. Shear modulus reduction and damping ratio 
curves were selected using several references from the technical literature. Darendeli (2001) was consid-
ered for the soft clay, silt and tailings materials. For the rock mine waste and rockfill materials, specific 
curves were used based on a set of cyclic triaxial tests (CTX) and resonant column and torsional shear 
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tests (RCTS) performed in these materials by the authors for different projects. It is important to note that 
the relatively high value of unit weight of the tailings is a consequence of their solid specific gravity of 
3.0. 
Table 1. Main geotechnical properties for the drained analysis _______________________________________________________________________ 
Material           Total        Saturated  Drained    

 unit weight  unit weight  shear strength    
     (kN/m3)      (kN/m3)   c’            ϕ’   

                    (kPa)  (o)     _______________________________________________________________________ 
Rockfill        20.0    21.0           0   37       
Clay         17.5    18.0          35   16    
Rock         22.0    24.0        200  40            
Buttress        20.0    21.0          0   37     
Mine waste      20.0    21.0          0   37     
Silt         18.0    21.0         0      16         
Antique tailings     21.0    22.5        10   26   
Consolidated tailings   21.0    22.5        10   26    
Non-consolidated tailings  21.0    22.5         0        50                  _______________________________________________________________________ 

5 GEOTECHNICAL ANALYSIS 

Since preliminary liquefaction analyses showed no potential triggering of this phenomenon, the 
geotechnical analysis of the TSF focused on assessing the short-term undrained behavior of the 
soft clay and calculating seismic-induced permanent displacements (inertial instability). The 
following sections describe these analyses. 

5.1 Static analysis 
The static analysis focused on the short-term undrained strength of the saturated soft clay. Two 
specific aspects were evaluated: the shape of the failure surface generated by the foundation 
conditions and the development of the undrained strength during the construction of the dam 
raise. In order to achieve these goals, LE and FE analyses were carried out to compare the fail-
ure surfaces calculated by each method. Then, a staged construction coupled analysis was used 
in a stress-strain consolidation scheme to simulate the excess pore pressure dissipation during 
the dam raise. 

5.1.1 Failure mechanism 
Preliminary short term limit equilibrium analyses were carried out using the software SLIDE 
with Spencer´s (1967) procedure and making use of the undrained resistance of the clayey soils 
and tailings. The critical failure surface was calculated using   the  “simulated  annealing”  algo-
rithm and was determined to run mostly through foundation clay in translational/compound na-
ture (see Fig. 5). Given the need to validate the shape of this failure mechanism, a staged con-
struction analysis in PLAXIS was executed by setting realistic time periods for the dam raise 
and modeling the pore pressure dissipation of the soft clays. The results from the FE analysis in 
PLAXIS showed a remarkably good agreement both between the shape of the failure surface 
and calculated factor of safety.  

Moreover, for long-term pseudo-static conditions, stability analyses carried out using SLIDE 
and FLAC showed the very similar results. The compound failure surfaces and factors of safety 
were almost the same, thus highlighting the use and precision of the “simulated  annealing”  al-
gorithm. Figure 4 shows the cross-section with the lowest FS and its respective failure surface 
obtained from SLIDE and PLAXIS for short-term conditions at the end of construction. Figure 
5 shows the cross-section with the lowest FS and its respective failure obtained from SLIDE 
and FLAC for long-term pseudo-static conditions. 
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Figure 4. Failure surface obtained of LE (left) and FE (right) methods 

 

   
Figure 5. Failure surface obtained of LE (left) and FD (right) methods 

5.1.2 Staged construction assessment 
A staged construction analysis in the software PLAXIS was carried out in order to model the 
pore pressure generation and dissipation due to construction of the dam raise. These allowed the 
authors to accurately and more representatively model the undrained strength of the soft clay. 
The SS model used in PLAXIS provided the computational tool to achieve this goal. As men-
tioned before, the SS model was calibrated using laboratory and field tests results. The analysis 
consisted on first simulating the as built geometry of the dam considering realistic periods of 
time. It was determined by this simulation that, before the dam raise, no significant pore pres-
sure in the clay was expected, a conclusion that was validated when comparing the SCPTu sur-
veys. Then, a simulation of the dam raise by stages was completed considering a proposed con-
struction schedule. This schedule prevented failures during construction and the development of 
significant excess pore pressures in the foundation that may trigger a major failure for the 
whole dam. Furthermore, consolidation settlements were calculated. 

The PLAXIS model showed how, when increasing the dam, some sectors of the foundation 
developed excess pore pressures and fully undrained strength. Then, the consolidation analysis 
also showed that these pressures were slowly dissipated and the overall strength of the clay in-
creased. This particular consequence of the analysis proved to be very important to avoid the 
design of stability countermeasures that would have been required if only LE slope stability 
analysis that considered fully undrained strength for the whole clay were carried out. 

5.2 Seismic analysis 
Since no tailings liquefaction was expected, the seismic analysis of the dam was performed in 
three stages. First, the site seismic demand was calculated using one-dimensional (1D) non-
linear seismic response analysis. Then, seismic-induced permanent displacements were estimat-
ed using simplified procedures. Finally, a dynamic analysis using FLAC was carried out in or-
der to compare the simplified calculations and evaluate stress and strain generated within the 
dam. The following sections describe these analyses. 

5.2.1 Seismic response analysis 
Three soils  columns  were  “built”  for  1D  non-linear seismic response analysis using the software 
DeepSoil. Columns were representative of different zones of the A-A’   critical   cross-section: 
Column 1 represented the centerline of the dam and consisted of bedrock, clay, rockfill and 
compacted rock mine waste; Columns 2 represented the mid down-stream slope of the dam and 
consisted of bedrock, clay and rockfill; Column 3 represented the toe of the dam and consisted 
only of bedrock and clay. Figure 7 projects the columns configuration in cross-section A-A’. 
The shear wave velocity profiles for each column were based on the results of the SCPTu and 
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geophysical surveys. Using spectral-matched seismic records for the site uniform hazard spec-
trum for rock, seismic response spectra were calculated for each column, as shown in Figure 6.  

The seismic response analyses also allowed for an evaluation of the influence of the seismic 
response of the soft clay and the existing rockfill in different sectors of the dam. Figure 7 shows 
a comparison of the seismic response spectra for the three columns. The rockfill and rock mine 
waste materials clearly generate amplification for short periods from 0.2 to 0.7 seconds based 
on the results of Column 1. However, once the rockfill presence in the column decreases the re-
sponse changes. The spectrum of Column 2 shows small amplification from 0.1 to 0.3 seconds 
(generated by the rockfill) and a much larger amplification from 0.4 to 1.0 seconds. Finally, 
Column 3, which only considers clay, yields deamplification between 0 to 0.3 seconds and a 
large amplification between 0.4 to 1.0 seconds. The importance of these results is described in 
the following sections. 

 

 
Figure 6. Columns 1 (C1), 2 (C2) and 3 (C3) configuration projected in cross-section A-A’ 

 

 
Figure 7. Resulting seismic response spectra for the three soil columns from the seismic response analysis 

5.2.2 Seismic-induced permanent displacements calculation 
Simplified calculations of seismic-induced permanent displacements were completed using 
three procedures: the Newmark-based Houston et al. (1987) method, the classical Makdisi & 
Seed (1978) approach and the Bray & Travasarou (2007) technique.  

The rigid-block Houston et al. (1987) calculation was achieved using three soils columns in 
the critical cross-section and averaging the results while considering a compound failure sur-
face. Houston et al. (1987) modified the Newmark (1965) methodology by introducing a slip 
layer,  whose  “softened”  properties  would  prevent  accelerations  within   the  sliding  mass of the 
dam to exceed the yield acceleration. The seismic record below the slip layer was used to calcu-
late the displacements. Since the failure surface is compound and mostly running through the 
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clay,  this  calculation  mostly  took  in  consideration  clay’s  response  while  considering  the  dam  as  
a rigid block. 

In the decoupled Makdisi & Seed (1978) estimation, similar soil columns as the ones pre-
sented in Figure 6 were used to estimate the maximum peak acceleration in the crest of the dam. 
A range of displacements were estimated using the original Makdisi & Seed (1978) charts. 

The coupled Bray & Travasarou (2007) method requires several inputs, being a seismic re-
sponse spectrum and the fundamental period of the sliding mass the most important ones. Reyes 
& Pérez (2015) and Pérez et al. (2015a, b) showed that only a response spectrum calculated in 
free-field conditions for the evaluated sliding mass (e.g. without the dam) would yield accurate 
results. In addition, Reyes & Pérez (2015) and Pérez et al. (2015a, b) suggest that an appropriate 
calculation of the fundamental period is achieved by defining several soil columns within the 
sliding and averaging their respective fundamental periods. Using their suggestions and since 
most of the dam critical failure surface runs through the clay, Column 3 seismic response spec-
tra was considered as input for the calculation. Finally, the fundamental period of the sliding 
mass was calculated using five soil columns within the dam failure surface. The SCPTu and ge-
ophysical surveys provided enough information to define shear wave velocity profiles for each 
column in order to estimate their fundamental period. Table 2 shows a comparison of the results 
of the three analyses described above.  

5.2.3 Dynamic analysis 
The main purpose of the dynamic analysis was to evaluate the seismic response of the dam and 
its foundation once foundation excess pore pressures initially generated during construction are 
dissipated. Henceforth, for this analysis shear strength properties were defined using consoli-
dated undrained triaxial tests and using a total stress approach. The TSF was modeled using 
FLAC (Fast Lagrangian Analysis of Continua) code, which allows users to solve stress-strain 
geotechnical issues considering a finite differences method. The model was composed of 10 
000 zones strategically spread to properly model areas of interest. The dimensions of the model 
and zones satisfy seismic wave transmission requirements according to Kulhemeyer & Lysmer 
(1973) recommendations, which state that maximum zone dimension should be less than one 
tenth of the maximum shear wave length for a given material. 

First, a static analysis was carried out in order to represent the stress-strain conditions once 
the TSF construction is finished. The stresses generated in the static analysis were used as ini-
tial conditions for the dynamic analysis. The dynamic analysis was performed considering the 
fully non-linear method with FLAC in order to evaluate permanent horizontal and vertical dis-
placements. The model computed horizontal displacements in the dam crest ranging from 20 to 
25 cm and in the base of the predicted failure surface of about 5 to10 cm. The maximum verti-
cal displacements in the dam crest ranged from 5 to 10 cm. Moreover, local settlements within 
the impoundment and shallow displacements in the toe of the dam and existing buttress that do 
not affect the TSF global stability were determined. The maximum horizontal and vertical and 
displacements are shown in Figures 8 and 9, respectively. 

As shown in Figure 8, the horizontal displacements plot resembles the compound failure sur-
face determined in the slop static slope stability analysis. Thus, the yield acceleration value 
used in the simplified calculations of permanent displacements is representative since it was de-
fined using a very similar failure surface. 

 
Table 2. Seismic-induced permanent displacements calculated _________________________________________________________ 
Method           Average displacements (cm) _________________________________________________________ 
Houston et al. (1987)   6-10 
Makdisi & Seed (1978)  30-60 
Bray & Travasarou (2007) 7-26 
FLAC        5-25 _________________________________________________________ 

 
Table 2 provides the average displacements calculated from the seismic analysis. The Hou-

ston et al. (1987) analysis yield values that represent mostly the permanent displacements of the 
sliding mass through the clay while considering the failure as a rigid-block. These results are 
only similar to the lower bound of the Bray & Travasarou (2007) analysis and the displace-
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ments in the base of the sliding mass according to the FLAC dynamic analysis, thus failing to 
predict the larger displacements the dam endures above its foundation. On the other hand, the 
upper bound of the Bray & Travasarou (2007) calculation is very similar to the maximum dis-
placements calculated by the dynamic analysis. Generally, in practice the authors prefer the up-
per bound results of the Bray & Travasarou (2007) methods when applied in subduction areas 
such as Peru. Finally, the Makdisi & Seed (1978) procedure yields displacements values that 
are much higher than the ones predicted by all the other methods. 

This comparison shows that the Bray & Travasarou (2007) method predicts reasonably con-
servative values of seismic induced permanent displacements when compared to dynamic anal-
ysis. This conclusion agrees with the findings of Reyes & Pérez (2015) and Pérez et al. (2015a, 
b), who evaluated TSF, mine waste dumps and heap leach pads using. 

  
Figure 8. Horizontal permanent displacements 

 

 
Figure 9. Vertical permanent displacements 

6 CONCLUSIONS AND RECOMMENDATIONS 

The authors evaluated a case study of a TSF located in a high seismicity region that is founded 
on a normally consolidated and saturated soft clay deposit. In order to design a 5 m-high center-
line raise, several geotechnical investigations and advanced analysis were carried out. The anal-
ysis focused mainly on the assessment of the short-term undrained behavior of the soft clay dur-
ing construction and the seismic response of the structure. 

Given the dam typical cross-section (see Fig. 2), first the failure mechanism was evaluated. 
The use of the “simulated  annealing”  algorithm proved to accurately define critical failure sur-
faces when complex dam/foundation layouts are involved. This is supported by comparisons 
with finite element and finite difference calculations performed for this case study and several 
other (Reyes & Van Zyl, 2015). When regular translational or rotational failures were consid-

Geotechnical Considerations

134



ered, the calculated factors of safety were much higher than the ones defined by the simulated 
algorithm annealing algorithm. 

To assess the undrained strength of the normally consolidated clay generated by the construc-
tion of the dam raise, a finite element analysis with advanced constitutive models was carried 
out. This staged construction analysis resulted in a much more realistic representation of the 
soft clay undrained strength since the model allowed excess pore pressure dissipation when 
time periods for each stage was assigned. As consequence of this, a construction schedule was 
defined for the raise, considering enough time between each stage to allow pore pressure dissi-
pation and to control settlements. It is important to mention that if only a fully undrained 
strength of the soft clay was considered in a limit equilibrium analysis, a new stability buttress 
but have been required. 

The seismic design of the dam focused on first developing seismic response analysis, then 
completing simplified seismic-induced permanent displacements calculation to finally perform 
a dynamic analysis using FLAC. The seismic response analysis allowed for a comparison the 
seismic response of the dam in different areas and to evaluate the effect of the existing rockfill 
and  soft  clay  in  the  dam’s  dynamic  behavior.  The  comparison  of  the  seismic  analyses  showed  
that the Bray & Travasarou (2007) method yielded accurate results when compared to the 
FLAC analysis. This finding agrees with the conclusions of Reyes & Pérez (2015) and Pérez et 
al. (2015a, b), who evaluated tailings storage facilities, mine waste dumps and heap leach pads 
and showed that Bray & Travasarou (2007) technique resulted on reasonably conservative re-
sults when compared to other methods. The authors recommend the use of this method to esti-
mate seismic-induced permanent displacements for the seismic design of earth structures, since 
it involves relatively simple calculations in comparison to the numerical complexity of New-
mark (1965) type analysis or the use finite element and finite difference models. However, it is 
important to mention that these seismic calculations are sensitive to the fundamental period of 
the sliding mass and correspondent spectral acceleration, which are inputs for the Bray & Trav-
asarou (2007) procedure. Therefore, the determination of the dynamic characteristics of the ma-
terials involved in the model and a correct selection of the response spectrum for design are 
critical (Reyes & Pérez 2015, Pérez et al. 2015a, b). 

The complex analyses and geotechnical investigations developed for this case study reduced 
the risk of failure of the dam by assessing possible failure mechanisms. Furthermore, these 
evaluations provided an optimal design of the dam rise by avoiding stability countermeasures 
that would have been included if only typical analysis of investigations were executed. 
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1 INTRODUCTION 
This paper presents the dynamic analysis executed in an earth and rockfill dam for a tailings fa-
cility located in southeast Peru. Currently, the dam is at an elevation of 4475masl, with a maxi-
mum height of 75m and a crest length of 342m, and will be raised until reaching the elevation of 
4490masl with the centerline method whereby the dam will reach a height of 90m and its crest 
length will increase to approximately 440m.   

The main reason of the geotechnical design was to evaluate the physical stability of the dam 
considering the application of seismic loads under which the dam could be subjected to in the 
long term. To do this, the seismic behavior of the dam was evaluated using the MCE. 

The specific purposes to carry out this analysis were: (1) to verify the behavior of the crest so 
that its serviceability was not compromised after the design seismic event, (2) to verify the be-
havior of the tailings dam due to the liquefaction of the tailings disposed upstream of the center-
line raising and previous stages raised by the upstream method (up to an elevation of 4460masl) 
and (3) to evaluate the permanent global displacement through the foundation of the dam. 

The 2D dynamic analysis of the tailings dam was carried out using a FLAC numerical model-
ing in order to use an approximation of the performance design, which requires determining the 
deformations induced by the earthquake.  
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ABSTRACT: In recent years the height of the tailings facilities has increased significantly; also, 
in contrast to water dams, tailings dams are built by successive raisings, which can be take place 
by using different materials and even different raising methods in one single dam. These charac-
teristics could make an advanced modeling of dam seismic behavior necessary when the prob-
lem becomes complex or the consequences of failure are high, especially in seismically active 
areas where major earthquakes are expected. The studied tailings dam, located in the southeast 
of Peru, is planned to be raised up to 90m high, with the feature that some previous stages were 
raised by the upstream method; therefore, a portion of the embankment is currently supported 
by old potentially liquefiable tailings.   

This paper presents the 2D dynamic analysis of an earth and rockfill dam subjected to the 
maximum credible earthquake (MCE) using the software Fast Lagrangian Analysis of Continua 
(FLAC) and the UBCSAND constitutive model for the characterization of the tailings. The main 
purposes of the analysis were to predict a satisfactory behavior of the dam crest, to estimate the 
global permanent displacements and to assess the influence of the tailings liquefaction in the 
seismic performance of the dam. The final results obtained after successive analyses on the dam 
configuration are presented here. The new raising uses the centerline method considering rock-
fill berms as reinforcement in the upstream slope, and flattened slopes on the crest in order to 
reduce damages during the earthquake. 
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Figure 1.Plant view and the critical cross section of the tailings dam 

2 GEOTECHNICAL CHARACTERIZATION 
 
For the characterization of the properties for the relevant materials it was necessary to review 

and interpret the information collected from the geotechnical site investigations performed in the 
tailings storage facility during the previous five years. The field tests were analyzed together 
with the laboratory tests done on the materials of the embankment, foundation and tailings; and 
complemented with the data of the open pipe piezometers installed in the dam. Figure 1 shows 
the location of the geotechnical investigation in plant view and Figure 2 shows the critical cross 
section of the dam identifying the 3 main purposes of the analysis. As a hypothesis, the liquefac-
tion of the tailings could cause a local crack inside the embankment (crack 1) and a global crack 
jeopardizing the dam crest (crack 2). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.Geotechnical model of the critical cross section of the dam. 

2.1 Foundation 

The foundation of the dam can be characterized by three material types; (1) glacial deposits, 
(2) residual soil/extremely weathered rock and (3) bedrock conformed by sandstones and slates.  

Even though the residual soil/extremely weathered rock could be a critical layer in the foun-
dation, the depth to which it is found (between 15 to 20m) made its removal impractical; there-
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fore it was important to evaluate its effects on the stability of the dam. This layer consists main-
ly of weathered sandstones and slates with content of dense to very dense clayey sand with 
gravel and firm to stiff silt/clay with low to medium plasticity. The average thickness varies 
from 3 to 5m in the base of the dam; likewise, the shear wave velocity values (Vs) measured by 
Multichannel Analysis of Surface Waves(MASW) tests, varies from 500 to 900m/s. 

The geotechnical characterization of this material was conducted by using the generalized 
Hoek & Brown (1988) criterion for rock masses as a reference, for which the characterization 
obtained in the field, as well as literature parameters, were used. Then, the Mohr Coulomb enve-
lope that best adjusts to the Hoek & Brown model for the representative confinement levels of 
the problem (between 400 and 2000kPa) was estimated, using a cohesion of 140kPa and a fric-
tion angle of 18º.  

2.2 Embankment 

Currently at the elevation 4475masl, the dam was built using compacted rockfill from mine 
waste and it is planned to be raised up to the elevation 4490masl using fill from nearby quarries 
located in glacial deposits (glacial till). 

The glacial till are classified mostly as well graded gravel (GW), poorly graded gravel with 
clay and sand (GP-GC) and clayey sands with gravel (SC), with a plasticity index (PI) between 
9 and 30, a fines content of between 2% and 48% and a maximum unit weight (obtained by the 
Proctor standard test) of 20kN/m3. Its strength properties have been obtained by triaxial com-
pression tests executed in samples obtained from the quarries. 

Likewise, the shear strength properties of the rockfill used on the current dam was estimated 
using the average rockfill envelope from Leps (1970). 

2.3 Tailings. 

The first step to characterize the tailings strength parameters is to determine if they have a 
contractive or dilative behavior during shear. Under undrained conditions contractive materials 
are prone to generating positive pore-water pressure during shear; however, in the case of the di-
lative materials, they develop negative pore pressures due to a volume increase during shear. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.Tailings behavior during shearing 
 
Figure 3 shows the evaluation of the tailings behavior based on the data obtained on the CPTu 

soundings, through the State Parameter (Ψ) which is defined as the difference between the exist-
ing soil void ratio (voids volume/solids volume) and the critical void ratio (boundary between 
the contractive and dilative behavior). Positive values of the State Parameter and even negative 
values higher than -0.05 indicate a contractive behavior, while negative values lower than -0.05 
indicate a dilative behavior according Jefferies & Been (2006). The state parameter was estimat-
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ed using the data of the CPTu and the Robertson (2010) correlation from the equivalent clean 
sand cone resistance Qtn,cs suggested by Robertson & Wride (1998). 

According to the data, the major portion of the tailings (loose to medium dense) will show a 
contractive behavior during shear, except for some surficial points (densified due to desiccation 
processes) which present dilative behavior. Therefore, the results indicate that it is adequate to 
consider the susceptibility of the tailings to the liquefaction phenomena and that is why a consti-
tutive model of fully coupled effective stress (UBCSAND) was used to model the tailings be-
havior during a seismic event. 

For the stability analyses, the peak undrained strength ratio (Su/p’,  where  p’  is  the  vertical  ef-
fective stress) and the residual undrained shear strength ratio (Sur/p’) were estimated from the re-
sults of CPTu tests following established correlations between the tip resistance measured and 
strength parameters presented by Olson & Stark (2003) for loose materials. These correlations 
are based on back analysis of actual flow liquefaction failures to evaluate the shear strength mo-
bilized at triggering of a failure.  

The strength parameters of the foundation materials, embankment and tailings are presented 
in the Table 1 and the geotechnical model is shown in Figure 2. 

 
Table 1. Material properties for stability analyses 

Material 
Unit 

Weight 
kN/m3 

Cohesion
“c” 

(kPa) 

Friction 
Angle 

(degrees) 

Peak 
Undrained Shear 
Strength, Ratio 

Su/p’ 

Residual Un-
drained Shear 

Strength, Ratio 
Sur/p’ 

Tailings 15.5-17.5 0 30 0.20-0.27 0.04-0.08 
Compacted Tailings 18.5 0 35 - - 

Rockfill (current dam) 21.0 * *   
Fill (projected dam) 19.0 10 34 - - 

Glacial till 20.0 5 34 - - 
Residual soil/extremely 

weathered rock 21.0 140 18 - - 

Bedrock 25.0 Impenetrable 
*Shear strength is based on the average rockfill envelope from Leps (1970) 

3 STABILITY ASSESSMENT 
 
The stability analysis has been carried out using the limit equilibrium method using the 

Slope/W (GEO-SLOPE International) software under static, pseudo-static and post-earthquake 
conditions for the tailings dam so as to reach the minimum factor of safety (FoS) recommended 
by international guidelines. In Peru and others places, it is an accepted practice to use a mini-
mum FoS of 1.5. The stability analysis results of the tailings dam are shown in Figure 4 and they 
show factors of safety higher than 1.5 under static conditions and near to 1.0 for pseudo static 
conditions, which is why permanent deformations are expected in the failure surface through the 
foundation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.Results of the limit equilibrium stability analyses. 
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It is important to note that the global stability analysis under post-earthquake conditions con-
sidering the tailings with residual strength, does not show significant differences in comparison 
to the static analysis results (a decrease of FoS from 1.64 to 1.51), verifying that the tailings 
storage is not part of the structural zone of the dam when it comes to the global downstream sta-
bility. However, the liquefaction of the tailings could influence the slope stability upstream of 
the dam and could affect the behavior of the dam if the crest deformation generates a loss of 
containment. 

4 NUMERICAL MODELING DESCRIPTION 
 
The numerical modeling to calculate the seismic deformations of the tailings dam was per-

formed with the 2D finite difference method using the FLAC 7.0 (Itasca International) software. 
An approximation to the performance design, which requires determining the deformations 

induced by the earthquake, is being used more frequently in the design of large dams and large 
civil structures in general. Using FLAC we are capable to estimate these permanent displace-
ments and considering them in the design, so that the structure continues to function properly af-
ter the design seismic event. 

4.1 Design ground motion 

Given the importance of the consequences of the dam failure, according to the CDA guide, 
the maximum design earthquake (MDE) recommended is the Maximum Credible Earthquake 
(MCE) for the site. The deterministic MCE was calculated with a peak acceleration of 0.34g (on 
Type B rock according to the IBC 2006) using the 84th percentile acceleration spectra, the depth 
and magnitude of the earthquake are 120km and 8.5Mw respectively. 

Three acceleration histories of recorded earthquakes were used for the analysis: (1) Lima, 
1974; (2) Moquegua, 2001 and (3) Pisco, 2007; which were adjusted to the design spectrum of 
the MCE using the SeismoSignal and SeismoMacth softwares. These accelerograms were con-
veniently edited, considering only the most intense portion of the shaking, in order to optimize 
the numerical calculation as shown in Figure 5. They were also applied as a function of the 
shear strain based on the velocity history on the quiet base boundary of the numerical model to 
adequately represent the application of the seismic shaking. 

 
 
 
 
 
 
 
 
 
 
Figure 5.Acceleration histories adjusted to the design spectra.  

4.2 Grid and model 

The size of the model was developed taking into account that: 1) the critical failure surface 
can be developed properly; 2) lateral boundary conditions have no significant influence on the 
model; and 3) the depth of the base allows proper propagation of the seismic signal and prevents 
the model rotation during the simulation. The element size was selected primarily considering 
an adequate seismic wave propagation according Kuhlemeyer & Lysmer (1973) considerations, 
related to the size of the element and the material stiffness. 

The final configuration of the tailings dam was developed modeling three intermediate stages 
for the estimation of the initial state prior to the dynamic analysis: a) the tailings dam built to an 
elevation of 4460masl, b) the raising to an elevation of 4475masl and c) the raising to an eleva-
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tion of 4490masl. The various stages were solved considering the flow and mechanical condi-
tions of the structure to determine the initial stress state. Flux analyses were performed consider-
ing the operational conditions and the readings of open pipe piezometers installed in the area of 
the tailings dam. Mechanical analyzes were performed considering drained conditions of various 
materials and linear elastic modulus, which was considered as a fraction of the small strains 
modulus (Gmax and Kmax). The initial state of pore-water pressures is shown in Figure 6. 

 
 
 

 

 
 
 
 
 
 
Figure 6.Initial Pore-water pressure prior to shaking 

4.3 Dynamic properties and damping for non-liquefiable materials 

The shear and bulk modulus were estimated from the Vs measurements obtained from the 
MASW tests and then applied to the model with an effective confinement stress dependency. 
Therefore, due to the height of the dam, the confinement variation creates a nonuniform condi-
tion of stiffness in the embankment and the foundation. The stiffness profile was estimated using 
the following equations: 

 
𝐺 = 22 × 𝐾 × (𝜎 𝑚 × 𝑃 )    and    𝐺 = 𝜌 × 𝑉𝑠  

 
Where Gmax is the maximum shear modulus, K2max is the shear modulus coefficient, σ'm is the 

mean confinement stress, 𝑃   is the atmospheric pressure, ρ is the density and Vs is the shear 
wave velocity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.Shear wave velocity profile of the glacial till (a) and the rockfill (b) within the MASW data. 
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The data of the MASW tests and fitting curves for velocity profiles of shear waves (Vs) are 
shown in Figure 7. As can be seen, the measured field values were very variable, so the numeri-
cal modeling considered analysis with variable stiffness, as follows: (1) flexible model, closer to 
conservative literature values, (2) stiff model, closer to the mean of the measured field values 
and (3) most credible model, which is an intermediate between the 2 previous models. 

A shear modulus profile for the dam was developed with these considerations as shown in 
Figure 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.Shear modulus profile of the dam. 
 
Also, it was important to assign appropriate damping properties to the materials using the 

FLAC damping models. A short amount of Rayleigh damping of 0.2% was assigned throughout 
the model (with a central frequency of 0.5Hz, the dominate frequency on the velocity history of 
the design seismic motion) only to remove high frequency noise in the running. 

The Mohr-Coulomb model with hysteretic damping was used for non-liquefiable materials 
(foundation and embankment). Hysteretic damping allows to simulate damping variations in 
space and time because it is directly associated to the degree of shear strain that each element 
has. This damping was assigned according to literature, using the reduction curves of dynamic 
shear modulus and damping ratio based on Seed et al. (1986) for gravels. For this purpose, the 
sigmoidal model "sig3" of hysteretic damping in FLAC was calibrated simulating these theoret-
ical curves, as seen in Figure 9.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.Cyclic FLAC simulations for sig3 model vs Seed curve on non-liquefiable materials 
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4.4 Dynamic properties of liquefiable materials (tailings) 

The tailings were considered materials prone to liquefaction (as seen in Figure 3); therefore 
their dynamic behavior was modeled using the UBCSAND constitutive model, which has the 
capability to model the strength and stiffness degradation and pore-water pressure development 
during the shaking. The UBCSAND model was calibrated by simulating a cyclic shear test in 
FLAC and the results were compared with the Cyclic Direct Simple Shear (CDSS) laboratory 
tests as shown in Figure 10. 

While the weighting curve (CRR vs number of cycles to begin liquefaction) in the tailings is 
flatter than expected, the (N1)60 value equal to 8 for the tailings zone tested was used obtaining a 
representative behavior of the laboratory tests. Other less dense tailings zones were modeled us-
ing (N1)60 between 5 and 7 based on estimates from the CPTu and SPT tests. To consider the ef-
fect of the confinement on the seismic behavior of the tailings, the Kσ factor recommended by 
Youd et al. (2001) was implicitly used on the m_hfac1 adjusting factor. These adjusting factors 
are shown in Table 2. 

The UBCSAND model includes a hysteretic damping in its formulation, so it was not neces-
sary to assign additional damping. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Calibration of the UBCSAND model for 1 atm with CDSS test data. 
 

Table 2.The m_hfac adjusting factors for tailings. 
Confinement pressure (kPa) m_hfac1* 

<100 1.00 
100 - 300 0.68 
300 - 700 0.41 

>700 0.30 
* assuming an average relative density of 40% 

5 NUMERICAL MODELING RESULTS 
In this section are presented the final results after the several analyses performed, which in-
cludes the 3 acceleration histories, reversals on the earthquake orientation and the variation in 
the model stiffness. In general, the more damaging earthquake during the simulations was to 
Lima 1974 earthquake (adjusted to the MCE) and their results are presented below. 

5.1 Crest behavior 

A series of previous analyses were developed as part of the evaluation of the dam seismic re-
sponse in order to optimize the geometry of the dam without affecting its structural integrity. 
Certain indicators were considered to be evaluated for a proper final configuration, such as: (1) 
the crest settlement; and (2) the shear strains in the slopes. 

The preliminary results showed that it was possible that settlements occur on the crest on the 
order of 1m (upstream slope) and the shear deformations downstream (near 10%) and upstream 

CR
R 

Number of cycles to begin the liquefaction 
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(even greater than 20%) were interpreted as a condition that could trigger failure mechanisms, 
compromising the physical stability of the dam crest. Based on these results, the geometry of the 
tailings dam was modified seeking to reduce these shear deformations and thus limit the possi-
bility of occurrence of failures on the crest slopes. The results of these dynamic analyses for the 
preliminary and final crest configurations are shown in in Table 3 and Figure 11. 

The change on the configuration of the crest consists of flattening the downstream crest slope 
from 1.7H:1V to 2H:1V and the placement of rockfill platforms on the upstream slope, in order 
to improve the crest behavior during the seismic event. With this final configuration, the seismic 
behavior was evaluated as adequate, reducing the possibility that the tailings contents are dis-
charged to the outside. 

 
Table 3. Shear strain on the crest on preliminary and final configurations. 

 Preliminar configuration Final configuration 
 Shear Strain Settlement (m) Shear Strain Settlement (m) 

Upstream slope >20% 1.0 <1% <0.1 
Downstream slope 9% 0.4 5% 0.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.Dynamic analysis results for preliminary and final crest configurations  

5.2 Permanent horizontal displacement through the foundation of the dam 

As a screening procedure, the permanent deformations through the foundation of the dam 
were estimated using the Bray & Travasarou (2007) method based on a fully coupled stick-slip 
sliding block model to simulate the dynamic behavior of dams as shown in Table 4. 

 
Table 4.Simplified displacements results (Bray & Travasarou 2007) through the foundation of the dam 

 
 

Ts* 
sec 

Sa (1.5Ts) 
g 

Displacement** 
cm 

Flexible model 0.50 0.40 2.2 – 13.0 
Most credible model 0.42 0.43 2.9 – 14.0 

Stiff Model 0.37 0.47 3.9 – 16.4 
*Calculated as 2.6H/Vs 
**P84 – P16 range of probability of exceedance  
 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

145



Several FLAC analyses were performed including reversal earthquake orientation and the 
flexible, stiff and most credible model, concluding a range of horizontal permanent deformation 
of 5.0 to 30.0cm as shown in Table 5. These displacements are slightly higher than the simpli-
fied deformation results, due to the fact that the design ground motion is an 8.5Mw subduction 
earthquake, different to the database used on the calibration of the simplified method (crustal 
earthquakes with magnitudes between 5.5 and 7.6). Also, these displacements are considered not 
critical for the operation of the dam.  

 
Table 5.Horizontal displacements through the foundation of the dam by FLAC analyses 
 Lima 1974 Moquegua 2001 Pisco 2007 

Flexible model 20 - 25cm 20 - 25cm 10 – 15cm 
Most credible model 20 - 25cm 25 - 30cm 10 – 15cm 

Stiff Model 20 - 25cm 15 - 20cm 5 – 10cm 
 
A representative behavior of the horizontal displacements in the dam is shown in Figure 12 

with values up to 1.0m in the intermediate benches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.Horizontal displacements after the seismic event. 

5.3 Tailings liquefaction effects 

The analyzes show that the liquefaction observed in the area of the tailings do not adversely 
affect the structural integrity of the dam (after the modification of the crest configuration), be-
cause no significant global deformations or shear stresses are observed to this area, however, 
vertical deformations of up to 0.5 m are observed in the area of the embankment supported by 
tailings (built during previous upstream raisings) as shown in Figure 13. These deformations 
could cause local cracks (crack 1) which do not propagate to the crest affecting the serviceability 
of the dam (crack 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.Vertical displacements after the seismic event. 
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In Figure 14 is shown the development of pore-water pressure ratio Ru in the tailings during 
the earthquake of Lima (1974). Some of the surficial areas developed excess pore-water pres-
sure faster than the areas located deeper and less contractive. In general, all the tailings were 
liquefied (Ru above 0.7) before the first 15 seconds of shaking with the exception of the com-
pacted tailings which have not reached liquefaction. This contractive behavior observed is con-
sistent with the results obtained in the SCPTu tests.  

Also, a post-earthquake analysis was performed in FLAC assigning liquefied strengths and a 
reduced elastic shear stiffness equal to 10 times the liquefied shear strength in all the elements 
that had exceeded the Ru value of 0.7. In this verification, no significant additional deformations 
were obtained, so it is concluded that the dynamic analysis itself achieved representative de-
graded properties of the tailings. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

Figure 14. Pore-water pressure ratio development in tailings  

6 CONCLUSIONS  
 
It is observed that the numerical modeling for the dynamic analysis of the dam provides use-

ful insight into the seismic performance of the dam, from which it can be concluded that ge-
otechnical design objectives were met. 

Due to the variability of the geotechnical parameters and uncertainties in the model, several 
analyses are recommended using some sensitivity of the main parameters and different seismic 
accelerations histories for more valuable results. 

According to the results of dynamic analysis at the crest of the dam, it is observed that the ge-
ometry of the crest is appropriate, minor deformations are expected and the containment func-
tion of the dam is preserved. 

It was verified that the influence of the liquefaction of the tailings, initially considered criti-
cal, would not affect the structural integrity of the tailings dam, since no significant global shear 
stresses deformation or through the embankment is observed to this area. 

Also, the permanent horizontal deformation through the foundation of the dam were estimat-
ed which are slightly higher than those estimated by simplified methods, but still low enough for 
a proper operation of the dam. Simplified procedures could have limitations for dynamic analy-
sis using intense subduction earthquakes due to the different database nature with which the 
methods were calibrated. 
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Case Study: Seismic Analysis for Slope Stability of a High Waste 
Rock Dump 

L. H. Mantilla & R. Ayala 
Anddes Aociados, Lima, Peru 

ABSTRACT: In many important mining operations around the world, the waste management 
involves a great complexity and careful analysis to prevent any risks for safety operations. In 
Seismically areas such as Peru, the seismic stability of very high waste rock dumps becomes a 
critical component for its design due to the poor understanding of waste rock dynamic properties 
and behavior during strong seismic events. The authors present a case study that copes with the 
previous issues by gathering dynamic properties of waste rock and performing response analysis 
for a 500 m high waste rock dump of a copper mine in Peru. As a part of this study, the waste 
rock dynamic properties were obtained from Anddes´ geophysical tests and resonant column data 
base on waste materials (Pérez, 2015), the latter was obtained in collaboration with the University 
of Austin, Texas, and Anddes geotechnical laboratory. The ground motion amplification was 
evaluated by the use of DeepSoil V6.1 (Hashash, 2015), a software specially created for nonlinear 
deep ground motions response analysis. The results of this study presents ground motion response 
spectra at different height levels of the waste dump to estimate seismic induced displacements by 
Bray & Travasarou (2007) method.  

1 INTRODUCTION 

A High Waste Rock Dump (HWRD) is planned for a copper mine in the south of Peru. Site 
characterization studies conducted in 2014 disclosed a colluvium, alluvial and moraine deposits 
as well as residual soil layer (30 m thick) overlying a bedrock. The civil design involved a HWRD 
of 500 m height, with local and global slopes of 1.33H:1V and 2.5H:1V, respectively, besides a 
the allowable maximum Seismic Induced Permanent Displacements (SIPD) were established 
from response analyses to prevent any risks for safety operations. 

This paper evaluates the performance of several 1D non-linear seismic site response analyses 
to estimate the SIPD for ground motion response spectra at different heights levels (50 m, 100 m, 
200 m, 300 m and 400 m) of the HWRD at the base of local and global critical failure surface by 
Bray & Travasarou (2007) method. Over 9 soil columns consisting of clayey and gravelly soils 
of colluvium, alluvial and residual origins as well as mine waste were modeled and used in one-
dimensional (1D) seismic site response analyses. Then, the response spectrums at the top of each 
column were used for the HWRD seismic design. 

An average Vs profile was estimated using empirical correlations (Seed & Idriss, 1970), a re-
view  of  Anddes’  geophysical  tests  and  a  series  of  Resonant  Column  and  Torsional  Shear  (RCTS)  
tests carried on mine waste specimens. Soil dynamic properties included published generic mod-
ulus reduction and damping curves with implied strength correction as well as recommended 
plasticity model parameters based on soil index properties proposed by Darendeli (2001) for com-
petent founding layers and Menq (2003) for waste rock.  

These analyses provided the support for the design of waste dump local slopes to prevent any 
sliding of the waste material that may affect the safety of the operation. Finally, this study suggests 
a plan to keep updated data for the seismic model of long term operations of high waste rock 
dumps.
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2 THEORETICAL BACKGROUND 

2.1 1-D non-linear seismic site response analysis 
The surface seismic response of an earthquake is greatly influenced by site soil conditions. In 

order to quantify this, seismic response analyses are used to determine the dynamic soil behavior 
due to the shake of the rock immediately beneath it (Kramer, 1996). To quantify the seismic 
response of a rock, seismic hazard studies are performed. Dynamic behavior of rock is less influ-
enced by the earthquake nature due to its large stiffness. 1-D seismic response analyses are based 
on the hypothesis that all the soil boundaries are horizontal and that soil response is particularly 
affected by seismic shear waves, whose propagation turns vertical as it approaches the surface.  

The analysis methodology depends on how the soil behavior is modeled. A linear method (LM) 
analysis relies on the use of transfer functions in the frequency domain. However, the nonlinear 
behavior of soils, which contrasts with the linear assumption of the LM approach, makes this 
methodology quiet restricted. In order to account for such restrictions, a simple iterative process 
involving dynamic equivalent linear properties of soil can be used; this methodology is called the 
equivalent linear method (ELM). As mentioned before, this methodology is still linear up to some 
extent since it focuses on searching the elastic parameters of the soil. These parameters should be 
consistent with seismic induced shear strain levels for each soil layer involved in the analysis.  

A fully nonlinear analysis (NLM) is capable of modeling the hysteretic behavior of soils due 
to earthquake loading. It uses a direct numerical integration in the time domain. Through this 
analysis, a linear or nonlinear stress-strain relationship can be followed by a number of small 
incremental linear steps. Such relationship is generally modeled by a hyperbolic model.  

The load, unload and reload conditions, generally known as the extended 4 Masing (1926) 
rules, of the soil under cyclic loading was observed and proved by Matasovic (1993b) using the 
DMOD (Matasovic, 1993a) software. Currently, Hashash et al. (2010) has greatly improved the 
deficiencies encountered when using the NLM approach (Stewart et al., 2008) by the development 
of the DeepSoil software (Hashash, 2014). The previous review was taken from Perez et al. 
(2015). 

A new model based on the hyperbolic model to represent the initial stress-strain backbone curve 
was developed by Groholski et al. (2016), the model known as the general quadratic/hyperbolic 
(GQ/H) model provide 4 characteristics that were partially satisfied by existing constitutive mod-
els i.e. (1) an initial shear modulus at zero shear strain, (2) a limiting shear stress at large shear 
strains, and (3) flexible control of the nonlinear behavior between those boundary conditions 
(Groholski et al., 2016). 

The use of GQ/H model improved the 1D nonlinear seismic site response analysis by properly 
representing the maximum shear stress at large shear strains that may lead to underestimation or 
overestimation of the computed site response (Groholski et al., 2016).  

2.2 Seismic induced permanent displacements and Seismic coefficient by Bray and Travasarou 
(2007, 2009) 

Bray and Travasarou (2007) presented a simplified coupled semi-empirical predictive model 
to estimate the SIPD based on the Newmark (1965) rigid-block method and numerical analysis, 
as a way to update the method developed by Makdisi and Seed (1978). This procedure involves 
a block failure model sliding over a nonlinear coupled surface (Rathje and Bray, 2000), which 
can represent the dynamic behavior of structures such as: dams, natural slopes, compacted fill 
dykes and municipal solid waste fills (MSWF). 

Bray and Travasarou (2007) noted that the major uncertainty for the evaluation of an earth 
structure is the possibility of a seismic event. To overcome this issue, they took advantage of over 
688 earthquake records and concluded that the spectral acceleration at a degraded period of the 
potential sliding mass is the most efficient and sufficient single ground motion intensity measure. 
The method captures the slope seismic resistance through its ky and initial fundamental period. 
Using these parameters as input, Bray and Travasarou (2007) presented formulations to estimate 
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SIPD and to evaluate the probability of negligible SIPD. Finally, they showed that their estimates 
were generally consistent with 16 documented cases of earth dams and MSWF. 

Bray and Travasarou (2009) presented a procedure whereby selecting project-specific allowa-
ble level of SIPD, estimating the fundamental period of the sliding mass, site-dependent seismic 
demand (expressed in terms of spectral acceleration) and based in the original Bray and Travasa-
rou (2007) approach, a rational seismic coefficient can be calculated. This procedure represents a 
more rational basis for selecting seismic coefficients when compared to the suggestions of Hynes-
Griffin and Franklin (1984) who recommended, among other things, the use of half of the peak 
ground acceleration (PGA) at the site based on their assumption that 1 m of SIPD is acceptable 
for most earth dams, which were the structures they based their investigation on. In consequence, 
the Hynes-Griffin and Franklin (1984) approach should not be used for structures with lower 
values of maximum SIPD. The previous review was taken from Perez et al. (2015). 

3 CASE STUDY GEOTECHNICAL OVERVIEW AND SEISMIC ANALYSIS 

The case study presented is a HWRD design project, located in the southern Peru, developed 
for a copper mine. The HWRD with a maximum height of over 500 m was needed for the future 
development of the mine. However, limited information about the waste rock material were avail-
able due to the early development of the mine, this issue were taken into account by combining 
different waste rock materials from the projected sites.  

This facility was designed in stages with a maximum height of 50 m and a local and global 
slopes of 1.33H:1V and 2.5H:1V, respectively as shown in Figure 1. Additionally the soil columns 
are represented in the critical cross-section for reference purposes. 

 
 

 
Figure 1. Critical cross-section of the HWRD 

 
Since, the dimensions of this HWRD the waste management plan involved a great complexity 

mainly because the risks of local failures and even global failures of the facility during its opera-
tional life related to its seismic stability a careful analysis were carried out to prevent any risks 
for safety operations.  

The following sections describe the geotechnical features and laboratory tests carried out on 
the mine waste. A detailed description of the geotechnical analysis performed for this research is 
presented, which included 1D seismic response analysis and SIPD calculations using Bray & 
Travasarou (2007) method. 
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3.1 Dynamic properties  

3.1.1 Mine waste 
The dynamic properties for the mine waste were estimated using equations proposed by Menq 

(2003), based on Perez et al. (2015)  who concluded that Seed & Idriss (1970), Seed et al. (1986) 
and Menq (2003) formulations results in close fits to laboratory results, besides Menq (2003) is 
preferred due to its variations with the confining pressure. 

In the present paper Menq (2003) curves for normalized shear modulus reduction and damping 
ratio curves were estimated using the upper limit values for D50 (19.1 mm) and Cu (50), due to the 
uncertainties mainly related to scale effects of mine waste material. 

3.1.2 Foundation 
For soil foundation, the generic modulus reduction and damping curves were estimated using 

the curves proposed by Darendeli (2001) and because its recommended by Groholski et al. (2016), 
who consider Darendeli (2001) curves as an improvement over curves proposed in prior studies 
such as the Electric Power Research Institute (EPRI, 1993) and Vucetic and Dobry (1991). 

In the present paper Darendeli (2001) curves for normalized shear modulus reduction and 
damping ratio curves were estimated using the following parameters: 19.0 as a plasticity index 
(PI), 1.0 as the overconsolidation ratio and 0.56 as the coefficient of lateral earth pressure (K0) as 
input. 

3.2 Shear wave velocity profiles 
Due to the extent and depth of the waste rock in the designed HWRD (500 m heigth) there was 

a need of data for determination of the shear wave velocity profile. Several geophysical tests and 
RCTS data base on waste minerals compiled by Perez et al. (2015) on similar projects along with 
the empirical correlation of Seed & Idriss (1970) were used to define the shear wave velocity 
profiles for the 9 soil columns. 

3.2.1 MASW and MAM Testing 
Several geophysical tests carried out on top of mine waste dumps in different mining projects 

are shown in Figure 2. As can be seen the range of shear wave velocities varies between 150 m/s 
and 400 m/s from depth 0 m to 40 m.  
 

 
Figure 2. Shear wave velocity profile based on MASW, MAM geophysical tests and Seed & Idriss (1970) 
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The shear wave velocity profile for Seed & Idriss (1970) was determined from the Vs average 
using Equation (1). 

 
Gmax=21.7K2, max (σ’m)0.5                       (1) 

 
Where Gmax is the maximum shear modulus at small strains, K2, max is  determined  from  the  soil’s  

void ratio or relative density based on Kramer (1996), and σ’m is the mean principal effective stress 
in units of kN/m2. Then the shear wave velocity (Vs) was then estimated using Equation (2). 
 

Vs = Gmax                            (2) 

 
Where ρ is soil mass density. 

3.2.2 RCTS Testing 
In the present paper the results of combined RCTS testing on waste minerals samples were 

taken from Perez et al. (2015). The shear wave profiles of the geophysical tests in existing mine 
waste dumps were compared to the shear wave velocities results of the RCTS tests which follow 
a logarithmic relationship between the shear wave velocity and mean effective stress; as can be 
seen in Figure 3; both the Seed & Idriss (1970) correlation and the RCTS results showed a close 
fit to geophysical data, however at shallow depths the RCTS results showed higher values com-
pared to the geophysical data. Consequently, the definitions of the shear wave velocity profiles 
of the waste material in the analysis were made using Seed & Idriss (1970) correlation by adjust-
ing the K2, max (varying between 35 to 65) parameter to obtain a close fit to the geophysical data at 
shallow depths and to RCTS results at deeper depths. 

 
 

 
Figure 3. Shear wave velocity profile based on RCTS tests and Seed & Idriss (1970) 
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3.3 Input motions 
The uniform hazard response spectra for 10% probability of exceedance in 50 years (475 return 

period), from the site seismic hazard assessment were employed in all seismic evaluations. Seis-
mic records from both horizontal components used as input for site response analysis were ob-
tained from published motions from Peruvian subduction earthquakes recorded also in Peru. The 
earthquake motions from the 1974 Lima, 2001 Atico earthquakes were chosen. It is important to 
mention that the Lima and Atico earthquake motions were recorded near the epicenter of the 
event, capturing their high energy content, on the other hand, the 2005 Tarapaca earthquake mo-
tion, was recorded far from its epicenter and as a consequence, low values of PGA and energy 
content was registered for this earthquake, being subsequently discarded for the analyses. No 
other earthquake motions were selected due to the limited database available for Peru. All 4 seis-
mic records (two horizontal components per earthquake) were spectral matched to the 475 years 
return period response spectra using the SeismoMatch software, which is based in the pulse wave 
algorithm proposed by Abrahamson (1992) and Hancock et al. (2006). The acceleration time his-
tories of input the motions are shown in Figure 4. 

 
 

 
Figure 4. Acceleration time histories of the input motions 

3.4 Seismic induced permanent displacements calculations 
SIPD were calculated for 475 years return period using Bray & Travasarou (2007) method, soil 

columns were defined from the critical section showed in Figure 1. To assess the SIPD, repre-
sentative response spectra were used, considering free field conditions (at the base of local and 
global critical failure surface) at different heights levels (50 m, 100 m, 200 m, 300 m and 400 m). 

All seismic records were used in the analyses. For each column, results of the seismic records 
were average since no important variations was found. Table 1 shows the characteristics of each 
column in terms of materials and natural period. Figure 5 and 7 show the average results and its 
standard deviation for each column. 
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Table 1. Soil columns. __________________________________________________________ 
Case    Soil      Soil    Thick (m)   Column natural period  

Column  Material                (sec)       __________________________________________________________ 
L*     C1 Waste rock      24 m       0.73    
       Foundation     30 m 
     C2 Waste rock      53 m       1.00      
       Foundation     30 m 
     C3 Waste rock      128 m      1.57    
       Foundation     30 m 
     C4 Waste rock      221 m      2.16      
       Foundation     30 m 
     C5 Waste rock      312 m      2.70    
       Foundation     30 m 
G**    C1 Waste rock      24 m       0.73    
       Foundation     30 m 
     C2 Waste rock      24 m       0.73       
       Foundation     30 m 
     C3 Waste rock      68 m       1.13 
       Foundation     30 m 
     C4 Waste rock      110 m      1.44     __________________________________________________________ 
Case    Soil      Soil    Thick (m)   Column natural period  

Column  Material                (sec)       __________________________________________________________ 
       Foundation     30 m 
     C5 Waste rock      149 m      1.70     
       Foundation     30 m ______________________________________________________ 
PND: Probability of negligible displacements 
*: local critical failure surface 
**: global critical failure surface 
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Figure 5. Response spectra for C1 (L & G), C2 L, C2 G, C3 L, C3 G, C4 L, C4 G and C5 G. 
 

 
Figure 6. Response spectra for C5 L 
 

Table 2 shows the results of SIPD developed along local and global critical failure surface of 
the HWRD at different heights levels. As can be seen all local critical failure surface present at 
least 50 cm of SIPD, which in turns confirms the need for a change in design of HWRD related 
to its height in order to ensure the safety and serviciability of the facility. 
 

 
Table 2. Seismic induced permanent displacements obtained for the high mine waste rock dump. ______________________________________________________ 

Soil  Return Seismic     Yield    Bray & Travasarou (2007) 
Column  period record acceleration            

(years)     (g)     
                PND  Average  Range 

 (%)     (cm)   (cm) ______________________________________________________ 
C1 L   475  Lima   0.151       0   103  51-205 
       Atico                
C1 G   475  Lima   0.225       0   41   20-82 
       Atico          
C2 L   475  Lima   0.151       0   112  56-224 
       Atico        
C2 G   475  Lima   0.301       0   24   12-49 
       Atico        
C3 L   475  Lima   0.151       0   79   39-158 
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       Atico        
C3 G   475  Lima   0.285       0   9   5-19 

Soil  Return Seismic     Yield    Bray & Travasarou (2007) 
Column  period record acceleration            

(years)     (g)     
                PND  Average  Range 

 (%)     (cm)   (cm) ______________________________________________________ 
       Atico        
C4 L   475  Lima   0.151       0   57   29-114 
       Atico          
C4 G   475  Lima   0.283       0   14   7-28 
       Atico          
C5 L   475  Lima   0.151       0   54   27-108 
       Atico          
C5 G   475  Lima   0.28       0   18   9-36 
       Atico          ______________________________________________________ 
PND: Probability of negligible displacements 
*: local critical failure surface 
**: global critical failure surface 

4 CONCLUSIONS 

For HWRD there is the need for insitu seismic measurements as the HWRD grows to keep 
updated the design criteria. 

Shear wave velocity profiles can be obtained with a certain degree of confidence from RCTS 
results if geophysical data is available, additionally a care has to be taken at shallow depths where 
its logarithmic relationship tent to show higher values compared to geophysical data. 

  Due to poor understanding of waste rock properties in HWRD, performing response analyses 
are a useful tool to help establishing design criteria especially at local critical failure surfaces, 
which in turn enhanced the efficiency of the HWRD by preventing any risk of failure. 

In the present paper the SIPD calculations tent to be higher from 0 m to 200 m compared as 
those from 200 m to 500 m. From these results design criteria have to be more conservative from 
0 m to 200 m by changing the slopes and monitoring during operation and closure. 

In this case study a rational method to establish the seismic coefficient is needed in other words 
when evaluating the seismic stability different seismic coefficients related to its response spectra 
at different heights should be used, the authors recommended to apply Bray & Travasarou (2009) 
method. 

Is important to mention that the calculated SIPD are horizontal and not vertical, in other words 
displacements due to height and particle crushing process is avoided. 

5 RECOMENDATIONS 

Further investigation must be address by evaluating topographic effects on the seismic re-
sponses of the structured, considering several factors for instance complete range of slopes, in-
cluding geometry a geology configurations (tops of hills, ridges and canyons) and integrated into 
a digital elevation model (DEM) with various resolutions (based on the scale) since geometry of 
the free surface along with soil and geology has a great impact on seismic site response (Maufroy, 
E. et al. 2008; Anggraeni, D. 2010). 
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1 INTRODUCTION 

The processing of run-of-mine coal produces two types of wastes segregated based on their par-
ticle size; namely, coarse reject and tailings. Conventionally, the two waste materials are dis-
posed of separately; the coarse reject generally to a dump and the tailings to a tailings storage 
facility. Coarse reject is typically finer than 50 mm, in the size range from sand to gravel, and 
hence is easy to handle and is conventionally loose-dumped in piles where it ravels at an angle 
of repose of about 35o. However, the loose structure of the dumped coarse reject allows ready 
ingress of oxygen and rainfall infiltration, which may lead to acid and metalliferous drainage 
(AMD) and degradation of the material (Williams 2005). 

The tailings are typically finer than 2 mm, sand-sized and finer, and hence are more difficult 
to handle than the coarse reject. They are conventionally are thickened to about 25% solids by 
mass and are transported as an aqueous slurry using centrifugal pumps to a tailings storage fa-
cility. The excess process water discharged with the tailings has the potential to cause seepage 
to the foundation and through the containment wall, and desiccation of the tailings surface can 
generate dust. A wet and soft tailings deposit is difficult to rehabilitate and offers very limited 
potential for future land function or use. 

The co-disposal of coarse reject and tailings, for instance by combined pumping, is an 
alternative to conventional separate disposal, and can result in a mixture with geotechnical 
parameters and behaviour more conducive to rehabilitation and future land function or use, 
having reduced environmental impacts. 

To evaluate the geotechnical parameters and behaviour of combined coarse reject and 
tailings, and also to examine the effects of particle size and dry mass ratio on the shear strength 
of mixtures, a series of laboratory tests was undertaken. This included particle size distribution 
analysis, and direct shear strength tests in a large shear box. The testing was carried out on 
coarse reject only scalped to pass 37.5 mm or 19.0 mm, and on mixtures of coarse reject scalped 
to pass 37.5 mm and tailings with a dry mass ratio of 6:1 (coarse reject to tailings, CR:T). 

Shear Strength Behaviour of Coal Mine Coarse Reject and 
Mixtures of Coarse Reject and Tailings 

A. Shokouhi 
The University of Queensland, Brisbane, Queensland, Australia 

D.J. Williams 
The University of Queensland, Brisbane, Queensland, Australia 

ABSTRACT: The co-disposal of coarse reject and tailings produced on processing run-of-mine 
coal offers potential economic and environmental advantages over the conventional separate 
disposal of the two waste streams. Co-disposal results in a mixture with improved geotechnical 
parameters to those of the two streams disposed of separately, which can facilitate rehabilita-
tion and future land use to a higher level. To evaluate the behaviour and performance of coarse 
reject and combined coarse reject and tailings, laboratory direct shear testing was undertaken in 
a large shear box on coarse reject scalped to pass 37.5 mm or 19.0 mm, and on coarse reject 
scalped to pass 37.5 mm and tailings at a dry mass ratio of 6 to 1. In the paper, the results of the 
laboratory testing program are compared, and the effect on shear strength of scalping of the 
coarse reject, and of mixing the coarse reject and tailings, are discussed. 
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2 LABORATORY TESTING METHODOLOGY 

2.1 Samples Tested 
The coarse reject and tailings used in this investigation were collected separately from Jeebro-
pilly Coal Mine, located in the Ipswich Coalfields of south-eastern Queensland, Australia. The 
coarse reject and tailings had average specific gravities of 2.2 and 1.55, respectively. The as-
sampled gravimetric moisture content of the coarse reject was about 17%, at which it was not 
fully saturated (approximately 23% saturated in its loose state and approximately 25% saturated 
under an applied normal stress), and the tailings had a saturated, settled gravimetric moisture 
content of about 113%. 

2.2 Particle Size Distribution 
The particle size distributions of the Jeebropilly coarse reject and tailings were determined by 
dry sieving of samples dried in a 60oC oven (the temperature was limited to prevent combustion 
of any carbonaceous material present) down to 75 μm,  wet  sieving  with  deionised  water  without 
dispersant down to 38 μm, and hydrometer analysis on the particles passing 75 μm   on wet 
sieving. The testing was carried out broadly in accordance with AS 1289.3.6.2 (2009) for siev-
ing and AS 1289.3.6.3 (2003) for hydrometer analysis. 

2.3 Large Direct Shear Strength Testing 
The large direct shear testing machine available at The University of Queensland (see Fig. 1), 
manufactured by Wille-Geotechnik of Germany, measures 300 mm by 300 mm in plan and ac-
commodates a specimen up to about 200 mm deep. It is capable of applying a normal stress of 
up to 1,000 kPa. The Wille machine is moderately stiff, to accommodate the forces applied, and 
the sides of the direct shear box are about 20 mm thick. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Wille-Geotechnik large direct shear testing machine. 
 

During a test, the Wille machine maintains a separation of the two halves of the direct shear 
box so that there is no metal on metal contact on which friction can develop. Further, the Wille 
machine monitors vertical displacement at all four corners of the top loading cap, and automati-
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cally stops the test when the tilt exceeds 10% or any one of the four settlement sensors 
(LVDTs) exceeds 50 mm travel, avoiding erroneous results due to tilting. 

The direct shear strength tests on the coarse reject only specimens, scalped to pass 37.5 mm 
(including most of the sample) or 19.0 mm (to assess the effect of further scalping), were 
carried out at the as-sampled gravimetric moisture content of 17%, broadly in accordance with 
AS 1289.6.2.2 (1998). Direct shear strength tests were also carried out on a mixture of coarse 
reject scalped to pass 37.5 mm and tailings at the dry ratio of 6:1 (CR:T). The tailings were at 
their saturated, settled gravimetric moisture content of 113%. 

Each test specimen was loosely-placed in the shear box to simulate loose-dumping, and all 
tests were carried out under unsaturated conditions in which the shear box was not flooded with 
water. The initial average dry density of the loosely-placed coarse reject only, scalped to pass 
37.5 mm or 19.0 mm, and a mixture of coarse reject scalped to pass 37.5 mm and tailings were 
0.84 t/m3, 0.78 t/m3 and 1.02 t/m3, respectively, corresponding to degrees of saturation of ap-
proximately 23%, 21% and 61%, respectively. 

Single-stage tests were carried out under normal stresses of 25 kPa, 50 kPa and 100 kPa, rep-
resentative of shallow depths of about 1.4 m, 2.8 m and 5.6 m, which were maintained for 
24 hours or until no further settlement was observed. This was followed by shearing at a rela-
tively slow rate of 0.1 mm/min, expected to result in drained behaviour. Given the maximum 
particle size of the coarse reject and to maintain consistency between the tests, the shearing 
stage was continued to 40 mm shear displacement for all tests, regardless of whether or not the 
shear stress reached a maximum. 

3 LABORATORY TEST RESULTS 

3.1 Particle Size Distribution 
Figure 2 shows the particle size distribution curves for the whole coarse reject and tailings. The 
CR:T = 6:1 mixture comprised coarse reject at its as-sampled gravimetric moisture content and 
tailings at their settled gravimetric moisture content, producing a wet state. Hence, the particle 
size distribution of the mixture was estimated based on the results of the wet-sieved whole 
coarse reject, and the particle size distribution of the tailings based on wet sieving and hy-
drometer analysis, as shown in Figure 3. 

Table 1 summarises the particle sizes through which 50%, 10%, 30% and 60% of the whole 
coarse reject, tailings, and CR:T = 6:1 mixture pass (D50, D10, D30 and D60, respectively), to-
gether with the values of the Coefficient of Uniformity (Cu) and Coefficient of Curvature (Cc), 
defined by: 
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Based on the particle size distribution curves and the values of Cu and Cc, Unified Soil Clas-
sifications (USC) are assigned in Table 1 as generally a well-graded gravel (GW) for the dry-
sieved whole coarse reject, silty gravel (GM) for the wet-sieved whole coarse reject and CR:T = 
6:1 mixture, poorly-graded sand (SP) for the dry-sieved tailings, and silty sand (SM) for the tail-
ings. 
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Table 1. Summary of particle size data for whole coarse reject, tailings, and CR:T = 6:1 mixture. _______________________________________________________________________________________________________ 
Sample            D50 (mm) D10 (mm) D30(mm) D60 (mm)   Cu  Cc  USC _______________________________________________________________________________________________________ 
Whole coarse reject: 
Oven-dried, dry-sieved           10.1       2      5.9     10.4   5.2    1.7      GW 
Wet-sieved, without dispersant       6.5    0.003    0.95     10.1    3367  29.8      GM 
Tailings: 
Oven-dried, dry-sieved           0.38    0.095    0.22       0.5   5.3    1.0        SP 
Wet-sieved, without dispersant         0.22  0.0015    0.13     0.42     280  26.8       SM 
CR:T = 6:1 mixture           4  ~0.002    0.32       7.5   3750    6.8      GM _______________________________________________________________________________________________________ 

 

 
Figure 2. Particle size distribution curves for whole coarse reject and tailings. 
 

Comparing the results of wet and dry sieving of both the whole coarse reject and tailings 
shows a significant breakdown of the coarser-grained particles in each, and an increase in the 
amount of fines on wet sieving, especially for the whole coarse reject. This is attributed to the 
high clay mineral content of the materials. X-Ray Diffraction analysis indicated a variable clay 
mineral content of 39 to 98%, averaging 78%, comprising kaolinite (30 to 94%, averaging 56%) 
and smectite (up to 45%, averaging 22%). The dominant cations present are Ca2+ and Mg2+, 
with minor Na+. Generally, the breakdown of the aggregates in water can be explained by three 
mechanisms (Le Bissonnais 1996), including: (i) slaking during the rapid wetting, (ii) differen-
tial swelling, and (iii) physio-chemical dispersion. 
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Figure 3. Particle size distribution curves for whole coarse reject and tailings, and estimated curve for 
CR:T = 6:1 mixture. 

3.2 Shear Strength 
The results of the unsaturated, large direct shear strength testing are shown in Figures 4 to 6, 

for coarse reject scalped to pass 37.5 mm at its as-sampled gravimetric moisture content of 
17%, for coarse reject scalped to pass 19.0 mm at its as-sampled moisture content, and for the 
CR:T = 6:1 mixture, respectively. The plots shown for each case include the area-corrected 
shear stress vs. shear displacement and contractive normal displacement vs. shear displacement. 
Most of the shear stress vs. shear displacement plots show some initial shear displacement, ap-
parently due  to  “seating”  effects.  As can be seen in the Figures 4 to 6, the shapes of all of the 
shear stress vs. shear displacement plots are reasonably similar. However, the mixture experi-
enced less settlement during shearing compared with the coarse reject only specimens. This can 
be attributed to the reduced porosity of the mixture due to tailings (fines) partially filling the 
voids between the coarse reject particles. Given the initially loose state of the specimens, the 
shear stress increased towards an ultimate (maximum) value, as would be expected. Figure 7, in 
which both the shear and normal stresses have been area-corrected, compares the inferred 
straight line Mohr-Coulomb shear strength envelopes obtained from the end-points of the stress-
strain plots in Figures 4 to 6, and gives the inferred cohesion intercepts (c’) and friction angles 
(’). 
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Figure 4. Results of direct shear strength testing of coarse reject scalped to pass 37.5 mm, at its as-sampled 
moisture content. 
 

 
Figure 5. Results of direct shear strength testing of coarse reject scalped to pass 19.0 mm, at its as-sampled 
moisture content. 
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Figure 6. Results of direct shear strength testing of unsaturated CR:T = 6:1 mixture. 
 

 
Figure 7. Comparison of shear strength envelopes. 
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Since the direct shear strength tests were carried out under unsaturated conditions, the cohe-
sion intercepts inferred may be at least partially attributed to the strengthening effect of matric 
suction. Figure 7 indicates that the inferred cohesion intercepts increased with increasing fines 
content, in the order: 6.7 kPa for coarse reject scalped to pass 37.5 mm, 9.7 kPa for coarse re-
ject scalped to pass 19.0 mm, and 10.2 kPa for the CR:T = 6:1 mixture. Since the whole coarse 
reject had negligible fines (as seen in Fig. 2), the relatively dry coarse reject scalped to pass 
37.5 mm would have the least capacity to develop matric suction and suction-induced cohesion, 
while the moist CR:T = 6:1 mixture would have the most capacity to develop matric suction and 
suction-induced cohesion. However, since the cohesion intercepts are small the suction-induced 
cohesion would also be small. 

Figure 7 also indicates that the inferred friction angles increased in the order: 30.9o for coarse 
reject scalped to pass 19.0 mm, 35.8o for coarse reject scalped to pass 37.5 mm, and 37.2o for 
the CR:T = 6:1 mixture. From this it can be surmised that the friction angle increases with in-
creasing maximum particle size and with increasing fines partially filling the voids between 
coarse-grained particles and creating more particle contacts to resist shearing. 

An alternative method of interpreting the direct shear strength test results is to consider the 
secant friction angle at each applied normal stress. The secant friction angle is defined as the 
angle of a line from the origin to the shear strength at each applied normal stress. The values 
obtained are shown in Figure 8 to decrease with increasing applied normal stress. This is at-
tributed to the decrease of matric suction, and suction-induced shear strength, with increasing 
compaction and decreasing degree of saturation under higher applied normal stresses. Assuming 
a typical angle of repose of about 35o for loose-dumped coarse reject, from Figure 8 it can be 
seen that over the range of normal stresses applied in the large direct shear strength tests the se-
cant friction angles of all specimens are at or above the angle of repose. 
 

 
Figure 8. Secant friction angle versus applied normal stress for all tests. 
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4 DISCUSSION 

4.1 Effect of Scalping on Shear Strength 
The effect of scalping of over-size particles on the shear strength of coarse-grained soils has 
been investigated by many researchers as reviewed and reported by McLemore et al. (2009), 
with apparently no definitive agreement reached on the effects. Nevertheless, the results of the 
direct shear strength testing reported herein of coarse reject scalped to pass 37.5 mm and 
19.0 mm show a lower cohesion intercept and higher friction angle for the coarser-grained ma-
terial. The lower cohesion intercept may be explained by the reduced proportion of fines in the 
coarser-grained material, affecting cohession directly and reducing the matric suction and hence 
the suction-induced cohesion. The higher friction angle can be attributed to the increase in the 
proportion of interlocking coarse particles and the interference between coarse particles on the 
shear plane (Lewis 1956). 

4.2  Effect of Adding Tailings on Shear Strength of Coarse Reject 
Table 2 compares the shear strength of the coarse reject scalped to pass 37.5 mm, with that of 
the CR:T = 6:1 mixture of coarse reject scalped to pass 37.5 mm and tailings, at nominal ap-
plied normal stresses of 25 kPa, 50 kPa, and 100 kPa. 
 
Table 2. Shear strength of coarse reject only and the mixture, at different normal stresses. ____________________________________________________________________________________ 
Sample                     Shear strength (kPa)                  _____________________________________________ 
                 Normal stress (kPa)    25    50    100 ____________________________________________________________________________________ 
Coarse reject scalped to pass 37.5 mm              24.8    42.8      78.9 
CR:T = 6:1 mixture                     29.1    48.1      86.0 ________________________________________________________________________________________________________ 
 

It is apparent from Figure 7 and Table 2 that adding tailings to the coarse reject improves the 
overall shear strength, increasing both the cohesion intercept and the friction angle. This 
improvement is also evident in the increased secant friction angle at all applied normal stresses, 
as shown in Figure 8. The improved shear strength on adding tailings is due to the tailings 
(fines) partially filling the voids between coarse-grained particles and creating more particle 
contacts to resist shearing. 

5 CONCLUSIONS 

This paper presents the results of particle size distribution and unsaturated shear strength testing 
of coarse reject only specimens and a 6:1 mixture of coarse reject and tailings from the Jeebro-
pilly Coal Mine washery near Ipswich in South-East Queensland. The particle size distributions 
of these clay mineral-rich coarse reject and the tailings samples were significantly affected by 
the addition of water on wet sieving compared with dry sieving. 

It was found that the scalping of the coarse reject has an impact on both the cohesion inter-
cept and the friction angle of the coarse reject only. The coarse reject scalped to pass 37.5 mm 
and tested at its as-sampled gravimetric moisture content of 17% was found to have a cohesion 
intercept of 6.7 kPa and a friction angle of 35.8o, while the cohesion intercept and friction angle 
of the coarse reject scalped to pass 19.0 mm were 9.7 kPa and 30.9o, respectively. The slightly 
lower cohesion intercept of the coarser scalping is attributed to its slightly lower proportion of 
fines and hence its reduced capacity to develop matric suction and suction-induced cohesion. 
The higher friction angle for the coarser scalping is attributed to its higher proportion of coarse-
grained particles. 

The 6:1 mixture of coarse reject and tailings showed that adding tailings to the coarse reject 
increased both its cohesion intercept and friction angle due to the tailings (fines) partially filling 
the voids between coarse-grained particles and creating more particle contacts to resist shearing. 
However, there were insufficient tailings to completely or overfill the voids between the coarse 
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reject particles. The addition of higher proportions of tailings could result in a higher proportion 
of contacts between tailings particles. These contacts could then dominate, and the likely lower 
shear strength of the tailings would then govern the shear strength of the mixture. 
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1 INTRODUCTION 

The determination of appropriate shear strength parameters for the design of waste rock dumps 
is complicated by the very large size of the waste rock particles, and by the stiffness of large-
scale laboratory testing apparatus to accommodate them. For coarse-grained materials such as 
waste rock, direct shear testing is the preferred method for determining their shear strength, and 
testing is conventionally carried out in a water bath. However, in the field and waste rock is of 
variable moisture content and unlikely to saturate. Conventionally, the shear strength data are 
interpreted using the straight line Mohr-Coulomb failure criterion. Field angles of repose imply 
waste rock materials with high friction angles. In this paper, the results of dry and wet testing of 
waste rock waste rock on compacted clay from McArthur River Mine in 300 mm and 720 mm-
sized direct shear machines are presented and compared, and shear strength parameters for use 
in design are recommended. 

2 MCARTHUR RIVER MINE 

2.1 Site Description 
Glencore’s  McArthur  River  Mine  is  located  in the Gulf of Carpentaria in the Northern Territory 
of Australia, 900 km southeast of Darwin (see Fig. 1; Glencore 2015). McArthur River Mine 
commenced underground operations in 1995, and open pit development between 2007 and 
2008. McArthur River Mine is the  world’s   largest  bulk  producer  of  zinc   in  concentrate  form, 
supplying up to 3%  of  the  world’s  total  zinc  resources  used  by  all types of smelters. 
 

Determination of Shear Strength Parameters for Waste Rock and 
Interfaces with Compacted Clay for Use in Dump Design 

D.J. Williams 
The University of Queensland, Brisbane, Queensland, Australia 

J. Hacker 
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G. Taylor 
Glencore, McArthur River Mine, Northern Territory, Australia 

S.G. Fityus 
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ABSTRACT: The determination of appropriate shear strength parameters for waste rock and 
interfaces between waste rock and compacted clay for use in the design of waste rock dumps is 
not straightforward. It is complicated by the very large size of the waste rock particles, which 
are difficult to sample and cannot be tested in the laboratory, and by the stiffness of the large-
scale laboratory testing apparatus required to test the most representative particle sizes possible. 
Conventionally, the straight line Mohr-Coulomb failure criterion is adopted, and waste rock is 
of variable moisture content and unlikely to saturate. Stable field angles of repose imply waste 
rock materials with high friction angles. The results of dry and wet testing in 300 mm and 
720 mm sized direct shear boxes of waste rock specimens and waste rock on compacted clay 
are presented and compared, leading to recommended shear strength parameters for use in de-
sign. 
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Figure 1. Location of McArthur River Mine, Northern Territory, Australia (Glencore 2015). 
 

The ultimate open pit is expected to be approximately 420 m deep, 1.7 km long and 1.5 km 
wide, covering an area of about 200 ha (McArthur River Mining 2011). The open pit produces 
about 5 Mtpa of ore at an average zinc grade of 10.7% by mass, plus silver and lead. Ultimately, 
approximately 500 Mt of waste rock will be generated, which will be stored largely in surface 
waste rock dumps, with backfilling of the pit where practicable. Potentially acid generating 
waste rock will be selectively placed and encapsulated within the waste rock dumps, making 
use of compacted clay seals and non-acid generating waste rock. 

2.2 Site climate 
The climate of the McArthur River region is tropical monsoonal, with a pronounced wet season 
between November or December and March, and generally dry conditions during the remainder 
of the year (McArthur River Mining 2011). Mean annual rainfall at the mine site is 715 mm, 
although it can be twice that in a wet year. Mean annual potential evaporation at the mine site is 
3,000 mm. Average daily minimum and maximum temperatures at the mine site are 12 to 29oC 
in June and 25 to 38oC in December. 

Flooding of the site is an annual risk, due to the McArthur River and diversion channel pass-
ing through the site, and other extreme events include cyclones, droughts and fire. 

2.3 Site geology 
The McArthur Basin comprises Carpentarian and Adelaidean rocks extending from the Alli-

gator River in the Northern Territory east to the Queensland border, including most of Arnhem 
Land and the Gulf of Carpentaria drainage region (McArthur River Mining 2011). The MRM 
ore body is about 1.5 km long and 1.0 km wide, with an average thickness of 55 m, and occurs 
at the base of the pyritic shale member, within the Middle Protezoic age McArthur Group. The 
shale member comprises a sequence of inter-bedded pyritic bituminous dolomitic siltstones, 
sedimentary breccias and volcanic tuffs. 

The ore body has been folded and eroded along its western margin, which is covered with 
30 m depth of soil. The western margin of the ore body is sub-vertical with a strike length of 
1.0 km and a vertical height of 200 m. The northern margin inter-fingers with sedimentary brec-
cias and the southern margin grades into thinned nodular barren pyritic siltstone. On the eastern 
margin, the ore body thickens and is folded, with a strike length of over 600 m. The south-
eastern corner of the ore body is down faulted 110 m by the north-eastern trending Woyzbun 
Fault. 
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3 SHEAR STRENGTH TESTING METHODOLOGY 

The shear strength of particulate materials such as waste rock is traditionally determined in a 
laboratory direct shear box, with the rigid box providing containment for the specimen, which is 
generally placed loose. Depending upon the scale of the direct shear box, waste rock would 
normally need to be scalped (removing particles larger than a nominal maximum of five times 
the height of the box) prior to testing, to ensure that there are sufficient particles over the height 
of the specimen to generate shear along the interface between the two halves of the direct shear 
box. Scalping would be expected to reduce the friction angle of the material by several degrees 
(Williams 2015). 

The scalped specimen is generally placed loose to fill the box, and a normal force is applied 
to simulate the appropriate overburden stress. Traditionally, the direct shear box is immersed in 
a water bath and the specimen tested wet, which is generally a worst case. However, there is no 
reason why the specimen cannot be tested at the as-sampled moisture state, and this would often 
be more representative of field conditions. The specimen is allowed to settle under the applied 
normal stress, and the settlement should be recorded with time until it effectively ceases. The 
specimen is then sheared to failure, or to a shear strain of 10%, whichever comes first. The rate 
of shearing will dictate whether or not the specimen remains drained, although the coarse-
grained nature of scalped waste rock would generally allow drainage at a faster rate than the 
rate of shearing. Being loosely-placed, the shear stress of scalped waste rock would be expected 
to increase monotonically at a reducing rate with increasing shear strain to an ultimate (maxi-
mum) shear strength. 

Separate direct shear box tests are generally carried out on specimens of the same material 
under normal stresses that increase in a geometric series; that is, doubling the normal stress at 
each successive stage. Alternatively, multi-stage testing could be carried out on the same spec-
imen. However, multi-stage testing limits the shear strain that can be applied in each of the 
three stages to about 3%, which may not be sufficient to achieve shear failure, and earlier stages 
may affect the shear strength achieved in later stages. 

3.1 Medium-Sized Direct Shear Testing 
Medium-sized direct shear strength testing was carried out at The University of Queensland 
(UQ) in Brisbane, Queensland, Australia. 

3.1.1 Sample preparation 
The samples came from two sources. An initial batch of Breccia, Weathered Shale and Clay 
was collected from Trilab in Brisbane. The Breccia and Weathered Shale samples had been 
scalped to pass 26.5 mm. Separately, MRM delivered approximately 40 kg each of Breccia and 
Weathered Shale in buckets. 

The bucket samples of Breccia and Weathered Shale were near dry and had a pre-scalped 
maximum particle size of about 75 mm. To assess the potential for breakdown of the Breccia 
and Weathered Shale, particle size distribution curves were obtained by dry and partial wet 
sieving, as shown in Figure 2. There was negligible difference between the dry and wet sieving 
results for each sample, indicating that there is little potential for breakdown on wetting. This 
was confirmed by the results of slake durability testing, which showed negligible breakdown of 
either the Breccia or Weathered Shale waste rock. Further, the Weathered Shale is only slightly 
finer-grained than the Breccia sample. 

The Clay sample had dried to a gravimetric moisture content of about 5% and was wet up 
prior to compaction to a target gravimetric moisture content of 13.6%, representative of the Op-
timum Moisture Content for Standard Compaction applied on site. 

No scalping or crushing of the coarsest waste rock particles was applied prior to direct shear 
testing. To achieve sufficient Breccia waste rock sample for direct shear testing, the samples 
sourced from Trilab and MRM were thoroughly mixed, ensuring that the dry sieving particle 
size distribution for Breccia shown in Figure 2 was maintained. There was sufficient Weathered 
Shale waste rock sample supplied by MRM for all direct shear testing carried out. The Clay 
sourced from Trilab was used after wetting-up to a nominal 13.6% gravimetric moisture con-
tent. 
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Figure 2. Particle size distribution curves for Breccia and Weathered Shale subjected to dry and partial 
wet sieving. 

3.1.2 Testing methodology 
The medium-sized direct shear testing machine available at UQ (see Fig. 3), manufactured by 
Wille-Geotechnik of Germany, measures 300 mm by 300 mm in plan and accommodates a 
specimen up to about 200 mm deep. It is capable of applying a normal stress of up to 1,000 kPa. 
The Wille machine is moderately stiff, to accommodate the forces applied, and the sides of the 
direct shear box are about 20 mm thick. 

Single-stage testing was carried out at nominal initial normal stresses of 250 kPa, 500 kPa 
and 1,000 kPa, representing waste rock dump heights of about 14 m, 28 m and 56 m, respective-
ly (assuming a wet unit weight of 18 kN/m3). The testing was carried out either at the as-
sampled  gravimetric  moisture  content  (“dry”),  or  in  a  water  bath  (“wet”). The wet test specimen 
was allowed to soak overnight prior to the normal stress being applied. 

Following the application of the normal stress and the virtual cessation of compression under 
that stress, shearing was carried out at a shearing rate of 0.1 mm/min to a nominal 10% shear 
strain (which is considered the norm, to avoid excessive distortion of the top cap and possible 
erroneous results). During a test, the Wille machine maintains a separation of the two halves of 
the direct shear box so that there is no metal on metal contact on which friction can develop. 
Further, the Wille machine monitors vertical displacement at all four corners of the top loading 
cap, and automatically stops the test when the tilt exceeds 10% or any one of the four settlement 
sensors (LVDTs) exceeds 50 mm travel, avoiding erroneous results due to tilting. 

The tests carried out in the medium-sized direct shear machine are summarised in Table 1. 
The testing of Breccia, Weathered Shale and Breccia on Weathered Shale under dry conditions 
represented the bulk of the waste rock dump volume, while the testing of Weathered Shale on 
compacted Clay under dry and wet (worst case) conditions represented the interfaces with the 
compacted clay liners (CCLs). Figure 4 shows photographs of sample preparation for some of 
the direct shear tests carried out. Relatively little particle breakdown was observed following 
testing. 
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Figure 3. Medium-sized direct shear testing machine. 
 
Table 1. Summary of medium-sized direct shear strength tests. ________________________________________________________________________________________________________ 
Material Tested          Initial Moisture Content (%)   Initial Dry Density (t/m3) ________________________________________________________________________________________________________ 
Breccia                      0.4 (Dry)            1.769 
Weathered Shale                   1.1 (Dry)            1.624 
Breccia on Weathered Shale               1.1 (Dry)            1.632 
Weathered Shale on compacted Clay           1.7/13.6 (Dry)         1.783/1.850 
                    Near-saturated (Wet)         1.783/1.850 ________________________________________________________________________________________________________ 

3.2 Large-Sized Direct Shear Testing 
Large-sized direct shear strength testing was carried out at the University of Newcastle (UN) in 
Newcastle, New South Wales, Australia. 

3.2.1 Sample preparation 
The samples, as-received from MRM in cubic metre pods, were coarse-grained, segregated and 
texturally variable. Three pods of each of five waste rock types were delivered, including PAF1 
(PAF referring to potentially acid forming waste rock), PAF2, Breccia, Shale, and Weathered 
Shale. 

In most cases, the particle size distribution and texture of each waste rock type visible at the 
tops of the pods were noticeably different between the three pods. In nearly every case, the pods 
contained particles up to 300 mm in size. The amount of sample exceeding 100 mm varied be-
tween 10% and 30%. 

Sampling for testing involved tipping a pod to spill around 500 kg of material onto a concrete 
floor. Over-sized material was removed, and broken with a sledge hammer until it was smaller 
than 100 to 120 mm in size and returned to the sample. No attempt was made to homogenise the 
material in the three pods of each waste rock type, resulting in variation in the particle size dis-
tribution and texture of the samples loaded in the direct shear box, and hence variation in the 
density achieved on loading in the direct shear box. 
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(a)            (b)           (c) 

Figure 4. Sample preparation of: (a) loose Breccia, (b) compacted Clay, and (c) loose Weathered Shale on 
compacted Clay, in the UQ direct shear box. 

3.2.2 Testing methodology 
The large-sized direct shear testing machine (see Fig. 5), which was manufactured at UN, 
measures 720 mm by 720 mm in plan and accommodates a specimen up to about 500 mm deep. 
It is capable of applying a normal stress of up to 3,500 kPa. The large machine is very stiff, to 
accommodate the large forces applied, and the sides of the direct shear box are about 100 mm 
thick. The combination of the machine stiffness and high normal stresses applied results in par-
ticle crushing and very high compaction of the specimens, with very high horizontal stresses 
locked-in against the rigid walls of the box. The combination of particle crushing and compac-
tion  makes   the   specimens   resemble   a   “brick”,   as   evidenced   by   the   need to jack-hammer the 
specimens out of the box after testing. This results in the shear strength results tending to con-
verge, and the crushing of particles would be expected to reduce their shear strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Large-sized direct shear testing machine. 
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Single-stage testing was carried out at nominal initial normal stresses of 300 kPa, 900 kPa 
and 2,000 (wet testing) to 2,100 kPa (dry testing), representing waste rock dump heights of 
about 17 m, 50 m and 117 m, respectively. The normal stress is applied to the top cap by three 
hydraulic jacks (see Fig. 5). actuating force is applied to the bottom box, and the shear force is 
measured as that force which is transmitted to the top box, measured at its reaction with the 
frame. The bottom box slides on a Teflon bearing; In the Macarthur river samples, there was 
nothing applied to the sliding surfaces between the boxes as a gap was maintained throughout 
the testsThe testing was carried out either at the as-sampled gravimetric moisture content 
(“dry”)  or  in  a  water  bath  (“wet”). Wet test specimens were allowed to soak for at least 2 hours 
prior to the normal stress being applied. 

Following the application of the normal stress and the virtual cessation of compression, 
shearing was carried out at a rate of 2 mm/min (20 times faster than the shearing rate applied in 
the UQ tests) to a nominal 20% shear strain (twice the maximum strain applied in the UQ tests). 
The shear stress is applied to the bottom half of the shear box by two hydraulic jacks (see Fig. 
5), and the shear force transmitted to the top half of the shear box is measured at its reaction 
with the frame. The bottom half of the shear box slides on a Teflon bearing to minimise friction, 
and a gap is maintained between the two halves of the shear box to avoid friction losses. 

4 INTERPRETATION OF DIRECT SHEAR TEST DATA 

Alternative interpretations of laboratory shear strength test results, strictly for saturated soil 
specimens, are shown in Figure 6. Coulomb (1773) proposed a straight line shear strength enve-
lope, while Mohr in about 1882 proposed a more general (curved) fit to Mohr circles, which can 
be approximated as a straight line. At some time, the two strength criteria were combined and 
named the Mohr-Coulomb straight line shear strength criterion (or shear strength envelope), 
which for strictly saturated conditions is given by: 

 tan
n

c   (1) 

where  is the shear strength, c is the cohesion (intercept at zero normal stress, referred to by 
some  as   the  “apparent”  cohesion),  n is the applied normal stress, and  is the friction angle. 
The Mohr-Coulomb shear strength criterion may be a reasonable representation of the shear 
strength of a soil over a limited range of applied normal stresses. 

For partially saturated conditions, Equation (1) expands to: 

   tanwunc   (2) 

where uw is the pore water matric suction. The unsaturated shear strength may simplistically be 
handled by adding an apparent cohesion term to account for the strengthening effect of matric 
suction. 

It is worth noting that the higher the normal stress applied to a loosely-placed coarse-grained 
specimen, the higher the density it will be compressed to. This would be expected to increase its 
shear strength, although high applied normal stresses may cause particle crushing, which may 
reduce the shear strength. 

The shearing of the box results in a loss in contact area for the specimen, which is allowed 
for by applying an area correction to both the applied normal stress and the measured shear 
stress. Applying an area correction to the stresses felt by purely frictional materials has no im-
pact on the resulting Mohr-Coulomb friction angle, since the failure point simply moves up the 
strength envelope. However, an area correction will increase the cohesion intercept and may 
change the friction angle, where the cohesion is non-zero. 

Equations (1) and (2) are simplifications aimed at facilitating the selection of shear strength 
parameters that can be used in analyses such as geotechnical slope stability analyses. They pre-
sume  that  the  material  being  sheared  “feels”  either  cohesive  or  friction, or some combination; 
and feels either undrained or drained, or partially drained. Equation (1) is strictly for saturated 
conditions. For testing under partially saturated conditions, matric suction will increase the 
shear strength. However, as a specimen is compressed under the applied normal stress and, to a 
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lesser degree on shearing, its degree of saturation will increase and hence its matric suction (and 
shear strength) will decrease. The shear strength of a soil may be quoted simply in terms of the 
shear strength  although this cannot be used to assess geotechnical slope stability, or as a 
(Mohr-Coulomb) combination of c and  for the purposes of conventional geotechnical slope 
stability calculations, or as a series of secant  values with increasing n for comparison with 
the angle of repose, as shown in Figure 6. 
 

 
Figure 6. Alternative interpretations of laboratory direct shear strength test results. 

5 DIRECT SHEAR TEST RESULTS 

5.1 Results of Medium-Sized Direct Shear Testing 
The specimens displayed generally   “contractive”  behaviour, settling on the application of the 
normal stress and on shearing, as expected of initially loose, coarse-grained specimens. The 
medium-sized direct shear test results are presented in Figure 7, grouped under: (a) dry testing 
of waste rock, (b) dry testing of Weathered Shale over compacted Clay, and (c) wet testing of 
Weathered Shale over compacted Clay. The area-corrected shear stresses at failure (or at 10% 
shear strain, whichever occurs first) at the corresponding area-corrected applied normal stress-
es. Also included in Figure 7 are the best-fit Mohr-Coulomb shear strength parameters for each 
group of test results. 

The specimens underwent a settlement of about 15 mm (7.5% of their loose height) under the 
applied normal stress, and a further settlement of about 5 mm (2.5% of the loose height) on 
shearing. Both these settlements are substantially less than the maximum particle size of 
75 mm, and the shear plane is not displaced substantially from the centre of the direct shear box 
during shearing. 

5.2 Results of Large-Sized Direct Shear Testing 
The large-sized specimens again displayed the expected contractive behaviour. The large-sized 
direct shear test results are presented in Figure 8, grouped under: (a) dry test results, and (b) wet 
test results. Also included in Figure 8 are the best-fit Mohr-Coulomb shear strength parameters 
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for each group of test results. Figure 8 shows little spread between the results for the different 
waste rock types, and only a slight flattening of the best-fit lines from dry to wet testing of a 
given waste rock type, indicating a higher friction angle and lower apparent cohesion for the dry 
tests compared with the wet tests. 

The specimens tested dry underwent a total settlement (under the combined effects of the ap-
plied normal stress and shearing) of about 24 mm (5% of their loose height). The specimens 
tested wet underwent a reduced total settlement of about 17 mm (3.5% of their loose height), 
due to the settlement induced by wetting-up prior to the application of the normal stress. These 
settlements are substantially less than the maximum particle size of 120 mm, and the shear 
plane is not displaced substantially from the centre of the direct shear box during shearing. 
 

 
Figure 7. Grouped shear stress at failure versus applied normal stress data from medium-sized direct shear 
strength tests. 
 
5.3 Comparison Between Medium and Large-Sized Direct Shear Test Results 
Figure 9 compares the medium and large-sized shear stress versus applied normal stress data for 
Breccia and Weathered Shale tested dry. There is somewhat more difference between the re-
sults obtained from the different direct shear machines than there is between the different waste 
rock types. The medium-sized direct shear data imply a higher cohesion intercept and lower 
friction angle than the large-sized data. Likely explanations for this are the higher normal stress 
range and correspondingly substantially higher dry densities achieved in the large-sized tests. 
This would result in reduced suction-induced apparent cohesion, since the degree of saturation 
increases with increasing dry density (for a given moisture content). 
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Figure 8. Grouped shear stress at failure versus applied normal stress data from large-sized direct shear 
strength tests. 
 

 
Figure 9. Comparison between medium and large-sized shear stress versus applied normal stress data for 
Breccia and Weathered Shale tested dry. 
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The apparent cohesion values and friction angles for grouped medium and large-sized direct 
shear test data are plotted in Figure 10. The spread of apparent cohesion and friction angle val-
ues obtained makes it difficult to select appropriate shear strength parameters for use in ge-
otechnical slope stability analyses. 
 

 
Figure 10. Mohr-Coulomb apparent cohesion versus friction angle for grouped medium and large-sized di-
rect shear test data. 
 

Figure 11 shows the increasing shear stress at 10% shear strain due mainly to increasing dry 
density with increasing applied normal stress, compensating for an expected decrease in shear 
stress with increasing applied normal stress and resulting in an approximately linear shear 
strength failure envelope. Overall, the trends are similar, although the effect of dry density on 
shear strength is more pronounced in the large-sized direct shear tests. 

An alternative interpretation of the direct shear strength test data is to consider the shear 
strength in terms of secant friction angles at each applied normal stress, for each material tested. 
The grouped secant friction angles are compared in Figure 12, and the data grouped according 
to direct shear box scale, material type and moisture state are compared in Figure 13. Also 
shown in Figure 12 is the range of data from poor to good quality rock fill obtained from 
200 mm diameter triaxial testing by Leps (1970), a typical angle of repose for loose-dumped 
waste rock at MRM of 37o, and an average applied stress of 900 kPa corresponding to about 
50 m depth of waste rock. It can be seen from Figure 12 that the better quality MRM waste rock 
tested dry has secant friction angles within the range expected for rock fill and well above the 
angle of repose. The poorer quality MRM waste rock, and the interface between waste rock and 
compacted Clay, particularly when tested wet, have inferior secant friction angles, as do the 
values obtained in the large-scale, stiff direct shear machine. 

Figure 13 highlights the significantly higher secant friction angles obtained on dry testing in 
the medium-sized direct shear machine compared with those obtained on dry (and wet) testing 
in the large-sized direct shear machine. This is partly due to the higher normal stresses applied 
in the large-sized machine, but is also considered due to this machine being much stiffer. The 
combination of the higher normal stresses applied and the higher stiffness of the large-sized 
machine results in particle crushing and very high compaction of the specimens, with very high 
horizontal stresses locked-in against the rigid walls of the box. The combination of particle 
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crushing and compaction reduces the suction-induced shear strength, and the shear strength 
overall. 
 

 
Figure 11. Comparison between medium and large-sized shear stresses at failure with increasing final dry 
density due mainly to increasing applied normal stress. 
 

 
Figure 12. Comparison between medium and large-sized shear stresses at failure with increasing final dry 
density due mainly to increasing applied normal stress. 
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Care must be exercised when comparing friction angles with the angle of repose of a materi-
al. Waste rock would be expected to have a friction angle of typically 4 to 6o higher than the 
angle of repose of the material on loose-dumping, due to the effects of overburden stress (Wil-
liams 2015). Potential geotechnical instability of a loose-dumped, angle of repose, frictional 
waste rock slope would necessarily be shallow, implying a low applied normal stress and ap-
parent cohesion, and a high friction angle. 

6 RECOMMENDED SHEAR STRENGTH PARAMETERS 

In recommending shear strength parameters for the MRM waste rock types and waste 
rock/compacted clay interfaces, account must be taken of whether the materials are best de-
scribed as frictional, the depth of interest, their expected moisture state in situ, and whether or 
not the waste rock is likely to degrade. 

Waste rock and waste rock/compacted clay interfaces are largely frictional, but with a signif-
icant suction-induced apparent cohesion. Since the waste rock will be relatively free-draining, it 
is never likely to saturate, and suction-induced apparent cohesion can largely be relied upon. 
Being largely frictional, the depth of interest with respect to potential geotechnical slope insta-
bility is shallow (Williams 2015). Based on dry versus wet sieving of the MRM waste rock, and 
slake durability testing, the MRM waste rock does not degrade significantly. 
 

 
Figure 13. Secant friction angle versus shear box depth for grouped medium and large-sized direct shear 
test data. 
 

Since it is likely that scalping will reduce the friction angle of coarse-grained waste rock, the 
laboratory-derived friction angles are likely to be conservative by up to several degrees. It is 
worth noting that angle of repose slopes formed by loose-dumping of waste rock, including at 
MRM, are generally geotechnically stable. They are more susceptible to erosion on over-
topping by rainfall runoff. 

The larger particles tested in the large-sized direct shear machine are more prone to crushing 
on testing, and all particles will undergo more crushing in this machine (and hence loss of shear 
strength) due to the higher stiffness and higher applied normal stresses. 
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The recommended shear strength parameters are: 
 Surficial waste rock: 
o Apparent cohesion = 50  25 kPa. 
o Friction angle = 40  3o. 

 Deep-seated waste rock: 
o Apparent cohesion = 100  50 kPa. 
o Friction angle = 35  3o. 

 Waste rock/compacted clay interfaces: 
o Apparent cohesion = 20  10 kPa. 
o Friction angle = 33  3o. 

It is recommended that these average and ranges of shear strength parameters be applied in 
sensitivity analyses of geotechnical slope stability of the MRM waste rock dump. 

7 CONCLUSIONS 

The paper demonstrates that the determination of appropriate shear strength parameters for 
waste rock and interfaces between waste rock and compacted clay for use in the design of waste 
rock dumps is not straightforward. It is complicated by the very large size of the waste rock par-
ticles, and by the stiffness of the large-scale laboratory testing apparatus required. The conven-
tional direct shear strength testing of waste rock in a water bath does not reflect field condi-
tions, under which the waste rock is unlikely to saturate. The conventional interpretation of 
shear strength data using the straight line Mohr-Coulomb failure criterion does not necessarily 
make it easy to determine shear strength parameters for waste rock for use in geotechnical slope 
stability analyses. Field angles of repose imply waste rock materials with high friction angles, 
higher than is inferred from laboratory direct shear strength testing. Averages and ranges of 
shear strength parameters for waste rock are suggested for surficial and deep-seated waste rock, 
and for waste rock/compacted clay interfaces. These average and ranges should be applied in 
sensitivity analyses of geotechnical slope stability of the MRM waste rock dump. 
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1 INTRODUCTION 

Mining operations produce considerable volumes of waste materials during ore extraction 
processes.  The two predominant waste materials that require short- and long-term management 
are tailings and waste rock (e.g., Bussière 2007; Blight 2009). Tailings typically are fine grained 
and have high water contents (low solids contents), whereas waste rock generally is gravel- to 
cobble-sized material with some sand and fines. Management of mine tailings in impoundment 
facilities can be challenging due to variability in physical and chemical properties of the tailings 
(Bussière 2007). There is increasing interest in reusing mine waste amended with cementitious 
materials (e.g., fly ash or cement) in earth construction projects due to challenges accompanying 
mine waste disposal (e.g., Godbout et al. 2007). 

Binders define as adhesive substances that create solid bonds between adjacent materials. In 
the case of cement and fly ash, solid bonds form via the following chemical reactions with water 
(Tastan et al. 2011): 

2 2( ) CaO H O Ca OH    (1) 
2

2( ) 2[ ]  Ca OH Ca OH   (2) 
2

22[ ]   Ca OH SiO CSH  (3) 
2

2 32[ ]   Ca OH Al O CASH   (4) 

where calcium silicate hydrate gel (CSH) and calcium aluminate silicate hydrate gel (CASH) are 
cementitious solid end-products. The required reagents are calcium oxide (CaO), calcium 

Reuse of Mine Tailings Amended with Fly Ash as Cemented 
Paste Backfill 

M. R. H. Gorakhki & C. A. Bareither
Colorado State University, Fort Collins, Colorado, USA 

ABSTRACT: The focus of this study was to investigate the feasibility of creating a suitable 
cemented paste backfill via amending mine tailings and fly ash.  Natural and synthetic (i.e., 
laboratory prepared) mine tailings were used to assess the effects of tailings particle-size and 
tailings solids content. Two types of off-specification fly ashes were used as cementitious binders. 
Tailings and fly ash mixtures were prepared at 70%, 80%, and 90% solids content and amended 
with 10% or 20% binder.  Unconfined compressive strength tests were conducted on 102-mm-
diameter by 203-mm-tall specimens cured for 7 d.  In general, unconfined compression strength 
increased with an increase in tailings particle size, solids content, and/or increase in CaO-to-SiO2 
ratio of fly ash for amended tailings specimens.  The UCS of synthetic and natural tailings 
amended with fly ash in this study ranged between 0 to 590 kPa and many of the mixtures in this 
study had the UCS larger than 345 kPa which is US EPA requirement for cemented paste backfill 
for surface disposal. 
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hydroxide [Ca(OH)2], silicon dioxide (SiO2), and aluminum oxide (Al2O3). The cementitious 
bonds, CSH and CASH, form at different reaction rates, whereby CSH begins to form in 1-2 h at 
standard temperature and pressure (STP) and CASH begins to form in 1 d at STP (Pacheco-Torgal 
et al. 2015). Thus, high CaO and SiO2 leads to more rapid cementation via CSH formation, 
whereas high CaO and Al2O3 leads to more prolonged cementation via CASH formation.  
Approximately 75% to 80% of total strength gain via CSH and CASH formation occurs with 7 d 
following initial hydration (ASTM C1074, ASTM 2011). 

Amending mine tailings with a cementitious binder has been used as cemented paste backfill 
(CPB) in underground mining to fill cavities (ranging from 15 to 40 m in lateral extent and up to 
100-m tall) and enhance local and global stability. The mechanical, hydraulic, and environmental 
behavior of CPB has been investigated by numerous researchers (e.g., Belem et al. 2000; Fall et 
al. 2005; Klein and Simon 2006; Ouellet et al. 2006; Nasir and Fall 2010). In general, addition of 
a cementitious binder to mine tailings can increase strength, reduce hydraulic conductivity, 
increase pH of effluent, and stabilize heavy metals. 

These past studies demonstrated that fly ash can offset a portion of cement used in CPB. 
However, the effect of tailings characteristics and water content on the UCS of CPB with different 
binders (e.g., fly ash) has received little attention. In particular, fly ash is an attractive binder as 
fly ash is a common coal combustion by-product (CCB) used in geotechnical applications in the 
U.S. due to pozzolanic properties and high availability from coal combustion (ACAA 2015; Park 
et al. 2014).  The use of fly ash as a soil-amendment has been evaluated by numerous researchers 
(e.g., Trzebniatowski et al. 2004; Edil et al. 2006; Tastan et al. 2011; Bose 2012; Senol et al. 
2012), and this collection of work was used as a baseline to assess the applicability of creating 
and using fly ash-amended mine tailings in earthworks. 

The objectives of this study were to (i) assess the effect of mine tailings properties (e.g., particle 
size and water content) and fly ash addition on the UCS of fly ash-amended mine tailings and (ii) 
assess applicability of the mixtures for use in different CPB and earth construction materials 
application. The first objective was completed using three synthetic mine tailings prepared from 
laboratory-controlled materials to more effectively isolate material differences between the 
tailings. The second objective was evaluated via comparison to UCS requirements for different 
earth construction materials.  Additionally, an empirical equation was developed from a multi-
variate regression analysis to predict UCS of fly ash-amended tailings.  This equation was 
validated via UCS tests conducted on natural tailings as well as relevant studies compiled from 
literature.  

2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Mine Tailings 
Two types of mine tailings were used in this study: (i) synthetic tailings and (ii) natural tailings. 

Synthetic tailings were created from laboratory-controlled materials [i.e., angular sand from road 
base material, silica flour (US silica, USA), and kaolin clay (Thiele Kaolin Company, USA)] to 
capture a range in geotechnical characteristics of fly ash-amended mine tailings.  Natural tailings 
were collected from a copper mine in Arizona, USA and a garnet mine in New York, USA.  Two 
fractions of garnet tailings were collected as a hydrocyclone is used at the garnet mine to segregate 
tailings for subsequent reuse in mine site earthworks (e.g., tailings dams).  Geotechnical 
characterization of all tailings included mechanical sieve and hydrometer (ASTM D422, ASTM 
2007), Atterberg limits (ASTM D4318, ASTM 2014a), specific gravity (ASTM D854, ASTM 
2014b), and standard-effort compaction (ASTM D698, ASTM 2014c).  A summary of 
geotechnical characteristics for the synthetic and natural tailings is in Table 1.    

The average, upper-bound, and lower-bound particle-size distributions (PSD) of eight different 
hard rock mine tailings are shown in Figs. 1a and 1b along with the synthetic (Fig. 1a) and natural 
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(Fig. 1b) tailings used in this study. Synthetic tailings were created to approximate the average, 
upper-bound, and lower-bound PSDs in Fig. 1a, and close replication was achieved in all three 
cases.  The PSDs shown in Fig. 1b indicate that the natural tailings ranged between average and 
coarse synthetic tailings (Fig. 1b). 
 
Table 1.  Summary of synthetic and natural tailings physical characteristics and classification. 
 

Material LL 
(%) 

PI 
(%) USCS Sand 

(%) 
Fines 
(%) 

Clay 
(%) Gs 

wopt 
(%) 

γdmax 
(kN/m3) 

Fine Synthetic 37 15 CL 0.0 100.0 40.0 2.63 23 14.9 
Average Synthetic NA NA ML 14.2 85.8 13.0 2.66 17.6 16.5 
Coarse Synthetic NA NA SM 70.3 29.7 5.5 2.69 8.6 19.9 
Copper 25.2 13.7 SC 54.7 45.3 7.0 2.72 13.3 16.7 
Fine Garnet 18.8 0.4 ML 36.7 63.3 6.6 3.07 9.7 18.6 
Coarse Garnet NA NA SP 89.9 10.1 - 2.99 0.0 19.3 
Notes: LL = liquid limit; PI = plasticity index; USCS = Unified Soil Classification System; Sand, 
Fines, and Clay = percent contributions; Gs = specific gravity; γdmax = maximum dry unit weight 
based on standard compaction; and NA = not applicable. 

 

 

 
Fig. 1.  Particle-size distributions for (a) average, coarse, and fine synthetic mine tailings and (b) fine garnet 
(FG), coarse garnet (CG), and copper (Cu) natural tailings.  The upper, lower, and average tailings particle-
size distributions shown in both plots are based on a compilation from literature.  

2.1.2 Cementitious Binder 
Two types of fly ash and one type of cement were used as binders.  Fly Ash A (FA-A) was 

obtained from Stanton Station, which is a 190-MW power plant in North Dakota, USA.  Fly Ash 
B (FA-B) was obtained from Platte River Power Authority power plant, which is a 280-MW 
power plant in Colorado, USA.  Type I,II Portland cement was used as this material was readily 
available to the researchers; this cement had basic properties of Type I and Type II cements. 

The chemical composition of fly ash and cement was measured with x-ray fluorescence (XRF) 
and results are listed in Table 2. The XRF analysis of FA-A was performed with a Philips 1600/10 
Simultaneous Wavelength Dispersive Unit by Mineralogy-INC (Tulsa, Oklahoma, USA), 
whereas FA-B and cement XRF information were obtained from the power plant and cement 
producer, respectively. Fly ash was classified based on ASTM C618 (ASTM 2015a), and both 
FA-A and FA-B classified as off-specification (i.e., off-spec). The off-spec designation only 
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indicates that the fly ashes do not formally classify as Class C or F; the designation does not infer 
cementitious behavior. Lime (CaO), which is the main component required for cementitious bond 
formation (Eqs. 1-4), accounted for 17% of FA-A and 18.9% of FA-B.   

Janz and Johansson (2002) introduced the CaO-to-SiO2 ratio as an indicator for potential 
pozzolanic reaction and formation of CSH and CASH gel. In FA-A, CaO-to-SiO2 ratio (0.86) was 
higher than CaO-to-SiO2 ratio (0.41) in FA-B.  Fly Ash A had a more favorable relative 
composition of the key chemical compounds required for CSH and CASH formation compared 
to FA-B, which suggests that the cementitious behavior of FA-A should be more effective 
compared to FA-B.  

 
Table 2.  Chemical composition of fly ashes and cement based on x-ray fluorescence analysis. 

 

2.2 Unconfined Compression Strength Tests 

Unconfined compression strength tests were conducted on tailings alone and on fly ash-
amended tailings in accordance with ASTM D5102 (ASTM 2009). All UCS specimens were 
prepared in 101.6-mm-diameter by 202.6-mm-tall PVC split molds. Mixtures were compacted or 
poured into the PVC molds depending on material consistency; i.e., lower SC (higher w) 
specimens were slurry-like and were poured into the molds, whereas higher SC (lower w) 
specimens were soil-like and were compacted with standard effort. PVC molds containing slurried 
materials were vibrated to promote air removal and increase specimen density. Following 
specimen preparation within the PVC molds, the entire specimen including the mold was wrapped 
in plastic to prevent evaporation and allowed to cure for 7 d at a temperature of 25 °C and relative 
humidity of approximately 100 % as recommended by Senol et al. (2006). 

Unconfined compressive strength tests were conducted at an axial strain rate of 1 %/min 
(ASTM D5102, ASTM 2009) using a Geotest S5760 load frame with axial load capacity of 20 
kN.  A 25-kN S-type load cell (25 ± 0.005 kN; ELE Int., Bedfordshire, UK) with external signal 
conditioner (CCT 100; Omega Engr. Inc., Stamford, CT, USA) was used to measure axial force 
and a linear position transducer (76.2 ± 0.02 mm; GeoTac, Houston, TX, USA) was used to 
measure axial displacement. Force and displacement transducers were monitored via a National 
Instrument data acquisition board (UCS-6009) controlled with LabVIEW software. 

3 RESULTS 

3.1 Unconfined Compressive Strength 

3.1.1 Unconfined Compressive Strength of Pure Tailings 
The relationship between UCS of pure synthetic tailings specimens (i.e., no binder amendment) 

as a function of SC and water content is shown in Fig. 2. Data in Fig. 2 support a trend of 

Component Chemical 
Formula 

Fly Ash A  
(FA-A) (%) 

Fly Ash B 
(FA-B) (%) Cement (%) 

Sodium oxide Na2O 11.6 1.1 - 
Magnesium oxide MgO 2.4 3.9 1.4 
Aluminum oxide Al2O3 12.2 16.5 4.7 
Silicon dioxide SiO2 19.8 46.1 19.9 
Phosphorous Pentoxide P2O5 0.28 1.1 - 
Sulfur Trioxide SO3 15.8 4.9 3.3 
Potassium oxide K2O 1.2 0.64 - 
Calcium oxide CaO 17.0 18.9 63.2 
Iron(III) oxide Fe2O3 3.6 4.9 3.2 
Note: balance of composition to 100% includes additional constituents not listed in Components. 
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increasing UCS with increasing SC or decreasing water content. A decrease in water content 
(increase in SC) can increase soil suction and correspondingly increase effective stress as long as 
water menisci remain connected between adjacent particles. The largest UCS of the non-amended 
synthetic tailings was measured for SC = 90% for all three synthetic tailings (Fig. 2). Although 
moisture retention properties of the synthetic tailings were not measured, UCS data suggest that 
the progressive increase in SC from 70% to 90% for the fine synthetic tailings corresponded to an 
increase in soil suction and effective stress that increased UCS (Fig. 2).  Similarly, the increase in 
SC from 80% to 90% for the average and coarse synthetic tailings resulted in the development of 
effective stress such that the UCS was measurable (Fig. 2). 
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Fig. 2.  Relationship between unconfined compressive strength (UCS) and solids content or water content 
for non-amended synthetic tailings specimens.  Note: UCS = 0 kPa corresponds to slurry materials that were 
not self-supporting and had no capacity to carry an axial load. 

3.1.2 Unconfined Compressive Strength of Fly ash-Amended Synthetic Tailings 
The UCS of fly ash-amended synthetic tailings is shown in Fig. 3 as a function of SC and type 

of tailings. The UCS of non-amended tailings is included in Fig. 3 for comparison. The UCS of 
fly ash-amended synthetic tailings can be explained via three mechanisms: (i) the availability of 
water to react with fly ash and generate cementitious bonds; (ii) replacement of angular tailings 
particles with rounded fly ash particles; and (iii) chemical composition of the binder and overall 
potential to generate cementitious bonds. The first mechanism primarily is related to the impact 
of tailings particle size on the availability of free water to react with fly ash and form cementitious 
bonds that can lead to enhanced UCS. This mechanism is discussed via relationships to optimum 
water content (wopt) of the pure synthetic tailings and W/B ratios. The second mechanism of 
material replacement relates to the addition of rounded fly ash particles that can reduce 
interlocking between angular tailings particles. This mechanism was observed to decrease UCS. 
The third mechanism is related to the difference in chemical composition of the binders, whereby 
the enhancement of UCS relative to a no-binder condition corresponded to cementitious potential 
of a binder, which is related to chemical composition. 

Water Availability. Specimens were prepared to target SCs and then fly ash was added to more 
appropriately simulate anticipated field operations. As a result, water initially adsorbed to tailings 
particles may result in limited water available to participate in cementitious reactions. Jensen and 
Hansen (2001) report that water present in soil-cement mixtures can be classified into three 
groups: (i) capillary water, which is free water within the pore space; (ii) gel water, which is 
physically-bonded water; and (iii) chemically-bonded water, which is water incorporated in 
cementitious bonds. Physically and chemically bonded water are a function of chemical 
composition of the binder (Eqs. 1-4). Free water is mobile water retained within the void space of 
the specimen. Thus, the ideal water content of a binder-amended specimen is the summation off 
chemically and physically bonded where no free water exists. However, the optimum W/B is not 
only a function of chemical composition of the binder, but also a function of water available to 
react with the binder. 
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Fig. 3.  Unconfined compressive strength (UCS) of fine, average, and coarse synthetic tailings with no fly 
ash (No FA) and amended with 10% Fly Ash A (FA-A10), 10% Fly Ash B (FA-B10), a mixture of 10% 
Fly Ash A and 10% FA-B (FA-A10+B10) and 20% Fly Ash B (FA-B20). Unconfined compressive 
strengths are shown for tailings prepared to solids contents (SC) of (a) 90%, (b) 80%, and (c) 70%. 

 
   Bin-Shafique et al. (2004) investigated the effect of molding water content on UCS of fly ash-
amended soils and reported the highest UCSs were obtained for specimens compacted at wopt with 
no delay in hydration and 1% wet of wopt for specimens compacted 2-h after hydration.  Synthetic 
tailings specimens prepared at SCs = 90% coincided with water contents that were 12% dry of 
wopt for fine synthetic tailings, 6.5% dry of wopt for average synthetic tailings, and 2.5 % wet of 
wopt for coarse synthetic tailings. These comparisons are based on an assumption that the wopt of 
fly ash-amended low-plasticity material does not differ considerably from wopt of non-amended 
low plasticity soil. Accounting for this assumption, available water to react with fly ash in the 
90% SC specimens was low in fine synthetic tailings, whereas more water was available in the 
average and coarse synthetic tailings. The formation of cementitious bonds and increase in UCS 
was evident in coarse and average synthetic tailings at SC = 90% that were amended with FA-A 
(Fig. 3a).  However, addition of FA-B did not yield consistent enhanced UCS, which was 
attributed to chemical characteristics of the fly ash (described subsequently). 

The increase in water content for average and coarse synthetic tailings prepared at a SC = 80% 
and 70% relative to SC = 90% resulted in no measureable UCS for non-amended specimens (Fig. 
2, and Figs. 3b and 3c).  However, the addition of FA-A to average and coarse synthetic tailings 
generated cementitious bonds and resulted in measureable UCS for these two low SCs. The UCS 
of average and coarse synthetic tailings amended with FA-B was measureable for a SC = 80%, 
which indicates that FA-B had some cementitious potential to enhance UCS relative to a non-
amended condition (Fig. 3b). The increase in water content to a SC = 70% resulted in complete 
strength loss in both the average and coarse synthetic tailings amended with FA-B. However, 
formation of cementitious bonds in the fine synthetic tailings at SC = 70% is supported by the 
measurable UCS of all fly ash-amended specimens relative to zero UCS for non-amended fine 
synthetic tailings (Fig. 3c).  

The relationship between UCS of fly ash-amended synthetic tailings as a function of W/B is 
shown in Fig. 4. Data plotted in Fig. 4 include all UCS experiments conducted on fly ash-amended 
synthetic tailings and support a trend of decreasing UCS with increasing W/B. Data in Fig. 4 are 
segregated into two groups: (i) synthetic tailings specimens that were amended either completely 
or partially with FA-A and (ii) synthetic tailings specimens that were amended completely with 
FA-B. Logarithmic regression lines included for each group in Fig. 4 are statistically significant 
and indicate similar trends of decreasing UCS with increasing W/B. The enhanced UCS for 
specimens amended with FA-A relative to FA-B was consistent among the materials evaluated in 
this study and is attributed to the difference in chemical composition of the two fly ashes 
(discussed subsequently).   
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Fig. 4.  Relationship between unconfined compressive strength and water-to-binder ratio (W/B) for fly ash-
amended synthetic tailings specimens. Nomenclature notes: SA = average synthetic tailings; SF = fine 
synthetic tailings; SC = coarse synthetic tailings; FA-A = Fly Ash A; FA-B = Fly Ash B; 10 and 20 are 
percent fly ash amendments by dry mass. 

 
A decrease in W/B for tests conducted in this study corresponded to either an increase in SC 

and corresponding decrease in w, or an increase in fly ash. The decrease in w was shown to 
increase UCS of non-amended synthetic tailings (Fig. 2) and similarly increased the UCS on fly 
ash-amended specimens (e.g., increase in UCS for a given synthetic tailings and percent fly ash 
amendment in Fig. 3). The increase in fly ash from 10% to 20% for a given synthetic tailings and 
SC generally corresponded to an increase in UCS (Fig. 3). However, this trend likely would have 
been strengthened with experiments that included 20% FA-A, which was not possible in this study 
due to limitations on the mass of available material.  Regardless, data collected in this study 
support the general trend of increasing UCS with increasing percent fly ash amendment that has 
been demonstrated by others (e.g., Bin-Shafique et al. 2004; Tastan et al. 2011).  

Material Replacement. The UCS of all fine synthetic tailings specimens prepared at SC = 90% 
and amended with FA-A and FA-B were approximately the same (Fig. 3a).  This similarity in 
UCS was attributed to the low amount of available water considering the as-prepared water 
content coincided with 12% dry of wopt, which limited water available to generate cementitious 
bonds. The modest reduction in UCS for the fly ash-amended specimens was attributed to reduced 
particle interlocking as rounded fly ash particles replaced a fraction of the angular tailings 
particles. Similar, but more pronounced effects of this mechanism of strength reduction via 
material replacement was observed for fine synthetic tailings prepared at SC = 80% (Fig. 3b). The 
UCS of all fly ash-amended fine synthetic tailings at SC = 80% were less than the UCS of the 
non-amended specimen. Considering that the fine synthetic specimens at SC = 80% were prepared 
2% dry of wopt and sufficient water was likely not available for the pozzolanic reactions, the 
reduced UCS of the fly ash-amended specimens was attributed to the replacement of tailings 
particles with rounded fly ash particles. 

This same mechanism of strength loss due to material replacement supports the modest 
reduction in UCS for average synthetic tailings amended at SC = 90% amended with FA-B (Fig. 
3a). The non-amended average synthetic tailings specimen was prepared at 6.5% dry of wopt, 
which suggests there may be a limitation on available water to generate cementitious bonds.  The 
increase in UCS for average tailings amended with FA-A indicates that some water was available 
for the pozzolanic reactions to generate cementation. However, considering the weakly cementing 
behavior of FA-B, the inclusion of rounded fly ash particles to average synthetic tailings at SC = 
90% had more potential to decrease UCS via material replacement versus enhancing strength via 
cementation. These competing mechanisms are supported by the decrease in UCS as the percent 
contribution of FA-B was increased from 10% to 20%, which led to a more pronounced reduction 
in UCS via increased material replacement. 
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Fly Ash Chemical Composition. Comparisons between the UCS of fine, average, and coarse 
synthetic tailings amended with 10% FA-B and 10% FA-A are shown in Fig. 5a. Comparisons 
between the UCS of fine, average, and coarse synthetic tailings amended with 20% FA-B and 
10% FA-A plus 10% FA-B (i.e., 20% total fly ash amendment) are shown in Fig. 5b. Data points 
in Fig. 5 are differentiated based on tailings type (fine, average, and coarse) as well as SC (70, 80, 
and 90%). All data in Fig. 5a plot below the 1:1 line.  Similarly, all data in Fig. 5b plot below the 
1:1 line with the exception of fine synthetic tailings at SC = 90%. These comparisons indicate that 
the UCS of synthetic tailings amended with FA-A was greater than the UCS of synthetic tailings 
amended with FA-B. The one exception was discussed previously in regards to the lack of 
available water in fine synthetic tailings prepared to a SC = 90%, which actually resulted in a 
reduced UCS relative to the non-amended material (Fig. 5a). The two fly ashes used in this study 
had comparable CaO contents (FA-A = 17 % and FA-B = 18.9 %).  However, the CaO/SiO2 ratio 
was 0.86 for FA-A and 0.41 for FA-B. 

The UCS of synthetic tailings specimens prepared at a SC = 80% and 10% Portland cement 
amendment are listed in Table 3.  The UCS of cement-amended synthetic tailings specimens 
ranged between 1812 kPa and 2187 kPa. This increase in UCS relative to non-amended specimens 
was considerably larger compared to specimens amended with fly ash. This enhanced UCS was 
anticipated based on the CaO/SiO2 ratio of the cement, and these UCSs agree with UCS of cement-
amended mine tailings reported in previous studies (e.g., Swami et al. 2007). 
 

 
Fig. 5.  Comparison of unconfined compressive strength (UCS) of fine, average, and coarse synthetic 
tailings amended with Fly Ash B (FA-B) versus UCS of fine, average, and coarse synthetic tailings amended 
with Fly Ash A (FA-A): (a) 10 % FA-B versus 10 % FA-A and (b) 20 % FA-B versus 10 % FA-A plus 10 
% FA-B. 

3.2 Multiple Regression Analysis 

3.2.1 Model Development 
A multivariate regression analysis was used to develop an empirical relationship to predict UCS 

based on relevant physical characteristics of tailings and fly ash. Regression analysis was 
preferred relative to other prediction methods due to the simplicity with which a regression 
equation can be applied, the ability to ensure statistical significance of each independent variable, 
and the clarity with which physical significance between dependent and independent variables 
can be evaluated. Forward, backward, and stepwise regressions were performed. All regression 
analyses were conducted in SAS® University Edition (SAS Institute Inc., Cary, NC, USA) and a 
significance level of 0.05 was used to evaluate statistical significance of each independent 
variable.  
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Regression analyses were performed with UCS as the dependent variable and the following 
independent variables: D10 (particle diameter at 10 % passing on a PSD); D50 (particle diameter at 
50 % passing on a PSD); Cu (coefficient of uniformity); Cc (coefficient of curvature); fc (fines 
content; percent of particles < 0.075 mm); c (clay content; percent of particles < 0.002 mm); w 
(water content of tailings); w-wopt (difference between water content and optimum water content 
of tailings); UCS0 (UCS of tailings without fly ash amendment); fa (fly ash content by dry mass); 
W/B (water to binder ratio); and CaO/SiO2 (ratio of calcium oxide over silicon oxide of the fly 
ash). The chemical composition of fly ash was included as an independent variable via the 
CaO/SiO2 ratio as this parameter is more descriptive in the propensity to induce cementitious 
bonds relative to other parameters (e.g., CaO) (Tastan et al. 2011).   

The empirical relationship in Eq. 5 was obtained via the regression analysis. 
 

       2270.7 697.7 288.7 34.1   UCS w CaO SiO W B           (5) 
 

This model was obtained via both the backward and stepwise model selection procedures.  All 
three independent variables (w, CaO/SiO2, and W/B) can be readily measured via standardized 
laboratory procedures and have physical significance. The negative coefficients on w and W/B 
indicate that an increase in either of these parameters will decrease UCS. The positive coefficient 
on CaO/SiO2 indicates that an increase in this ratio will increase UCS of fly ash-amended 
materials. This relationship was documented via comparison of FA-A and FB-B. 

3.2.2 Validation of the Prediction Model 
Comparisons of predicted UCS versus measured UCS for natural tailings evaluated in this study 

and data compiled from literature are in Fig. 6. All UCS predictions were made via Eq. 5.  Data 
included in Fig. 6a are for low plasticity soils and tailings that have liquid limits (LL) < 50, 
whereas data included in Fig. 6b are for high plasticity soils with LL > 50. Additionally, data 
compiled from literature only were included that had UCS < 400 kPa to coincide with the UCS 
range based on the synthetic tailings experiments used to generate the regression equation. 

The regression model in Eq. 5 predicted UCS within 100 kPa for nearly all low plasticity 
specimens compiled from literature and this  study  (≈  90%  of  measured  UCS  are  within  ±  100  kPa  
of predicted UCS in Fig. 6a). The average bias for UCS predicted with Eq. 5 for data compiled in 
Fig. 6a was - 6.3 kPa (bias computed as predicted minus measured UCS). 

In general, the UCS of high plasticity materials was under-estimated by nearly 100 kPa with 
the regression model (i.e., average bias = - 92.3 kPa in Fig. 6b). This underestimation primarily 
was attributed to higher as-prepared w for high plasticity soils that led to a reduction in UCS due 
to the large negative coefficient on w in Eq. 5. The regression model in Eq. 5 was created based 
on low plasticity materials with wopt ranging from approximately 9% to 23% (synthetic tailings). 
The wopt of materials in Fig. 6a (low plasticity soils) ranged between 0% and 28%, whereas wopt 
of materials in Fig. 6b (high plasticity soils) ranged between 21% and 48%; as a result, low 
plasticity soils are wet of optimum or slurry in the wopt range of high plasticity soils. This water 
content constraint with the model underestimated UCS of high plasticity soils.  

The under-prediction of high plasticity soils compiled from literature via Eq. 5 (Fig. 6b) 
suggests that two models may be needed to predict UCS of fly ash-amended specimens; i.e., one 
model for low plasticity materials and another model for high plasticity materials. Further 
investigation is needed to develop a model to predict the UCS of fly ash-amended high plasticity 
tailings and/or evaluate the feasibility of developing a single, holistic UCS prediction model for 
the broad range of plasticity encountered in soils, mine tailings, and other geomaterials. 

3.4 Practical Implications 

The focus of this study was to evaluate the UCS of hard rock mine tailings amended with fly 
ash. Hard rock mine tailings generally classify as low plasticity with LL ranging between 15 and 
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35 % (e.g., Aubertin et al. 1996; Wickland and Wilson 2005).  The empirical model developed 
using synthetic mine tailings (Eq. 5) encompassed the range of plasticity and particle size 
anticipated in most hard rock mining operations and was shown applicable to predicting the UCS 
of natural mine tailings and low plasticity soils compiled from literature (Fig. 7a). Thus, the model 
is applicable for predicting the UCS of fly ash-amended hard rock mine tailings and low plasticity 
soils, but engineering judgement should be used when extrapolating the model beyond the 
parameter ranges used for development. 
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Fig. 6. Comparison between unconfined compressive strength (UCS) predicted using the regression model 
developed in this study based on the synthetic tailings experiments (Eq. 5) and UCS measured on natural 
tailings in this study as well as compiled from literature: (a) low plasticity soil; (b) high plasticity soil. 

 
Earthen materials amended with binders generally are required to meet specific mechanical, 

hydraulic, and in some cases environmental criteria for each application, and these requirements 
often differ from one application to the other. The UCS of synthetic and natural tailings amended 
with fly ash ranged between 0 to 590 kPa and the UCS of tailings amended with cement ranged 
between 1050 to 2190 kPa. The UCS of tailings amended with fly ash did not meet UCS 
requirements for base or sub-base of roadways (ARA 2004). However, the UCS of tailings 
amended with Portland cement in SC = 80 % was sufficient for road sub-base construction (UCS 
> 1700 kPa). Tailings prepared at a SC = 90% and amended with FA-A, as well as specimens 
prepared with Portland cement at all SCs met the UCS requirements for use in flowable fill and 
cemented paste backfill (US EPA 1998). Thus, there are a variety of earthwork applications in 
which fly ash amended mine tailings are suitable, and further modification of the SC, fly ash 
content, and/or other relevant parameters may render them suitable for additional applications. 

4 CONCLUSION 

Unconfined compressive strength (UCS) tests were conducted on synthetic and natural mine 
tailings amended with fly ash and cement to assess the effects of tailings solids content, tailings 
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particle-size distribution, and binder type on UCS of binder-amended mine tailings. The following 
observations and conclusions were drawn from this study. 
 The effect of fly ash addition on UCS was attributed to three mechanisms: (i) availability of 

water to generate cementitious bonds; (ii) replacement of angular tailings particles with 
rounded fly ash particles; and (iii) cementitious bond potential of fly ash.  

 The UCS of non-amended tailings and fly ash-amended tailings decreased with a decrease in 
solids content (i.e., increase in water content). The UCS of fly ash-amended synthetic tailings 
specimens decreased with an increase in the water-to-binder ratio.   

 A reduction in UCS was observed for fine and average synthetic tailings amended with fly 
ash that were prepared dry of optimum water content. In these specimens, fly ash exhibited 
negligible cementitious potential due to low water availability or low reactivity. The reduction 
in UCS was attributed to reduced particle-to-particle interlocking due to the replacement of 
angular tailings particles with spherical fly ash particles. 

 A more pronounced increase in UCS was observed for tailings amended with higher 
CaO/SiO2 fly ash. The more reactive fly ash in this study, FA-A, had lower total mass 
contribution of cementitious reagents relative to FA-B; however, FA-A had a more favorable 
balance of chemical constituents (e.g., higher CaO/SiO2) that led to the more pronounced 
cementitious potential and UCS enhancement. 

 A multivariate regression model was developed to predict UCS of tailings amended with fly 
ash as a function of tailings water content, water-to-binder ratio, and CaO/SiO2 ratio of fly 
ash. The model yielded an R2 = 0.43 when used to predict UCS of low plasticity (LL < 50%) 
natural tailings and fly ash-amended soil data compiled from literature. The multivariate 
regression under-estimated the UCS of high plasticity soil by 100 kPa. 
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1 INTRODUCTION 
Cemented paste backfill (CPB) technology has been successfully and effectively used not only 
to reduce the amount of tailings that need to be managed at the ground surface and the associat-
ed costs, but also provide ground support, while maximizing the efficiency and productivity of 
mine operations (Celestin & Fall, 2009; Wu et al. 2013). CPB is subjected to various coupled 
THMC loads or processes when placed into open mine stopes. Examples of these THMC inter-
actions, as comprehensively explained in Ghirian & Fall (2015), are: mechanical (M; e.g., over-
burden stress, filling rate and strategy), hydraulic (H; e.g., suction, pore water pressure (PWP), 
drainage), chemical (C; e.g., chemistry of the tailings, binder and mixing water), and thermal 
(T; e.g., heat generated by binder hydration, initial CPB temperature, deep mine temperature). 
These THMC interactions of CPB are not fully understood yet and our current knowledge is 
still limited. The major obstacles to a better understanding are due to the complexity, difficul-
ties and high costs associated with field instrumentation and in-situ testing of THMC interac-
tions.  
 CPB placed into an open stope must have sufficient mechanical strength in order to remain 
stable or self-supporting during the extraction of the adjacent stopes (Fall & Benzaazoua, 2005; 
Fall et al., 2007). Unconfined compressive strength (UCS) testing, which is widely used to as-
sess the mechanical strength and deformation behaviour of backfill, is usually performed on la-
boratory specimens of CPB cured in conventional plastic moulds under atmospheric conditions. 
This type of assessment is not properly representative of the field mechanical response of CPB, 
mainly due to the fact that conventional curing techniques do not take into consideration the ef-
fects of the aforementioned THMC coupled processes/loadings, particularly the effects of cur-
ing stress due to self-weight pressure, to which the CPB is subjected in the field. This often 
leads to a conservative design, which means more cement consumption, over-designed barri-
cade structures and longer mining cycles. Furthermore, the hydraulic properties and characteris-

Influence of Curing Stress on Long-term Hydro-Mechanical 
Response of Cemented Paste Backfill  

A. Ghirian & M. Fall 
University of Ottawa, Ottawa, ON, Canada 

ABSTRACT: The hydro-mechanical performance of Cemented paste backfill (CPB) is common-
ly assessed based on small CPB samples cured in the laboratory, without considering the field 
curing conditions, such as curing stress, temperature and drainage. In this study, a pressure cell 
apparatus is developed to study the CPB behaviour cured under stress. CPB samples are cured 
for 7, 28, 90 and 150 days and the evolution of mechanical and hydraulic properties are studied. 
Also, evolution of suction, electrical conductivity and pore water pressure are monitored up to 
150 days. Results show that curing stress affects long-term hydro-mechanical properties and 
performance of CPB samples by improving compressive strength and cohesion up to 40% and 
reducing the fluid permeability up to 204% during the first 28 days of curing. However, the ap-
plication of sustained excessive stress and excess pore pressure in the undrained CPB samples 
compromise the hydro-mechanical performance at the more advanced ages.  
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tics of CPB can affect the environmental performance and long-term durability of backfill (Fall 
et al., 2009). For example, backfills that contain sulphide-rich mine tailings can be susceptible 
to acid mine drainage (AMD) through the reactivity of the sulphide minerals. However, the ge-
oenvironmental performance can be evaluated if the long-term fluid transportability is assessed 
while CPB is cured under applied THMC processes/loadings that are found in the field.  
 One of the most efficient, accurate and cost effective methods to investigate the in-situ 
properties of backfill under THMC loads is to use simulation through laboratory testing tech-
niques. Moreover, laboratory studies can identify the major THMC processes and efficiently di-
rect field investigations to obtain more reliable and site representative results. Such findings are 
essential to reliably determining the field performance and response of CPB to different THMC 
loadings as well as the optimal design of CPB structures. However, to date, no THMC curing 
and testing system for CPB is available. To overcome this deficiency, novel methods and labor-
atory tools have been developed by the authors of this paper to investigate the response of CPB 
to THMC loads. This has been conducted as part of a comprehensive research program in which 
suitable experimental testing and modelling tools are carried out and developed respectively, to 
better understand and predict the response of CPB to the aforementioned coupled processes, 
and thus determine the field properties of CPB. The focus of this article is to therefore describe 
the developed experimental THMC testing system and present some of the results in terms of 
the long-term hydraulic and mechanical behaviour and performance of CPB samples cured un-
der stress. 

2 MATERIALS, METHODS AND DEVELOPED EXPERIMENTAL SETUP 

2.1 Materials 
The materials used in this experimental program include tailings (commercially available artifi-
cial silica tailings), Portland cement and water. The use of silica tailings allowed us to accurate-
ly control the mineralogical and chemical compositions of the tailings. Natural tailings usually 
contains high amount of chemicals, such as sulphide, which can affect the binder hydration re-
actions as well as other THMC properties of CPB. This may influence the interpretation of the 
results. The used tailings material is made from ground silica which contains 99.8% silicon di-
oxide (Si02). It contains approximately 14%, 74% and 12% sand, silt and clay size particles, re-
spectively. Silica tailings can be classified as non-plastic silt (ML), based on the Unified Soil 
Classification System (USCS). This is typical of tailings produced by hard rock Canadian 
mines. Ordinary Portland cement type I (PCI) was used as the binder, and tap water was used to 
mix the tailings and the binder. 

2.2 Methods 
The CPB mix proportion was 4.5% wt binder with a water to cement ratio (w/c) equal to 7.6 
and a slump or consistency close to 18 cm. All of the CPB samples were mixed and homoge-
nized in a food mixer for about 7 minutes. After mixing, the fresh CPB was poured into pres-
sure cells. Details of the developed THMC pressure cells will be provided in the next section. 
Three sets of CPB samples were prepared for testing. The samples were cured at different cur-
ing times, stresses and conditions as follows: (1) stress-free in undrained conditions (or the con-
trol condition, C-U), (2) under stress in undrained conditions (CUS-U), and (3) under stress in 
drained conditions (CUS-D). All of the cured samples were then extracted from the curing cell 
and then subjected to testing. 

2.3 Developed testing system for curing under pressure 
A schematic diagram of the developed system for curing and testing THMC interactions under 
pressure is presented in Figure 1. The type of sensors used as well as the curing conditions can 
be decided based on the types of interactions or characteristics of the backfill that are being in-
vestigated. In general, the system can be used to: (i) cure any type of CPB mixture made of dif-
ferent material characteristics (e.g. composition, temperature, chemistry); (ii) monitor the evolu-
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tion of the thermal (e.g. heat generation), hydraulic (e.g. PWP, suction, water content) and me-
chanical (e.g. deformation) behaviour, as well as the chemical characteristics of the CPB (e.g. 
electrical conductivity); and (iii) cure CPB samples under various THMC conditions and curing 
times which will be tested with regard to the hydraulic (e.g. saturated hydraulic conductivity), 
mechanical (e.g. uniaxial compressive strength, shear strength), chemical (e.g. pore fluid chem-
istry), thermal (e.g. thermal conductivity), and microstructural properties (Ghirian & Fall, 
2015). 
 The developed curing cell consists of a Perspex (acrylic plastic) cylinder as the main 
framework to hold the samples at a vertical pressure under one-dimensional deformation (Fig-
ure 1). The top and bottom of the cylinder were secured with two plates and three tie rods to 
support the mould and prevent leakage and internal pressure. An axial piston was mounted onto 
the upper part of the cylinder to apply the required pressure up to 600 kPa, which is equal to a 
backfill height of approximately 35 m in a mine stope. Compressed air pressure was used as the 
driving force of the piston. The pressure increment was controlled by using a regulator and 
pressure gauge system. The developed system can be used to simulate the filling rate and se-
quence of a backfilling procedure in a mine stope.  
 Two types of cells were engineered and manufactured, including cells for instrumentation 
and monitoring, and cells for curing CPB samples at different curing times and THMC loading 
conditions. The instrumentation/monitoring cells were equipped with various sensors, including 
a vibrating wire piezometer equipped with a temperature sensor, a suction meter, and multi-
function sensors that measure the electrical conductivity (EC) and volumetric water content 
(VWC). A linear variable differential transformer (LVDT) was attached to the piston rod at the 
top of the cell to record any deformations as a result of applied pressure and/or binder hydra-
tion. The locations of all the sensors are schematically illustrated in Figure 1. The THMC evo-
lution of the CPB can be continuously monitored in terms of temperature increases due to the 
heat of hydration, pore water pressure (PWP) response, development of suction, evolution of 
the electrical conductivity (to understand the chemical/cement reactions within the CPB), water 
content changes due to water consumption during binder hydration and deformation for the en-
tire curing time of the CPB. All of the sensors were connected to a data acquisition system to 
record the data with time. Furthermore, various thermal boundary conditions were simulated by 
connecting the pressure cell to a controlled-heating system to cure the CPB under thermal con-
ditions close to those expected in the field. Moreover, various controlled drainage (fully drained 
to undrained) conditions can be applied onto the CPB during curing (Figure 1). 

2.4 Instrumentation, testing program and filling rate strategy adopted  
Two different curing stresses are used in this study: stress-free condition on the control samples 
and stress-controlled condition by using the developed setup. Curing stress was gradually ap-
plied at a rate of 0.31 m/h onto the samples to simulate a continuous filling rate, as listed in Ta-
ble 1. The final pressure (which represents the total pressure at the bottom of a simulated mine 
stope) was maintained until cured to the required age (7 to 150 days). All of the CPB samples 
cured for 7, 28, 90 and 150 days were subjected to testing of their geotechnical hydro-
mechanical properties. The mechanical properties of the CPB samples were examined by per-
forming UCS and direct shear tests in accordance with ASTM C39 and ASTM D3080, respec-
tively. Direct shear tests were conducted at a controlled strain rate of 1.0 mm/min. Saturated 
hydraulic conductivity tests were performed in accordance with ASTM D5048 to measure the 
fluid transportability of the studied backfill. In addition, the long-term behaviour of the CPB 
samples cured under stress and without stress was monitored for a minimum period of 150 days. 
The sensors employed in this study are a vibrating wire piezometer equipped with a temperature 
sensor, a suction meter and multi-function sensors to measure the EC and VWC, which are used 
to measure the evolution of PWP, matric suction and EC in the CPB samples, respectively. Al-
so, a pressure transducer monitored the internal cell pressure during the experiments.  
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Table 1. Pressure application scheme to simulate average filling rate of 0.31 m/h. 

Curing time Applied vertical pressure 
(kPa) 

Equivalent height 
(m) 

Equivalent filling 
rate (m/hr) 

start 
3 h 

20 1.1 0.33 
35 2.0 0.28 

6 h 55 3.2 0.33 
9 h 75 4.3 0.33 
12 h 150 8.7 0.31 
1 d 300 17.4 0.31 
2 d 450 26.2 0.31 
3 to 150 d 600 34.9 0.31 
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Figure 1. Schematic diagram of developed THMC system for CPB curing and testing. 
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3 EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Evolution of mechanical properties 

3.1.1 Unconfined compressive strength   
The results of the UCS tests and modulus of elasticity for the studied CPB samples are present-
ed in Figure 2, which shows that the UCS values increase as the curing time is increased regard-
less of the curing stress and drainage conditions. This behaviour is mainly attributed to the in-
crease in the densification and hardening of the CPB due to the formation of a larger amount of 
cement hydration products, such as calcium silicate hydrate (C-S-H), calcium hydroxide (CH) 
and ettringite as the curing time is increased (Fall et al., 2010). Furthermore, the precipitation of 
hydration products in the CPB pores causes pore refinement, as well porosity reduction, which 
in turn increases the mechanical strength (Fall et al., 2008). The development of suction due to 
self-desiccation (caused by cement hydration reactions) can also contribute to the development 
of the strength of CPB, especially at the early ages (Ghirian & Fall, 2013). This suction increase 
induced by self-desiccation can be observed from the results of the suction monitoring as illus-
trated in Figure 4 (will be discussed later).  
 Figure 2 also demonstrates that CPB cured under stress in undrained conditions (CUS-U) 
has higher UCS values compared to the control sample (C-U) up to 28 days. For example, cur-
ing stress increases the UCS values up to approximately 18.2% and 28.3% at 7 and 28 days, re-
spectively. This can be explained by the effect of the pressure application on the pore structure. 
In CPB samples cured in undrained conditions, the application of stress during the initial curing 
time can result in improvement in the packing density of the backfill due to re-arrangement of 
the tailings particles. This mechanism, in turn, leads to a denser pore structure (or a reduction in 
porosity) of the CPB at the early ages (Ghirian & Fall, 2015). This decrease in porosity im-
proves the long-term strength of CPB (Fall et al., 2004). However, for the undrained CPB sam-
ples (CUS-U) at 90 and 150 days, the UCS values of the samples cured under stress are lower 
than those of the samples cured without stress. This behaviour can be attributed to the fact that 
CPB cured under excessive stress might have been mechanically damaged by the applied stress 
(excessive stress/strength ratio), which resulted in the formation of micro-cracks within the 
CPB. Another plausible contributing factor could be the effects of high pore pressure on the 
mechanical strength of the CPB samples cured in undrained conditions. The CUS-U sample ex-
periences higher excess PWP during longer curing times. This can result in lower effective 
stress as well as fewer points of contact between the tailings particles and hydration products, 
due to the high internal liquid pressure in the CPB pores induced by long-term sustained stress. 
The combination of both mechanisms (high PWP and mechanical damage) can result in lower 
development of strength in the CUS-U samples compared to the control samples at more ad-
vanced ages. 
 It can be observed in Figure 2 that the samples cured under stress in drained conditions ex-
hibit significantly higher UCS values compared to the control samples (C-U (CUS=0)). Differ-
ent factors contribute to the strength development of the drained CPB samples. First, the 
drained samples are cured under higher effective stress, which in turn, is associated with higher 
mechanical strength. The dissipation of excess PWP as a result of the compression (called con-
solidation) causes higher effective stress development in the samples, which then leads to the 
formation of stronger bonding between the tailings and cement hydrates (Yilmaz et al., 2009; 
Ghirian & Fall, 2014). The second factor for strength development is the effect of the w/c on 
the mechanical strength of the CPB samples. The drainage of excess water results in a lower 
w/c, which is associated with a higher UCS (Fall et al., 2008). Therefore, CPB cured with a 
lower w/c has greater strength. Finally, the application of pressure and the drainage conditions 
consolidate the pore structure of the CPB, which in turn, results in pore refinement and porosity 
reduction, thus resulting in a higher UCS of the backfill. 
 Figure 2 also shows the evolution of the modulus of elasticity (E) obtained from the stress-
strain curve of the uniaxial compressive test results. It can be observed that as the curing time 
increases or the cement hydration progresses, the E value increases for both the CUS-U and C-
U samples. Also, it can be observed that the effect of the curing stress is noticeable for the 
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CUS-ST sample after 7 and 28 days of curing, since it causes an increase in the  values. This 
is attributed to the effects of cohesion on the modulus of elasticity since curing stress improves 
cohesion due to the rearrangement of the tailings particles and improved cohesive bonding in 
the CPB sample as explained above. However, at more advanced ages, the modulus of elasticity 
of the CUS-U samples shows lower values compared to the control samples. Since the mechan-
ical strength is related to the elasticity modulus of CPB, any reductions in the UCS values will 
affect the E values as well (Fall et al., 2007). 
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Figure 2. Effect of curing under stress on long-term evolution of UCS and modulus of elasticity. 

 

3.2 Shear strength properties   
The direct shear test results including those for the failure envelope, internal friction angle (φ), 
and cohesion (c) are presented in Figure 3. This figure shows that the cohesion values of all the 
studied samples increase with curing time. In addition, curing stress has significant effects on 
both the evolution of the cohesion and changes in the friction angle. The cohesion values of the 
CUS-U samples (Figure 3b) show about a 39.3% and 22.1% increase compared to the C-U 
samples at 7 and 28 days, respectively. This behaviour, as explained earlier, is attributed to the 
fact that curing stress induces the refinement of the pore structure, thus resulting in stronger 
bonding between the tailings particles and hydration products. However, it can be observed that 
the cohesion of the CUS-U samples shows lower values at 91 and 160 days compared to the 
corresponding values of the C-U samples. A similar mechanism that affects the compressive 
strength is also responsible for the cohesion loss in the CPB samples at more advanced ages. 
The combined effects of mechanical damage and excessive water pressure in the CPB pores 
weaken the bonding between the hydrates and tailings particles, thus resulting in lower cohe-
sion. Also, it can be seen that the friction angle of CUS-U samples is slightly reduced in com-
parison to that of the control sample at 7 and 28 days. However, there is a considerable im-
provement in the friction angle of the CUS-U samples at 90 and 160 days due to application of 
curing stress. For example, the results show that there is 51.3% difference in the φ value be-
tween the C-U and CUS-U samples after 150 days of curing. This increase in φ value with cur-
ing time is because the application of pressure increases particle interlocking. This finding 
shows that the time dependent evolution of the shear strength mainly depends on the develop-
ment of both cohesion and friction angle in the long-term behaviour.  
 

 

 

Geotechnical Considerations

200



0

100

200

300

400

500

600

0 50 100 150 200 250 300

Sh
ea

r s
tr

es
s 

[k
Pa

]

Normal stress [kPa]

CUS-U

7d
28d
91d
160d

(b)

0

100

200

300

400

500

600

0 50 100 150 200 250 300

Sh
ea

r s
tr

es
s 

[k
Pa

]

Normal stress [kPa]

C-U

7d
28d
106d
156d

(a)

 

Figure 3. Effect of curing under stress on long-term shear strength properties: (a) C-U and (b) CUS-U.  
 

3.3 Evolution of hydraulic properties 

3.3.1 Suction and excess pore pressure response 
The results of the development of suction obtained from the C-U, CUS-U and CUS-D samples 
are presented in Figure 4a. The results show that the evolution of suction for all of the studied 
samples has a similar qualitative behaviour. A comparison of the suction data from the CUS-U 
and C-U samples reveals that the curing stress affects the long-term evolution of suction due to 
self-desiccation. The suction value measured by using the suction meter for the C-U sample 
(159 kPa) is greater than that of the CUS-U sample (113 kPa) at 150 days. Furthermore, the cur-
ing time, at which the initial increase in suction occurs, is different among the samples. For ex-
ample, the suction in the C-U sample started to change after about 16 h of curing, but after 
about 22 h in the CUS-U sample. The delayed development of suction and less suction in the 
CUS-U sample are because the application of stress causes the development of excess PWP, 
and hence there is less suction, as can be observed in Figure 4a. 
 This behaviour can be further studied through the results obtained of the evolution of elec-
trical conductivity (EC) with curing time (Figure 4a). The EC can be used to directly show the 
changes in the rate of cement hydration reaction. The generation of suction in the CPB sample 
cured under undrained conditions is mainly due to self-desiccation from hydration reactions. 
Thereby the EC can provide information related to rate of hydration. According to this figure, 
the peak of the EC in the CUS-U sample takes place at a longer curing time compared to the C-
U sample, which indicates that the hydration reaction is delayed and the rate of the hydration 
reaction is reduced by the excess PWP. This result indicates that there is delayed and less suc-
tion development in the samples cured under stress. Figure 4a also shows the development of 
the suction in the CUS-D sample, which is cured under stress in drained conditions. It can be 
seen that the suction increases very quickly after the initial water drainage from the curing cell 
and continues to develop with further stress application (or consolidation). It should be noted 
that the source of the suction in this curing condition is the combined effects of self-desiccation 
and drainage with much higher contribution from drainage. The suction reaches the maximum 
limit for sensor detection (500 kPa) after 67 h of curing. This result demonstrates that because 
of the consolidation effect, there is higher mechanical strength development in the CUS-D sam-
ple in comparison to the CUS-U sample (Figure 2).  
 Figure 4b presents the excess PWP response in the studied samples. Also, a sample was 
prepared with only water and tailings (without cement) and subjected to the application of pres-
sure as a measurement reference (control). A comparison of the PWP (or u) response in the 
CUS-D and CUS-U samples shows that less excess PWP develops in the drained sample com-
pared to the undrained sample due to the drainage effect. The excess PWP is reduced by in-
creasing consolidation pressure within the first 12 h of curing in which the magnitude of the 
PWP reaches a negative value of -55 kPa. At 12 h, when the applied pressure is increased from 
75 to 150 kPa, the PWP starts to significantly increase to a positive value of 97 kPa. This is be-
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cause the consolidation pressure is now much higher than the mechanical strength (UCS) of the 
CPB sample at 12 h, which results in more stress carried by the pore water (excess PWP) than 
the tailings particles. It is observed that significant effective stress ( ) develops in the drained 
sample ( ). Higher effective stress during consolidation results in higher mechanical 
strength (UCS) as can be observed from Figure 2. A comparison of the CUS-D and CUS-D (no 
cement) samples showed that adding cement into the backfill samples causes pore refinement 
(densification), as well as increases the water holding capacity of CPB (Abdul-Hussain & Fall, 
2011). These two processes reduce the permeability of CPB with curing time (see Figure 6), 
which in turn, results in the reduction of the drainability of the backfill. This behaviour can 
cause the development of excess PWP in the CPB sample.  
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Figure 4. Long-term evolution of (a) suction and electrical conductivity and (b) excess PWP response. 

3.3.2 Saturated hydraulic conductivity evolution 
The effect of curing time and curing stress on the long-term evolution of saturated hydraulic 
conductivity (ksat) is presented in Figure 6. It can be seen that the values of ksat decrease as the 
curing time increases for all of the samples. The reduction in ksat is attributed to the refinement 
of the pores as cement hydration progresses (Fall et al., 2009). Furthermore, by comparing the 
ksat values of the C-U and CUS-U samples, it can be seen that the application of pressure has a 
significant effect on the hydraulic conductivity. The ksat values are reduced by 204% at 7 days 
and 54% at 28 days due to the application of pressure. This is because the curing pressure con-
tributes to the void ratio or porosity reduction of the CPB at the early ages as discussed earlier, 
and thus to the reduction of the permeability. However, at more advanced ages (91 and 160 
days), the ksat of the CUS-U samples shows higher values compared to the control samples. The 
mechanical damage of the CPB caused by excessive curing stress as explained earlier, results in 
the formation and propagation of connected networks of microcracks, which lead to increases in 
permeability. Similar observations were made in CPB cured under sustained axial stress by Fall 
et al. (2009). 
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Figure 5. Effect of curing under stress on the long-term evolution of saturated hydraulic conductivity. 
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3.4 Application of curing under stress to predict in-situ properties of CPB 
When UCS test results obtained from CPB samples cured under field conditions are compared 
with those obtained in the laboratory based on the traditional CPB curing methods, there are 
significant differences in the reported UCS values. For example, le Roux et al. (2005) compared 
the UCS and shear strength test results obtained from laboratory prepared samples with those 
obtained from undisturbed CPB samples. They found that curing under field conditions produc-
es CPB with a minimum of 90% and 50% difference in the UCS and shear strength respectively 
compared to the samples cured in the laboratory (le Roux et al., 2005). In the experiments in 
this study, a similar qualitative behaviour can also be observed from the strength results of the 
samples cured under stress in comparison to the control (cured under zero stress) samples. Our 
study shows that there is at least a 28% and 22% increase in the UCS and cohesion values of 
the samples cured under stress in undrained conditions compared to those cured without stress 
at 28 days. The samples that were cured under stress in drained conditions, however, show a 
57% increase in UCS, when compared to the control samples. It should be emphasized that the 
effect of curing temperature of the field CPB, which can be also incorporated in this developed 
system, was not considered in this paper. The temperature can provide the field CPB with high-
er UCS values than the CPB cured under atmospheric laboratory conditions. It can be conclud-
ed that the developed system can successfully simulate and reproduce the effect field stress cur-
ing conditions. This system can therefore provide UCS values that are close to those observed 
in CPB in the field. Also, the system can predict in-situ strength at a much lower cost compared 
to field testing. In-situ testing and field instrumentation work are generally difficult to perform 
due to several reasons, such as the high cost of the process, they are time-consuming, produce 
interruptions and there are related safety issues. Therefore, a technique that allows curing under 
stress or field THMC conditions to be done in the laboratory can be beneficial and replaces the 
use of conventional plastic moulds in testing. This new approach can also allow mine operators 
to reduce the binder cost and optimize the CPB mix design. 

4 CONCLUSION 

In this study, the effects of curing under stress on the long-term coupled hydro-mechanical be-
haviour and performance of CPB are examined. The self-weight pressure of CPB is simulated 
by means of a developed load cell with controlled loading rates in undrained and drained condi-
tions. The obtained results reveal that the application of pressure during curing improves the 
hydro-mechanical properties of the CPB samples up to 28 days. The reason is related to the re-
arrangement of the tailings particles under curing stress and reduction of the porosity. This also 
causes a reduction in the permeability of the backfill. However, the mechanical properties of the 
samples cured under excessive stress in undrained conditions show lower values compared to 
the samples cured without stress at the advanced ages of curing. This can be attributed to the 
mechanical damage induced by sustained excessive stress, as well as developed excess PWP in 
the CPB pores, which in turn, result in reduction in strength and increase in permeability of the 
CPB samples. However, the mechanical strength of the samples cured under stress in drained 
conditions shows an increase in strength compared to the control samples. It can be concluded 
from the experiments in this study that the degree of drainage (or drainage condition) to which 
backfill can be subjected, can significantly influence the distribution of strength in a backfill 
structure. Therefore, a CPB mix with higher consolidation stress and permeability can result in 
a backfill with higher strength. These factors should be considered as well, when determining 
the mix design and backfilling strategy. 
 It should be emphasized that the obtained results herein are case specific and thereby differ-
ent tailings properties and field curing conditions can be resulted in different CPB behaviour.   
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1 INTRODUCTION 

Slurries, such as dredge sediments and mine tailings, undergo large settlements due to sedimen-
tation and self-weight consolidation, which are required to be estimated (Bonin et al. 2014; 
Jeeravipoolvarn et al. 2009). This has prompted extensive experimental and theoretical studies 
of the problem over many decades (e.g., Kynch 1952; Michaels & Bolger 1962; Gibson et al. 
1967; Been & Sills 1981). 

In the past, experimental studies have focused on settling column tests to study sedimentation 
behaviour and separate oedometer or Rowe cell tests to study consolidation. However, this pro-
duces a potential gap in behaviour between the settling tests and the consolidation tests, which 
cannot be captured. These processes can be tested together in a slurry consolidometer, in which 
slurry is added in layers, and allowed to settle between layers, and then consolidated under var-
ious loading sequences. However, many types of slurry segregate on settling, and piston and 
wall friction become significant once the slurry develops effective stress, complicating the in-
terpretation and analysis of the results. This paper considers the simulation of slurry consolida-
tion test results using the finite element method. 

2 REVIEW OF PREVIOUS LARGE-STRAIN CONSOLIDATION APPARATUS 

Numerous apparatus have been developed to study the sedimentation and consolidation behav-
iour of a range of slurries, which cannot be tested in more conventional consolidometers such as 
oedometers and Rowe cells used for testing materials of soil-like materials. For settling and 
self-weight consolidation tests, with no additional loading applied, columns ranging in diameter 
from 47 to 1,000 mm, and from 114 to 6,000 mm in height, have been used (Been & Sills 1981; 
Umehara & Zen 1982; Alexis et al. 1992; Toorman & Berlamont 1993; Wickland et al. 2010). 
There has been a number of further developments of columns, including accurately testing slur-
ries of low densities and under low stresses (Alexis et al. 2004). 
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An aqueous slurry at an initial moisture content of well above the liquid limit of the material 
will be in suspension. It is of practical importance to understand the transition between the slur-
ry state in which there is no particle-particle contact and hence no effective stresses, and the soil 
state in which particle-particle contact gives rise to effective stresses. In the absence of effective 
stresses (that is, a slurry-like state), no wall friction is developed. Monte & Krizek (1976) tested 
a kaolinite clay slurry with an initial gravimetric moisture content of about 250% (approximate-
ly four or five times the liquid limit) and an initial void ratio of 7. Bo (1999; 2000) tested slur-
ries with an initial void ratio in the range from 2.1 to 2.68. De Oliveira-Filho & van Zyl (2006) 
suggested that the sedimentation of silt-sized soils ceases at a void ratio of 2.20, while Barthol-
omeeusen et al. (2002) suggested that the sedimentation of silt-sized river sediments ceases at 
void ratios of between 2.09 and 4.48. Bonin et al. (2014) suggested a lower limiting void ratio 
for sedimentation than that suggested by both these authors. Bo et al. (2010) suggested that the 
transition between a slurry and a soil can be determined from the void ratio at the peak pore 
pressure. 

Owen (1970) used a large consolidometer to study the consolidation of mud. Monte & Krizek 
(1976) modelled mathematically one-dimensional consolidation tests on a slurry contained in a 
consolidometer measuring 200 mm in diameter and 50 mm in height, which consolidated to be-
tween 120 mm and 150 mm in height. Bo et al. (1999) used a consolidometer measuring 
495 mm in diameter and 1,000 mm in height to study the deformation behaviour of slurry-like 
soil subjected to additional loading. Wong et al. (2008) conducted tests on fine-grained and 
non-segregating tailings in a consolidometer measuring 150 mm in diameter and 300 mm in 
height. Shokouhi & Williams (2015) reported tests on coal tailings slurry conducted in a slurry 
consolidometer measuring 150 mm in diameter and 410 mm in height, capable of applying a 
vertical stress of up to 500 kPa under a variety of loading sequences. 

Friction losses in large consolidometers have been reported by many authors. Bo et al. (1999) 
estimated that friction on the side of the loading piston and on the wall reduced the stress ap-
plied to the slurry by 100 to 105 kPa on average. Wong (2008) concluded that the effect of wall 
friction were difficult to quantify. Umehara (1980; 1982) and Shokouhi & Williams (2015) re-
ported on stress transducers mounted in the base plate and top cap to provide an estimate of the 
overall wall friction. Wickland et al. (2010) estimated wall friction in large-scale column tests 
on mixtures of mine waste rock and tailings to be 10 to 25% of the applied vertical stress. 

Large consolidometer testing is both time-consuming and expensive. In this paper, the results 
of large-strain consolidation tests under varies loading paths have been used to develop numeri-
cal analysis capable of modelling pore pressures and wall friction losses. 

3 THEORY OF LARGE-STRAIN CONSOLIDATION 

3.1 Large-Strain Formulations 
Effective stresses develop as a slurry settles to form particle-particle contacts under self-weight 
effects and any applied vertical stress. The strain accompanying the consolidation of settled 
slurries is too large to satisfy the assumptions of small strain, constant hydraulic conductivity, 
and constant compressibility. Gibson et al.'s (1967) general equation for large-strain consolida-
tion is widely accepted, and can be expressed in volume fraction form as: 
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where z is the dimension (depth) in Euler coordinates. 
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Koppula (1970) formulated the pore water pressure form of Equation (2) as: 
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where w is the unit weight of water. For self-weight consolidation (Ito & Azam 2013), Equation 
(3) can be transformed to: 
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where s is the unit weight of the solids, and z is the consolidation settlement, and u is the pore 
water pressure. For consolidation under the application of additional vertical stress, Equation 
(4) can be transformed to: 
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where  is the change in total stress. By rearranging Equation (3), the governing equation be-
comes: 
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3.2 Initial Suspended State 
Large-strain consolidation theory is only able to capture the settlement behaviour of a soil once 
particle-particle contacts are formed, and effective stresses can develop. However, in the initial 
suspended state, there are no particle-particle contacts and no effective stresses can develop. 
Numerical analysis should incorporate the initial suspended state, although it may be neither 
possible nor necessary to couple sedimentation and large-strain consolidation. 

There are numerous techniques available for the combined analysis of sedimentation and 
consolidation (Pane & Schiffman 1985, Toorman 1999, Jeeravipoolvarn et al. 2009), of which 
the method of Pane & Schiffman (1985) is widely accepted. Sedimentation commences at the 
maximum void ratio em and transitions to consolidation at the structural void ratio es. The effec-
tive stress is assumed to increase linearly from zero at em to a certain value at es, although this 
has not been verified by experiment. The relationship between void ratio and log10 of the effec-
tive stress is shown schematically in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of void ratio versus log10 effective stress for sedimentation and consolidation. 
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In addition to the simplification of assuming a linear increase in effective stress with decreas-
ing void ratio during the settling of a slurry, a power function is usually assumed for the consol-
idation stage (Townsend & McVay 1990, Jeeravipoolvarn et al. 2009, Ito & Azam 2013). The 
complete mathematical formulation is: 

 *
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where * is the effective stress at the transition between sedimentation and consolidation, and A 
and B are fitting parameters, generally obtained from laboratory test results. 

3.3 Wall Friction 
Friction on the wall of a large laboratory consolidometer is not measured directly in practice, 
other than stress transducers mounted in the base plate and top cap to provide an estimate of the 
overall wall friction (Shokouhi & Williams 2015). The wall friction developed in a saturated 
soil  may  be  given  by  Coulomb’s  friction  law: 

tannf    (8) 

where f is the average wall friction, n’ is the average stress normal to the wall, and  is the wall 
friction angle. 

The friction angle can be determined from direct shear box testing, with the material of the 
consolidometer wall filling the bottom half of the box and the soil filling the top half. For the 
purposes of this paper, the wall friction values recommended by NAVFAC (1972) may be 
adopted. Potyondy (1961) reported the results of a large number of direct shear box tests for 
various structural materials, and soil types at different pre-set moisture contents, which indicat-
ed much lower wall friction values than those recommended by NAVFAC (1972). 

As shown schematically in Figure 2, a slice of the specimen of infinitesimal thickness dz 
bounded by the walls of a large consolidometer may be considered. The vertical stress (z) and 
 (z+dz) are applied respectively to the top and bottom of the slice, and the difference between 
them is the friction loss f (z), which is proportional to the normal effective stress n’ developed 
on the wall. If the coefficient of proportionality is , then the wall friction is given by: 

d
dz
    (9) 

where f is the average wall friction, n’ is the average stress normal to the wall, and  is the wall 
friction angle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic of specimen of infinitesimal thickness bounded by walls of large consolidometer. 

In Lagrange co-ordinates, substituting Equation (2) into Equation (9) gives: 
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Including the radius of the large consolidometer r, the at rest lateral earth pressure coefficient 
against the wall K0, and the wall friction angle , the coefficient of proportionality is given 
by: 

02

2 tanr K
r
 


  (11) 

Equations (6), (7) and (9) were coupled and solved using the general partial differential equa-
tion solver FlexPDE Version 6.18, to determine the two independent variables; namely, the to-
tal stress and the pore water pressure. To improve the stability of the solution, up to five New-
ton iterations per time step were allowed and the Jacobean matrix was re-calculated at each time 
step; the Petrov-Galerkin weighting shift on first-order terms was turned off; and non-zero 
thresholds were applied to the variables. 

4 LARGE SLURRY CONSOLIDOMETER TESTING OF COAL TAILINGS 

4.1 Material Tested 
The material tested was tailings collected from Jeebropilly Coal Mine, located in the Ipswich 
Coalfields of south-eastern Queensland, Australia. The tailings comprised about 83% sand-
sized particles (0.06 to 2 mm), about 15% silt-sized particles (0.002 to 0.06 mm), and about 
12% clay-sized particles (passing 0.002 mm; Williams 2005). They were non-plastic, with a 
liquid limit of about 45%, and had a specific gravity of about 1.55. The tailings are classified as 
SM according to the Unified Soil Classification. 

The Jeebropilly coal tailings are discharged at a solids concentration of about 25% by mass, 
and were prepared at this % solids for the large slurry consolidometer testing, using process 
make-up water. The average electrical conductivity and the pH of the process water were 
3,533 s/cm and 8.7, respectively. 

4.2 Large Slurry Consolidometer 
A purpose-built slurry consolidometer, shown in Figure 3, was manufactured by Wille-
Geotechnik of Germany to the specifications of The University of Queensland (Shokouhi and 
Williams 2015). It consists of a stainless steel cell of internal diameter 150 mm and of height 
410 mm. It is instrumented with top and base load cells; 1,000 kPa capacity pore water pressure 
transducers at mid-height, the base and halfway between the mid-height and base (i.e. at 
quarter-height); a 10 kN electromagnetic load frame; and a data logger and controller. The 
stress applied via a cap to the top of the specimen is measured by the top load cell connected to 
the loading piston, and the stress transmitted to the base is measured by the base load cell. The 
difference between the measured top and base loads gives the combined loading piston and wall 
friction losses. The height of the cell allows slurry samples to be placed in a number of layers, 
and allowed to settle between layers, to form a test specimen of the order of 300 mm high. 

4.3 Sample Preparation 
The test specimens were formed in three layers. The batch of slurry for each layer was pre-
pared at a nominal solids concentration of 25% by mass (gravimetric moisture content of 300%, 
void ratio of 4.65, dry density of 0.275 t/m3), and placed into the cell using a funnel and tube as 
a tremie. Some extra water was required to wash out the material remaining in the tube, result-
ing in a slight reduction of the solids concentration. 

Each of the three layers of slurry was allowed to settle for about 24 hours, and the superna-
tant water was removed and weighed prior to the next layer of slurry being placed. Little set-
tling occurred due to the placement consistency and sandy particle size of the tailings. 
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(a)               (b) 
Figure 3. Slurry consolidometer: (a) schematic, and (b) photograph. 

4.4 Test Methodology 
As shown in Table 1, three tests were conducted on slurried Jeebropilly coal tailings in the slur-
ry consolidometer, with each specimen subjected to different loading sequences. In Test T1, a 
constant rate of stress increase of 0.2 kPa/min was applied; in Test T2 the rate of stress increase 
was increased in a geometric series in seven increments; and in Test T3 the applied stress was 
held constant in each of five geometric increments. In each test, a seating stress of 5 kPa was 
first applied at a slow loading rate, controlled by pushing down the piston at the speed of 
0.5 mm/min. Test data are recorded once the applied vertical stress reaches 5 kPa. 

The initial solids concentrations and heights of each of the test specimens were approximate-
ly 25% and 300 mm, respectively. Each test specimen settled to a final solids concentration of 
about 50% by mass (gravimetric moisture content of 100%, void ratio of 1.55, dry density of 
0.61 t/m3), to an average height of about 255 mm. The final consolidated solids concentration 
was between 65% and 69% (gravimetric moisture content of between 55% and 45%, void ratio 
of between 0.85 and 0.7, dry density of between 0.67 t/m3 and 0.91 t/m3), with a final height of 
between 215 mm and 205 mm. 

4.5 Test Results 
The total stress and pore water pressures over the height of the slurry consolidometer speci-

mens were averaged based on assumed parabolic distributions after Shokouhi & Williams 
(2015), while the average void ratios were computed from the measured settlements. The result-
ing average effective stresses and corresponding average void ratios (starting from a nominal in-
itial void ratio of 2 to ensure numerical stability) are shown in Figure 4, together with best-fit 
power curves. 
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Table 1. Loading sequences applied. ________________________________________________________________________________________________________ 
Test No. Loading Step  Loading Rate   Duration of Loading Step   Applied Vertical Stress 

 (kPa/min)          (min)           (kPa) ________________________________________________________________________________________________________ 
T1 (Constant rate)   1        0.2             1,500             300 

(Total duration = 1,500 min or 25 hours, Total applied vertical stress = 300 kPa) 
T2 (Increasing rate)   1      0.05           40               7 

 2        0.1           40             16 
 3        0.2           40             29 
 4        0.4           40             50 
 5        0.8           40             87 
 6        1.6           40           156 
 7        3.2           40           289 

(Total duration = 2,800 min or 46.7 hours, Total applied vertical stress = 289 kPa) 
T3 (Step-wise)    1        0.2            250             50 

 2                  950        Held at 50 
 3                   1,400          Held at 100 
 4                   1,500          Held at 200 
 5                   3,000          Held at 400 

(Total duration = 7,100 min or 118.3 hours, Maximum applied vertical stress = 400 kPa) ________________________________________________________________________________________________________ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Average void ratio versus average effective stress, including best-fit power curves. 

5 NUMERICAL MODELLING 

5.1 Additional Assumptions 
To enable a numerical solution, it is necessary to start the slurry consolidation process at a void 
ratio of the order of 2, rather than at the experimental settled void ratio of 4.65. Since initial 
sedimentation and consolidation is very rapid, this assumption is reasonable, and is supported 
by the values of em selected by many authors (e.g. De Oliveira-Filho & Van Zyl 2006; Barthol-
omeeusen et al. 2002) 

The parabolic total stress and pore water pressure profiles over the height of the slurry con-
solidometer specimens assumed by Shokouhi & Williams (2015) were adopted in the numerical 
modelling. The numerical parameters were then adjusted to obtain the best fit power relation-
ships to the experimental e-' curves as shown in Figure 4. 

Based on the assumptions behind Equation (7), relating void ratio e and effective stress ’, 
the relationship between e and hydraulic conductivity k may be written as: 

Dk Ce  (11) 
where C and D are fitting parameters, generally determined from consolidation test results. 
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Wall friction was modelled numerically using the test results of Potyondy (1961), which gave 
a friction angle for saturated soil on steel, under low normal stress, of 24.5o. 

5.2 Numerical Results 
Numerous numerical analyses were carried out to obtain the best agreement with the experi-
mental results, of which the seven results detailed in Table 2 and shown in Figures 5 and 6 are 
reported herein. Model Nos. N1, N3 and N5 give the best-fits to Test Nos. T1, T2 and T3. The 
other numerical results are given to indicate the sensitivity to changes in the numerical parame-
ters A, B, C, D and em. 
 
Table 2. Fitted numerical parameters. ________________________________________________________________________________________________________ 
Test No.     Model No.    A (kPa-1)    B    C (m/s)    D    em ________________________________________________________________________________________________________ 
T1              N1        1.61      -0.11    4.5 x 10-8    6      2 

    N2        1.61      -0.07    1.5 x 10-8    6      2 
T2              N3        1.28      -0.08    2.7 x 10-7    6      2 

    N4        1.61      -0.08    3.0 x 10-8    6      2 
T3              N5        1.63      -0.07    2.0 x 10-8    6      2 

    N6        1.25      -0.08    3.0 x 10-7    6      2 
    N7        1.25      -0.06    3.0 x 10-7    6     1.91 ________________________________________________________________________________________________________ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Calculated void ratio versus log10 average effective stress plots for each model. 
 

To compare the numerical results with the experimental results, the calculated stresses and 
pore water pressures at the base are compared with those obtained experimentally in Figure 7. 
The origin of the plots in Figure 7 was set at 167 min when the seating stress of 5 kPa had been 
reached. The fitted numerical results are able to track the experimental results well, capturing 
the initial increase in pore water pressure and its rapid dissipation after a peak value is reached, 
and the loss of applied stress due to wall friction. Figure 8 compares the calculated and meas-
ured settlements, which are not in quite as good agreement as the calculated stresses and pore 
water pressures, giving somewhat higher (conservative) calculated settlements. 
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Figure 6. Log10 hydraulic conductivity versus log10 average effective stress for each model. 
 

 
(a)                   (a) 

 
(b)                  (b) 

 
(c)                   (c) 

Figure 7. Comparison of calculated and measured  Figure 8. Comparison of calculated and measured 
stresses for tests: (a) T1, (b) T2, and (c) T3.    Settlements for tests: (a) T1, (b) T2, and (c) T3. 
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5.3 Wall Friction 
The applied stress decreases with depth from the top of the specimen due to losses to wall fric-
tion, which, according to Equation (9), has the same parabolic distribution as the effective 
stress. Typical early distributions of total stress, pore water pressure and effective stress, calcu-
lated for Model No. N1 at 217 min after loading, are shown in Figure 9. The total stress is a 
maximum where it is applied to the top piston, and decreases with depth due to accumulating 
wall friction. The pore water pressure drains rapidly at the only drainage boundary at the top of 
the specimen, and increases with depth, while the effective stress does the opposite. The in-
crease in wall friction with increasing total stress over time is shown in Figure 10, which high-
lights the higher development of wall friction towards the top of the specimen, due to the higher 
effective stresses induced by top drainage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Typical early distributions of total stress, pore water pressure and effective stress, calculated for 
Model No. N1 at 217 min after loading. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Development of wall friction with increasing applied stress over time. 
 

Factors influencing wall friction include the diameter of the consolidometer, the lateral earth 
pressure coefficient at rest, and the friction angle on the interface, of which the lateral earth 
pressure coefficient at rest and friction angle typically vary the least. The diameter of con-
solidometers described in the literature vary from 50 to 1,000 mm. In order to determine the in-
fluence of consolidometer diameter on wall friction, four extra models were run based on Mod-
el No. N1, giving the total stress distributions shown in Figure 11. The larger the diameter, the 
smaller is the wall friction or loss of stress at the base. The effect of wall friction is seen in the 
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reduction of the calculated base stress from 92% of the stress applied at the top for a 1,000 mm 
diameter consolidometer to 17% for a 50 mm diameter consolidometer. For the 150 mm diame-
ter slurry consolidometer results reported herein, the calculated base stress is 44% of the stress 
applied at the top. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Development of wall friction as a function of consolidometer diameter. 

5.4 Transition from a Slurry to a Soil 
The initial increase in pore water pressure at the start of the slurry consolidometer tests and 
their subsequent rapid dissipation after reaching a peak value has been reported by many au-
thors (e.g. Bo et al. 2010). The development of pore water pressure represents the transition 
from a slurry to a soil-like state. The numerical analyses were extended to study this transition. 
Figures 12 and 13 show, respectively, the calculated decreasing void ratio and decreasing hy-
draulic conductivity, with increasing applied stress over time. Simultaneously, the void ratio 
and hydraulic conductivity decrease from their initial maximum values, and the intersection be-
tween the developing void ratio and hydraulic conductivity represent the transition from a slurry 
to a soil. Below the transition point, effective stress is zero, and the pore water pressure will in-
crease in reaction of the applied stress. The pore water pressure does not start to decrease until 
the transition point reaches the base of the specimen, when it dissipates at a rate dependent on 
the hydraulic conductivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Decreasing void ratio with increasing applied stress over time. 
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Figure 13. Decreasing hydraulic conductivity with increasing applied stress over time. 

5.5 Average Total Stress and Pore Water Pressure 
For an assumed parabolic distribution of total stress and pore water pressure over the length of 
the slurry consolidometer specimen, the average total stress ave and average pore water pres-
sure uave can be obtained from: 

 1ave b t b        (13) 

and 

2ave bu u  (14) 
where b is the stress at the base of the specimen, t is the stress at the top, and 1 and 2 are fit-
ting parameters, which may be back-calculated from experimental test results. The back-
calculated values of 1 and 2 for Tests T1, T2 and T3 were found to asymptote with increasing 
applied stress over time towards the values applicable to parabolic stress distributions, once the 
pore water pressure had dissipated in each test. The value of 1 increased from an initial value 
of zero towards the parabolic value of 0.45, while the value of 2 decreased from an initial val-
ue of unity towards the parabolic value of 0.67. 

6 CONCLUSIONS 

A numerical analysis was developed to model the results of tests on slurried Jeebropilly coal 
tailings carried out in a slurry consolidometer measuring 150 mm in diameter and 410 mm in 
height under different loading sequences. The paper reviews a range of laboratory large-strain 
consolidometers described in the literature, including the slurry consolidometer available at The 
University of Queensland. The theory of large-strain consolidation is also reviewed, including 
the modelling of the initial suspended state of the specimen, and the wall friction that develops 
in the consolidometer. The material characteristics, sample preparation, test apparatus, and the 
test results obtained for the coal tailings slurry tested in the slurry consolidimeter are then de-
scribed. In the three tests described, the loading sequences applied were: (i) a constant rate of 
loading, (ii) an increasing rate of loading, and (iii) step-wise loading. 

The test results were modelled using the finite element method, including the necessary addi-
tional assumptions, the presentation of the numerical simulations, modelling the wall friction 
that develops, characterising numerically the transition from a slurry to a soil-like state, and 
calculating the average total stress and average pore water pressure during the tests. 

The numerical models were able to simulate the slurry consolidometer test results well, 
providing good agreement with the measured stresses and pore water pressures for all loading 
cases, and reasonable agreement with measured settlements. Wall friction was well modelled, 
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and the analyses allowed the decreasing void ratio and decreasing hydraulic conductivity with 
increasing applied stress over time to be calculated. The intersection between the developing 
void ratio and hydraulic conductivity represent the transition from a slurry to a soil. Below the 
transition point, effective stress is zero, and the pore water pressure will increase in reaction of 
the applied stress. The pore water pressure does not start to decrease until the transition point 
reaches the base of the specimen, when it dissipates at a rate dependent on the hydraulic con-
ductivity. The assumption of a parabolic distribution of total stress and pore water pressure with 
specimen depth was found to be reasonable after the pore water pressure had peaked in each 
test. 
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1 INTRODUCTION 

1.1 Alberta Oil Sands Mature Fine Tailings 
 

Mature fine tailings (MFT) are a waste stream from the open pit mining operations of Alberta 
oil sands. The oil sands underlie 142 200 km2 of land with 3.4% being close enough to the sur-
face to be accessible by open pit mining (AER, 2015). The total bitumen production in 2014 
was 2.3 million barrels per day with approximately 45% of the bitumen extracted from open pit 
operations and the balance extracted in situ from reserves that were too deep for open pit min-
ing (AER, 2015). In open pit mining, the overburden is removed and the oil sands ore is collect-
ed for bitumen extraction via a warm water process known as the Clark Process (Clark, 1939). 
In this process, the crushed ore is mixed with process water and sodium hydroxide and then sent 
through tumblers or hydrotransport pipelines to primary separation vessels (PSV). During hy-
drotransport the bitumen is liberated from the sand grains, and in the PSV air bubbles are intro-
duced which attach to the bitumen and form a bitumen froth that is skimmed off. A middling 
stream, containing unaerated bitumen, is discharged from the middle of the PSV and processed 
in self-aerated flotation cells or cyclo-separators to recover the bitumen.  The sands/clay/water 
mixture containing residual bitumen is removed from the bottom of the PSV as primary tailings. 
The bitumen froth is treated to reject trapped water, sands, and fine clays into froth treatment 
tailings. Both the primary tailings and the froth treatment tailings are discharged to the tailings 
ponds (Fig. 1). For every barrel of bitumen produced by open pit mining, about 21 barrels of to-
tal tailings are generated (Masliyah et al., 2011). 

 
 
 
 

 

Dewatering of Oil Sands Mature Fine Tailings by Dual Polymer 
Flocculation 
 
Rosalynn Loerke, Xiaoli Tan & Qi Liu 
Department of Chemical and Materials Engineering, University of Alberta, Edmonton, AB, Canada 

ABSTRACT: The mature fine tailings (MFT) generated from Alberta oil sands operations in 
Canada are some of the most challenging mine tailings to dewater. The MFT forms a gel struc-
ture which takes decades to settle and release water. This paper reports results of a laboratory 
study in which the combined use of polymers with different properties in MFT dewatering were 
investigated. The dual polymer treated MFT was then dewatered through a filter press in order 
to generate stackable tailings for reclamation. The rationale behind the use of the dual polymer 
flocculants was that the filter cake would maintain sufficient hydraulic conductivity to ensure 
continuous filtration. The experimental results indicated that the flocculation-filtration proce-
dures could generate stackable tailings from MFT under conditions of two-stage polymer treat-
ments.  
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Figure 1. Water-based oil sands extraction and tailings disposal (Beier and Sego, 2008) 
 
In the tailings ponds, the coarse solids settle quickly and the clarified water is recycled back 

to the extraction process. The remainder of tailings, known as fluid fine tailings (FFT), contain 
fine solids at a concentration of about 20 wt.%. After several years, the FFT settles to a gel-like 
slurry known as MFT with a solids content between 30-40 wt.% and traces of process chemi-
cals, napthenic acids, and bitumen. Fine clays make up the majority of the solids in MFT with 
particle sizes d90 < 44 µm (Masliyah et al., 2004). 

The predominant clay species in MFT are kaolinite and illite at 80 wt.% and 15 wt.% respec-
tively. The arrangement of the predominant clay species has been described as a “house of 
cards” like structure, as shown in Figure 2, that effectively traps water. This is one of the rea-
sons why it is difficult to remove water from fine clays (Van Olphen, 1986).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. “House of cards” clay structure observed in MFT (Hunter, 2001). 

1.2 Polymer Flocculation 
 
Ideally, polymers are added to the MFT to create large flocs. Unlike coagulation, flocculation 

does not require a reduction in the repulsive forces between aggregating particles because the 
polymer bridge can extend beyond the range of the electrical double layer repulsion (Masliyah 
et al., 2011). Aggregation by flocculation thus creates more open structures than coagulation 
where water can be trapped within the small aggregates. The pore structures that are created 
within large flocs can provide channels for water to flow out. Previous work on dual polymer 
flocculation and filtration of MFT has provided visualization of the pore network quite nicely 
with cryogenic-scanning electron microscopy (cryo-SEM) as shown in Figure 3 (Zhu, 2015).  
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(a)                                   (b) 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Comparison of (a) untreated MFT and (b) MFT treated with dual polymers A3335 and Al-

comer 7115 (Zhu, 2015).  
 
Often in the presence of polymers, compliance with the classical DLVO theory is not ob-

served and additional forces must be considered. In addition it has been demonstrated that dra-
matic increases in rheology and complex rheology resulted from non-DLVO forces when kao-
linite dispersions were mixed with high molecular weight poly(ethylene oxide) (PEO) or high 
molecular weight anionic poly acrylamides (PAM) (Mpofu et al., 2003; Neelakantan, 2016). 
Flocs and aggregates are influenced by shear; therefore, it is important to consider physical 
mixing variables such as the duration and intensity of agitation and the equipment used (Farina-
to and Dubin, 1999; Demoz and Mikula, 2012). Chemical effects such as pH and polymer addi-
tives, and mineralogy of the slurry, as well as colloidal forces such as polymer bridging, steric 
repulsion, hydrophobic interaction, hydration, hydrodynamic and depletion forces must also be 
considered in MFT flocculation (Addai-Mensah, 2014).  

Hydrophobic forces arise on surfaces of the clay particles that lack hydrogen bonding accep-
tors, donors, and polar groups and thus interact poorly with water (Masliyah et al., 2011). As a 
result, the water molecules near the surface become highly ordered which generate forces that 
are entropic in nature (Masliyah et al., 2011). The range of these forces can be quite large and 
have been experimentally measured to be stronger and of a longer range than typical van der 
Waals interactions but are still not well understood (Masliyah et al., 2011). The attachment of 
PEO to silica has been described as arising from entropic effects from the displacement of water 
at the surface (Rubio, 1976) and should be considered when treating MFT with PEO. 

Numerous studies (e.g., Mpofu et al., 2003; Fan et al., 2000; Ovenden and Xiao, 2002) have 
demonstrated that the primary mechanism of flocculation with PAM is through polymer bridg-
ing. The bridging mechanism requires that the polymer be of high enough molecular weight and 
of the right charge density to project itself past the electric double-layer allowing it to adsorb on 
another particle. Although both PEO and PAM adsorb to kaolinite particles through hydrogen 
bonding, hydrolyzed PAMs have lower adsorption due to electrostatic repulsions between ani-
onic pendant groups.  

1.3 Research Objectives 
Pressure filtration (Xu et al., 2008; Wang et al., 2010; Alamgir et al., 2012; Zhu, 2015) and 

vacuum filtration (Liu et al., 1981; Zhu, 2015) have been assessed for flocculated oil sands tail-
ings with various polymer treatment and treatment conditions. Numerous studies have been per-
formed on FFT, coarse tailings, and diluted MFT. However, little open literature exists on the 
flocculation and filtration of whole MFT with solids content greater than 30 wt.%. Whole MFT 
has proven to be difficult to dewater due to its gel-like structure, which not only effectively 
holds water but also poses a challenge in even flocculant distribution. In the current study, 
whole MFT with solids content of 36 wt.% was treated with two-stage flocculation. The ra-
tionale behind the use of the dual polymer flocculants was that the filter cake would maintain 
sufficient hydraulic conductivity to ensure continuous filtration. It is hypothesized that the sec-
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ond stage of flocculation bridges the flocs formed in the first stage, thus creating large water 
channels for water release as shown in Figure 4.   

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Hypothesized mechanism of dual stage floc formation (adapted from Fan, 2000). 
 
Evidence supporting this hypothesis has been shown in Figure 3 from earlier work on cation-
ic and anionic dual polymer treatment of MFT (Zhu, 2015). The filterability of the flocculat-
ed MFT is assessed using capillary suction time (CST) tests, water release rates and solids 
content of filter cakes with a laboratory filter press.     
 

2 EXPERIMENTAL 

2.1 Materials 

2.1.1 MFT sample 
Samples of Syncrude mature fine tailings (MFT) were obtained from settled tailings ponds 
produced by the Clark extraction of oil sands ore from a northern Alberta deposit. The MFT 
was found to contain 36 wt.% solids, 3 wt.% bitumen, and the balance being water, as deter-
mined by the Dean-Stark procedures. Quantitative X-ray diffraction (Q-XRD) analysis de-
termined with good repeatability that the major mineral composition to be kaolinite (36 
wt.%), illite (31 wt.%), and quartz (27 wt.%). Q-XRD also determined the clay to water ratio 
to be 0.38 with a 2:1 ratio of clays to non-clays. Q-XRD was chosen for clay to water ratio 
determination since the methylene blue index test has an element of subjectivity. It has also 
been found that in such titration methods, the presence of bitumen lowered the MBI (Osacky 
et al., 2014; Osacky et al., 2015). The particle size distribution was measured with a Master-
sizer 3000 particle size analyzer (Malvern, UK) giving a distribution of D10 < 1.3 µm, D50 < 
7.4 µm and D90 < 35.1 µm.   
 

2.1.2 Polymers 
The polymers chosen for the study were selected based on literature and prior testing results 

in our group (Domoz and Mikula, 2012; Haroon, 2014; Zhu, 2015) and included an anionic 
PAM, a cationic poly(diallyldimethylammonium chloride) (polyDADMAC), and a nonionic 
PEO. The anionic PAM was from SNF, with a trade name A3335, and had a high molecular 
weight of 17x106 g/mol and an anionic charge density of 30%.  It has been reported that poly-
acrylamides with 20-30% anionic charge density were the most efficient for flocculating Syn-
crude fine tailings (Xu and Cymerman, 1999).  Stock solutions of 0.4 wt.% A3335 were pre-
pared from the polymer powders with de-ionized water. Reagent grade ethanol was added at 0.8 
wt.% to extend the life of the polymer stock solution. The solution was agitated with a vortex 
mixer on high for 10 minutes at which point the polymer was fully dissolved. All A3335 solu-
tions were used within one week after preparation. 
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 The polyDADMAC polymer was from BASF with a trade name Alcomer 7115. Its molecu-
lar weight was between 2x105 and 4x105 g/mol. The Alcomer 7115 was received in 20 wt.% 
stock solutions and was diluted to 2 wt.% by de-ionized water for the flocculation tests.  

High molecular weight PEO was obtained from Polysciences Inc. and had a molecular weight 
of 8x106 g/mol. It was prepared in stock solutions of 0.2 wt.% from the polymer powders and 
de-ionized water. The solution was agitated with a vortex mixer on high for 10 minutes at which 
point the polymer was fully dissolved. The PEO solution was used within a few hours of prepa-
ration due to the deterioration of its flocculation performance with time that has been observed 
with high molecular weights of this polymer. 

 
 

2.2 Procedures 
 

The experimental procedure for flocculation tests followed a slightly modified procedure out-
lined by Syncrude Canada Ltd (Yuan and Siman, 2012). MFT was treated in 500 g batches in an 
un-baffled 130 mm diameter vessel with a 100 mm diameter 4 blade 45 PBT impeller (D/T = 
0.77).  A Heidolph RZR 2052 electric stirrer was used to control the impeller speed and record 
the torque acting on the impeller. Through a series of preliminary tests, the optimal mixing con-
ditions and polymer dosages were determined. A3335 and PEO flocculation tests were dosed at 
1000 g/t A3335 and 1500 g/t PEO. A3335 and Alcomer 7115 flocculation tests were dosed at 
1000 g/t A3335 and 3000 g/t Alcomer 7115. The polymer dosages (g/t) were based on dry pol-
ymer to MFT solids content ratio. The MFT was homogenized for 120 s at 300 rpm before the 
first polymer addition. The speed was maintained and polymer was injected via a syringe to the 
impeller tips to avoid local over flocculation. Five seconds after the torque reached the peak, 
the second polymer was added in the same manner. Stirring ceased five seconds after the sec-
ond peak torque was reached.  The five second delay ensured that the torque was in fact de-
creasing rather than fluctuating. Initial mixing experiments of the polymers into the MFT 
showed a decrease in dewatering performance if the polymers were mixed more than 15 sec-
onds past the peak torque. A model 319 multi-purpose CST apparatus (Triton Electronics Ltd. 
U.K) was used to measure capillary suction time to assess ease of water release and filterability. 
A SERFILCO 0.02-7PPHM Lab Press was used to produce cakes in the assessment of filtration 
efficiency of each treatment. The 283 cm3 plate volume configuration was used yielding a cake 
thickness of 2.5 cm. The total surface area for filtration was 220 cm2 through a 5 µm mesh pol-
ypropylene filter cloth. The pressure was adjusted to 620 kPa and the air diaphragm pump had a 
capacity of 262 cm3/s. Two variations of filter press tests were performed in order to assess the 
effect of shear induced by the pump on the flocculated MFT. In the standard filter press test, 
flocculated MFT was pumped through the system. In preloaded tests, the plates were preloaded 
with treated MFT, then inserted into the filter press frame. Surplus treated MFT was pumped to 
the press to make up for the volume loss due to consolidation and dewatering. Filtrate volume 
and water release rates were recorded. The cakes were removed once the water release rate de-
creased to 1 mL/minute. Samples were dried for 24 hours in a vacuum oven at 70 C and 80 kPa 
to obtain the final solids content.  

3 RESULTS AND DISCUSSION 
 

Figure 5 shows the measured CST when the MFT was treated by either a single polymer of a 
polymer pair. As can be seen from this figure, all three dual polymer treatments yielded signifi-
cantly shorter CSTs than single polymer treatments. The addition of a PEO or Alcomer 7115 to 
A3335 treated MFT decreased the CST by two orders of magnitude. The A3335 treatment alone 
gave a CST of 1715 s, and the CST was decreased to 96 s for the A3335 + PEO pair and to 37 s 
for the A3335 + Alcomer 7115 pair. The addition of PEO to Alcomer 7115 treated MFT de-
creased the CST from 1228 s to 123 s. The untreated MFT had a CST of 3000 s.  
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Figure 5. CST results of single and dual polymer treated MFT. 
 
CST is often used as a quick predictor for ease of dewatering and as an indicator of filterabil-

ity performance. Although it is a useful tool for quickly and cost-effectively assessing the po-
tential filtration performance of a flocculant treated slurry, there are other factors that affect the 
filterability of flocculated slurry that cannot be captured by CST. In MFT, residual bitumen ex-
ists between clay particles and it is suggested that the bitumen may migrate during filtration to 
clog pores and channels that water would otherwise be able to exit through (Klein, 2014). It is 
known that the floc strength varies depending on the polymer(s) used and thus it could be sug-
gested that the pore strength may vary as a result (Mpofu et al., 2003; McFarlane et al., 2005; 
Neelakantan, 2016). Depending on the filtration technique used, hydraulic conductivity may not 
be maintained and the pores may undergo restructuring or collapse thereby hindering the water 
release.  

Figure 6 displays the results of the final solids content of the filter cakes produced by the fil-
ter press. The results had good repeatability (n=3, s=0.5%) when performed on identical batch-
es of MFT. It has been noted however, that upon switching batches of MFT, there are other fac-
tors affecting the treatment performance. Further investigation on those results and factors are 
planned. Dual polymer treatment increased the final solids content of the cake in both the 
A3335 + PEO and A3335 + Alcomer 7115 cases compared to the single polymer treatment and 
the untreated MFT.  It should be noted that all flocculated MFT had higher initial water con-
tent due to water introduced through polymer addition. The dual polymer treatment with A3335 
+ PEO yielded the highest final solids content of 60 wt.%, yet it is interesting to note that it did 
not have the lowest CST (Fig. 5). Previously Zhu reported that with A3335 + Alcomer 7115, 
lower CST corresponded to better filterability and consequently higher final solids contents in 
the filter cake (Zhu, 2015). The discrepancy prompted the investigation into additional factors 
that affect the dewaterability of A3335 + PEO treated MFT. 
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Figure 6. Final solids content of filter cakes produced from single and dual polymer treated MFT. 

 
It is known that PAM and PEO flocs respond to shear differently. The effect of shear energy 

on kaolinite flocculated with high molecular weight PEO and high molecular weight anionic 
PAM has been investigated (Mpofu et al., 2003; McFarlane et al., 2005; Neelakantan, 2016). It 
has been reported that when kaolinite was flocculated with high molecular weight PAM, the 
flocs showed significant rupturing when subjected to moderate shear. Under the same condi-
tions, flocs produced from kaolinite dispersions flocculated with PEO underwent densification 
without rupturing. It was further found that under high shear environments (1000 kJ/m3), PEO 
flocs underwent densification as well as restructuring. PEO flocs increased dramatically in size 
and the volume of fine particles reduced as they bridged into larger flocs. Flocs break-down 
eventually resulted under excessive amounts of shear energy (7000 kJ/m3) (Neelakantan, 2016). 
Flocs created with anionic PAM fragmented at lower shear (200 kJ/m3), and the addition of a 
cationic polymer in a dual polymer treatment further lowered the tolerance of the flocs to shear 
energy (Neelakantan, 2016).  It has also been reported that PEO has a much stronger dose de-
pendence on yield stress than acrylamides. At doses of 500 g/t of PEO or more in 40 wt.% slur-
ries of kaolinite, it was found that non-DLVO forces had become dominant and were responsi-
ble for the dramatic increases in yield stress (Mpofu et al., 2003). Structurally, PEO is 
completely linear and there is freedom of rotation about any axis as all the carbon and oxygen 
atoms are sp3-hybridized, resulting in a highly elastic structure when compared to acrylamides. 
This structure allows the polymer to re-conform more easily. Carboxylate and amide (COO- and 
CONH2 respectively) functional groups on acrylamides are sp2-hybridized so there is no free-
dom to rotate about carbon-oxygen and/or carbon-nitrogen bonds due to electron delocalization 
thus fixing them in a plane  and  making  them  somewhat  “bulky” (Bruice, 2011).  

 It is known that the air diaphragm pump used to pump the flocculated MFT to the filter 
press plates and the transport through the hoses exposed the flocs to shear energy; however, it is 
unquantified. To assess the effect of shear imposed by the filter press operation itself, the treat-
ed MFT was preloaded onto plates before filtration for comparison. 
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Figure 7. Comparison of final solids content of filter cakes produced from either low shear (preloaded 

plate) trials or high shear (standard press) trials. 
 

The higher filter cake solids content (61 wt.%) obtained with A3335 + Alcomer 7115 in low-
er shear tests and the higher solids content (60 wt.%) obtained with A3335 + PEO in higher 
shear tests shown in Figure 7 are consistent with Neelakantan’s work with kaolinite 
(Neelakantan, 2016).  A3335 + PEO treated MFT benefited from additional shear whereas the 
A3335 + Alcomer 7115 treatment suffered from the additional shear. It is estimated through 
simplified mixing equations (1) and (2) that the shear energy applied through mixing when the 
polymers were originally added to the MFT was on the order of 100 kJ/m3    

 
53DNNP P                          (1) 

 
                            

                          (2) 
  
where power P (W) is a function of density  (1200 kg/m3), impeller power number NP (PBT 

= 1.27), impeller speed N (5 s-1), and impeller diameter D (0.1 m). Mixing energy E (J/m3), is a 
function of power and time t (45 s), normalized by volume V (6.8x10-4 m3).  

 
Net water release (NWR) results were obtained and are shown in Figure 8. Net water release is 
given by 

 
 
                                 (3) 
 
 
where Vf is the filtrate volume, Vp is the water that is added to the system via polymer addi-

tion, and VMFT is the water that naturally occurs in MFT (63 wt.% moisture content). All dual 
polymer treatments have an initial negative NWR due to water added through polymer addition. 
The absolute water release rate was also calculated as shown in Figure 9.  
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Figure 8. Net water release (NWR) from various dual polymer treatments of MFT (A3335 = 1000 g/t, 

Alcomer 7115 = 3000 g/t, PEO = 1500 g/t). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Water release rate from various dual polymer treatments of MFT (A3335 = 1000 g/t, Alcomer 
7115 = 3000 g/t, PEO = 1500 g/t). 

The best NWR results were observed with the A3335 + Alcomer 7115 treatments and the 
A3335 + PEO treatment under standard filter press operation. The A3335 + PEO flocculated 
MFT preloaded into the filter press plates performed the poorest in dewatering. This coincides 
with the solids content results (Fig. 6 and 7) achieved by the treatments.  

The A3335 + PEO flocculated MFT (run under normal and preloaded filter press conditions) 
showed the fastest initial water release rates in the first ten minutes of filtration. This can be ra-
tionalized by the fact that more water was added with the PEO solution (0.2 wt.% stock) than 
the Alcomer 7115 solution (2 wt.% stock). After 35 minutes however, the water release rates 
for all tests except for the preloaded A3335 + PEO treatment were equal. At this point, the pre-
loaded A3335 + PEO test and the untreated MFT yielded the lowest water release rates, which 
support the final solids content results shown in Figures 6 and 7.  
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(e)                 (f)  
 
 
 
 
 
 
 
 
 
 
Figure 10. Filter cakes and filtrate from filter press tests: (a) 1000 g/t A3335 + 1500 g/t PEO filter cake 
(b) 1000 g/t A3335 + 3000 g/t Alcomer 7115 filter cake (c) 1000 g/t A3335 + 1500 g/t PEO preloaded 
plate filter cake (d) 1000 g/t A3335 + 3000 g/t Alcomer 7115 preloaded plate filter cake. (e) filtrates from 
dual polymer treatments (f) filtrates from untreated MFT 
 
  

Figure 10 shows the appearance of the filter cakes and filtrate obtained from the dual poly-
mer treatment of MFT. The A3335 + PEO treated MFT filtered under standard filter press con-
ditions and the A3335 + Alcomer 7115 treated MFT filtered on preloaded plates both produced 
solid cakes (Fig. 10a and 10d). The A3335 + Alcomer treated MFT filtered under standard filter 
press conditions produced a non-homogeneous cake that was wet in the middle (Fig. 10b). The 
A3335 + PEO treated MFT filtered on preloaded plates was not able to produce a solid cake 
and the flocs appeared relatively unchanged after an hour of filtration (Fig. 10c). This result 
supports the poor solids content, NWR and water release rate observed (Fig. 7, 8 and 9). Filter 
press filtration of dual polymer treated MFT produced filtrate of better clarity than untreated 
MFT (compare Figs. 10e and 10f). This is attributed to better fines capture during flocculation 
through the polymer bridging of fine particles.  
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4 CONCLUSIONS 
 

Two stage flocculation of Alberta oil sands mature fine tailings using the anionic-cationic 
A3335 + Alcomer 7115 pair and the anionic-nonionic A3335 + PEO pair performed better than 
single polymer treatments in terms of lower CST and higher final solids content of filter press 
cakes. Preloaded filter plate trials suggested that the flocs produced by the two-stage treatment 
with A3335 + Alcomer 7115 appeared to be more shear sensitive whereas the A3335 + PEO 
flocs appeared to be more shear resistant. Suggestions for further study include the visualization 
of pore structure before and after filtration, the visualization of residual bitumen during stages 
of flocculation and filtration, and the investigation of polymer interaction with residual bitu-
men.    
 

5 ACKNOWLEDGEMENTS 
 
The financial support by the Institute for Oil Sands Innovation and Natural Resources Cana-

da is gratefully acknowledged.  

REFERENCES 
 
Addai-Mensah J. 2014. Colloidal forces, rheology and implications. BHR 19 Pre-Conference Workshop. 

2014;1(1): 1-3. 
Alamgir, A.; Harbottle, D.; Masliyah, J. & Xu, Z. 2012. Al-PAM assisted filtration system for abatement 

of mature fine tailings. Chemical Engineering Science 80: 91-99. 
Alberta Energy Regulator. 2015. ST98:  Alberta’s  Energy  Reserves  &  Supply/Demand  Outlook   – ST98 

2015 Infographic, (accessed at: https://www.aer.ca/documents/sts/ST98/ST98-2015_Infographic.pdf)  
Beier, N. & Sego, D. 2008. The oil sands tailings research facility. Geotechnical News, p 72-77 (accessed 

at: http://www.infomine.com/library/publications/docs/Beier2008.pdf) 
Bruice, P. Y. 2011. Organic chemistry. 6th ed. United States of America: Prentice Hall. 
Clark, K.A. 1939. Report on Sullivan Concentrator, Alberta Research Council. 
Demoz, A. & Mikula, R. 2012. Role of mixing energy in the flocculation of mature fine tailings. Journal 

of Environmental Engineering 138: 129-136.  
Fan, A.; Turro, N. J. & Somasundaran P. 2000. A study of dual polymer flocculation. Colloids and Sur-

faces A: Physiochemical and Engineering Aspects 162(1): 141-148. 
Farinato, R. & Dubin, P. 1999. Colloid-Polymer Interactions: From Fundamentals to Practice. John 

Wiley and Sons, Chichester, UK.  
Haroon, H. 2014. Flocculation and dewatering of kaolinite suspensions and oil sands mature fine tailings 

using dual polymers. MSc Thesis, University of Alberta, Edmonton, AB, Canada. 2014. 
Hunter, R. J. 2001. Foundations of Colloid Science. New York: Oxford University Press. 
Klein, C. 2014. Effect of residual bitumen on polymer-assisted flocculation of fluid fine tailings. MSc 

Thesis, University of Alberta, Edmonton, AB, Canada. Spring 2014. 
Liu, J. K.; Lane, S. J. & Cymbalisty, L. M. 1981. Filtration of Hot Water Extraction Process Whole Tail-

ings CA1103184 . 
Masliyah, J.; Zhou, Z. J.; Xu, Z.; Czarnecki, J. & Hamza, H. 2004. Understanding Water-Based Bitumen 

Extraction from Athabasca Oil Sands. Canadian Journal of Chemical Engineering, 82: 628–654. 
Masliyah, J.H.; Czarnecki, J. & Xu, Z. 2011. Handbook on Theory and Practice of Bitumen Recovery 

from Athabasca Oil Sands: Theoretical Basis, Vol. I. Kingsley Knowledge Publishing, Canada. 
McFarlane, A. J.; Addai-Mensah, J. & Bremmel, K. 2005. Rheology of flocculated kaolinite dispersions. 

Korea-Australia Rheology Journal. 17(4): 181. 
Mpofu, P.; Addai-Mensah, J. & Ralston, J. 2003. Investigation of the effect of polymer structure type on 

flocculation, rheology and dewatering behavior of kaolinite dispersions. International Journal of Miner 
Processing 71(1): 247-268. 

Neelakantan, Ravi. 2016. Effect of Shear Energy Input of the Rheology of Flocculant-Dosed Kaolinite 
Suspensions. MSs Thesis, University of Alberta, Edmonton, AB, Canada. 2016. 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

229



Osacky, M; Geramian, M.; Liu, Q.; Ivey, D. & Etsell, H. 2014. Surface properties of petrologic end-
members from Alberta oil sands and their relationship with mineralogical and chemical composition. 
Energy & Fuels. 28: 934-944. 

Osacky, M; Geramian, M.; Ivey, D.; Liu, Q. & Etsell, H. 2015. Influence of nonswelling clay minerals (il-
lite, kaolinite, and chlorite) on nonaqueous solvent extraction of bitumen. Energy & Fuels. 29: 4150-
4159. 

Ovenden, C. & Xiao, H. 2002. Flocculation behavior and mechanisms of cationic inorganic microparti-
cle/polymer systems. Colloids and Surfaces: Physiochemical and Engineering Aspects. 197(1): 225-
234. 

Rubio, J. & Kitchener, J. 1976. The mechanism of adsorption of poly (ethylene oxide) flocculant on silica. 
Journal of Colloid Interface Science. 57(1): 132-142. 

Van Olphen, H. 1986. An introduction to clay colloid chemistry, 1977. National Academy of Sciences, 
Washington, DC. 

Wang, X.; Feng, X.; Xu, Z. & Masliyah, J. 2010. Polymer aids for settling and filtration of oil sands tail-
ings. Canadian Journal of Chemical Engineering 88: 403-410. 

Xu, Y. & Cymerman, G. 1999. Flocculation of fine oil sand tails. Polymers in Mineral Processing, Las-
kowski, J. S. (ed) 38th Annual Conference of Metallurgists of CIM, Quebec City, Quebec, Aug 22-26 
1999.  

Xu, Y.; Dabros, T. & Kan, J. 2008. Filterability of oil sands tailings. Process Safety and Environmental 
Protection. 86: 268-276. 

Yuan, S. & Siman, R. 2012. Procedures for Validation of Flocculants for High Density FFT with a 125-
mm  Dynamic  Mixing  Tank.  Internal  Report  of  the  Tailings  Environmental  Priority  Area  of  Canada’s  Oil  
Sands Innovation Alliance, September 2012. Personal communication. 

Zhu, Y. 2015. Cationic and Anionic Dual Polymer Pairs for Mature Fine Tailings Flocculation and De-
watering. MSc Thesis, University of Alberta, Edmonton, AB, Canada. November 2015. 

Geotechnical Considerations

230



 
 

1 INTRODUCTION 
 
The structural performance of buried flexible pipes is largely a function of the lateral support of 
the surrounding soil. A realistic soil modulus for material surrounding the pipe is therefore re-
quired for accurate estimation of pipe deflections. In a heap leach facility (HLF), the modulus 
will change over time due to self-weight compaction under heavy loading, and degradation of 
the heap fill materials from leaching. Traditional deflection solutions (e.g., Burns and Richard, 
1964) are not well-suited to accurately representing the complex conditions expected in heap 
leach facilities. In an effort to account for anticipated field conditions more accurately, soil-
structure interactions, including soil arching, of underdrain pipes in a large heap leach facility 
were modeled using the 2-dimensional (2-D) finite element (FE) program, Plaxis. The modeling 
effort incorporated laboratory results from tests conducted on both fresh (non-leached) and 
leached samples of over-drain fill (ODF) materials. This paper provides a summary of the mod-
eling effort, including laboratory test results, performed to confirm the structural adequacy of 
leach pipes under design loads at a 440-foot high heap leach facility. 

2 LABORATORY TESTING 
 
Laboratory testing was conducted to evaluate soil modulus values for use in the finite element 
modeling. Crushed samples of fresh (non-leached) and leached granite, the planned over-drain 
fill (ODF), were tested for the following: 
 

Finite Element Modeling of Pipe Deflections Under Heavy 
Loading and Leaching Degradation at a Heap Leach Facility 
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Colorado School of Mines, Golden, CO, USA 

 

ABSTRACT: Structural performance of buried flexible pipe is a function of lateral support 
from adjacent soil, requiring a realistic soil modulus to estimate pipe deflection. In a heap leach 
facility, the modulus changes over time due to self-weight compaction and degradation of the 
fill materials from leaching. To account for these anticipated field conditions, soil-structure in-
teractions (e.g., soil arching) of underdrain pipes in a large heap leach facility were modeled us-
ing the 2-dimensional finite element program, Plaxis. The model incorporated laboratory results 
from incrementally-loaded, rigid-wall compression and permeability tests conducted on both 
fresh and leached samples of fill. The fill material properties were varied within the model to 
simulate the increases in density and stiffness due to compaction and leaching degradation ex-
pected during loading of a heap leach facility. The model included instantaneously placed, in-
cremental loads with varying properties to confirm the structural adequacy of underdrain pipes 
under high design loads. 
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• USCS Soil Classification – ASTM D2487 
• Atterberg Limits – ASTM D4318 
• Grain Size Distribution – ASTM D421 and D422 
• Specific Gravity – ASTM C127 
• Rigid-wall Compression – USBR E-13 
• Constant-Head Permeability – USBR E-13 

 
Grain size distribution tests were performed both prior to permeability testing and following 

permeability testing, on both leached and non-leached samples. Rigid-wall compression and 
permeability testing provided stress-strain data for use in estimating fresh and leached soil 
modulus values for various loading conditions. No initial seating load or specific strain rate was 
used during the testing. The samples were placed in the apparatus without compaction, as is 
representative of the loose density that will generally be used to place materials in a HLF. For 
both sets of tests, four static loads were used to simulate hydraulic and compression perfor-
mance of the ODF as heap height increases: approximately 13,000 psf, 26,000 psf, 39,000 psf, 
and 52,000 psf. The maximum load corresponds to a maximum HLF height of 440 feet, assum-
ing an as-delivered ore unit weight of 117 pcf. 

Specialized methods based on U.S. Bureau of Reclamation (USBR) Test E-13 were used for 
permeability and compression testing of the ODF. In general, very coarse materials can be diffi-
cult to test according to typical standards (e.g., ASTM), which are generally aimed at materials 
finer than the crushed rock proposed for ODF. In addition, specialized testing apparatus that can 
handle the high loads of recent HLF are required, such as the apparatus for testing 1¾-inch mi-
nus coarse material used in this study; this apparatus allowed for a testing load capacity of up to 
450 psi (64,800 psf). The laboratory test results are summarized in Table 1. 
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Table 1: Summary of Laboratory Testing on Fresh and Leached Samples of Granite Materials 
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Granite Pre-Perm GP 78.9 0.4 27.0 24.0 3.0 97.9 1.5 0.60 2.61 - 1.07 - 
Granite Post-Perm GW 94.7 - - - - 92.3 7.4 0.34 - 12.000 - 0.72 
Granite Compression - 83.3 0.4 - - - - - - - - 0.95 0.71 

Leached Granite Pre-Perm GP-GC 107.5 2.3 29.0 19.0 10.0 70.5 24.2 5.26 2.63 - 0.53 - 

Leached Granite Post-Perm - 124.6 - - - - 66.4 28.1 5.53 - 0.019 - 0.32 

Leached Granite Compression - 93.7 2.2 - - - - - - - - 0.75 0.42 
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3 FINITE ELEMENT ANALYSIS 

Plaxis, which is a 2-D, comprehensive finite element analysis program, was used to simulate the 
pipe-soil interaction within the HLF. Plaxis provides multiple constitutive models to simulate 
the complex non-linear, time-dependent and anisotropic behavior of soils and/or rock and their 
interaction with structures. The geometric setup of the finite element model, and the selection of 
the appropriate constitutive models are discussed here. 

3.1 Model Boundary Conditions and Setup 
For this analysis, a simplified cross-section of the pipe within the HLF, subjected to plane strain 
loading conditions, was assumed.  Because of the symmetry of the problem about the vertical 
axis through the center of the pipe, only half the pipe section and space was modeled. The 
straight geometry and the constant cross-section along a significant length justify the assump-
tion of plane strain condition, which, in turn, implies that the displacements which are normal to 
the cross-section are zero.  

The deformations of the base of the model, below the foundation, were fixed to zero. The de-
formations of the sides of the model were restricted only in the horizontal direction to allow for 
vertical deformations within the soil mass and in the pipe. No deformation restrictions were ap-
plied to the top surface. 

A fine mesh of 15-noded triangular elements was generated using the mesh generator of 
Plaxis, with further refinement around the pipe to provide greater precision. Element sizes and 
exact shapes were automatically assigned based on a triangulation procedure used in the soft-
ware. 

The model (Fig. 1) was constructed using eight stages of progressive material loading with 
corresponding increases in material properties. These stages consisted of the following: 

 

1. 30 feet of native foundation materials; No phreatic surface was assumed near the ground 
surface. 

2. Placement of the pipe on the foundation, with approximately 2 feet of ODF placed 
above the pipe. A vertical trench boundary extended from the foundation to the surface 
of the ODF. 

3. One 20-foot lift of ore, for a total load above the ODF of 20 feet of ore. 
4. A second 20-foot lift of ore, for a total load above the ODF of 40 feet of ore. 
5. A line load above the 40 feet of ore, simulating an additional 120 feet of soil loading, 

for a total load (Load 1) above the ODF of 160 feet of ore. 
6. A line load above the 40 feet of ore, simulating an additional 220 feet of soil loading, 

for a total load (Load 2) above the ODF of 260 feet of ore. 
7. A line load above the 40 feet of ore, simulating an additional 320 feet of soil loading, 

for a total load (Load 3) above the ODF of 360 feet of ore. 
8. A line load above the 40 feet of ore, simulating an additional 400 feet of soil loading, 

for a total load (Load 4) above the ODF of 440 feet of ore. 
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Figure 1. Example of model geometry. This view shows placement of the second 20-foot lift (As-Placed 
Ore), with 85 percent (%) saturation in previously leached layers. Line loads are not shown in this exam-
ple. 

 
 
Though some initial level of compaction of ODF adjacent to a pipe increases the risk of dam-

age to a liner system, studies have shown that it is imperative for the structural integrity of the 
pipe (Smith, 2004). For heap facilities, the fill immediately surrounding the drain also needs to 
remain as permeable as possible even under compression from high loads and degradation due 
to leaching. Thus, the fill around the pipe is typically placed as loosely as possible. The ODF in 
the trench was therefore modeled “as-placed,” with the assumption of little to no compaction. 
The ODF adjacent to the trench was given a higher unit weight and twice the modulus of elas-
ticity of the trench ODF to represent some initial compaction; this promotes arching, or the 
transfer of forces from a yielding mass, such as the loose soil above the pipe, to an adjacent, 
relatively stationary mass, such as the compacted ODF. In order to keep the adjacent soil at a 
higher density and stiffness relative to the trench during progression of the model loading, these 
values were increased at each load increment based on the material/load progression used for 
laboratory testing. 
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Heap ore lifts above the ODF and pipe were included in the model to allow for the transfer of 
forces within the soil mass (heap ore) above the ODF as well, rather than placing a line load 
representing the heap ore directly on the ODF layer. Two lifts were used for convenience in the 
progression of the model; this total height is well over the height of soil that is significantly af-
fected by the pipe structure. Line loads were used thereafter in order to keep the model simple. 
The lateral extent of the model is a total of 30 feet, as measured from the center of the pipe. 
This is also well beyond the length of 4 diameters that is typically used (Leduc and Smith, 
2004) as a cutoff of the influence of the pipe structure on the surrounding soil.  

An interface around the pipe was included in the model. In Plaxis, interfaces are joint ele-
ments added to plates to allow for a proper modeling of soil-structure interaction. Interfaces 
may be used to simulate, for example, the thin zone of intensely shearing material at the contact 
between a pipe and the surrounding soil. Generally, the strength of the interface is less than the 
strength of the soil, and a reduction factor is therefore applied to the friction angle and the co-
hesion of the soil; these reduced values are the properties applied to the interface. The reduction 
factor is commonly between 0.4 and 0.8; an interface reduction of 0.5 was used for the HDPE 
pipe/ODF interface (Bircan, 2010). The interface is therefore characterized by half the strength 
of the surrounding soil, and the elasticity of the interface allows for both slipping and gapping 
at the pipe surface, as would be expected. 

3.2 Geotechnical Material Properties 
The material properties were modified with the progression of earth loading in order to simulate 
the increasing density and stiffness due to compaction and leaching degradation. This largely 
consisted of increasing the moist unit weight and the modulus of elasticity, as indicated during 
laboratory testing at incremental loads. The strength properties of the ore and ODF were as-
sumed to be roughly the same and largely unaffected by the heap processes; initial sensitivity 
analyses, which will be discussed later, supported the use of a constant strength characterization 
for the ore materials. The strength properties used to represent the ore and the foundation mate-
rials were based on tests conducted previously.  

Placement of the ODF, including the compacted ODF, was modeled using initial laboratory 
results, which showed some variation in initial unit weights and corresponding void ratios. The 
lower initial unit weight from the laboratory testing was used for the trench ODF, while the 
higher initial unit weight was used for the compacted ODF. A low initial value for the fresh, 
crushed granite modulus of elasticity was used for the trench ODF.  This value was doubled to 
represent the compacted crushed granite materials, as stated previously. 

Initial heap ore placement, prior to the simulation of operations, was modeled using an “as-
placed” moist unit weight of 117 pcf. For simulation of the leaching process and increased load-
ing of the HLF, modulus values and moist unit weights were varied incrementally based on the 
laboratory test results on the crushed granite, which is assumed to be very similar to the ore. 
More precisely, the moist unit weights for model conditions simulating the leaching process 
were based on the dry unit weights measured during testing, with the addition of water weights 
corresponding to 85 percent saturation. This is a typical saturation level in heap leach facilities 
during operations. It should be noted that this assumption increases the total pressure of the 
HLF by nearly 8,000 psf. Rather than the previously assumed moist unit weight of 117 pcf, used 
for the “as-placed” value, the 85 percent saturation moist unit weight is approximately 134 pcf 
for a leached heap height of 440 feet. The variation of moist unit weight with heap height and 
leaching, as well as the assumption of 85 percent saturation, is considered more realistic than 
using a moist unit weight of 117 pcf for the entire heap during and after operations. However, 
the increased unit weights were used for the entire height for each load increment, which is 
conservative. For example, the unit weight at the top of the heap, at a height near 440 feet, 
would most likely not reach a value of 134 pcf. The model parameters are summarized in Table 
2.
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Table 2: Geotechnical Material Properties used to Model HLF Pipe Deformation in Plaxis 
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Moist Unit Weight,  γunsat (pcf) 79.2 106.4 84 109.1 117 128.4 128.4 130.9 132.9 134.4 152 

Saturated Unit Weight,  γsat (pcf) 110.9 111.2 114 113.6 127 131.4 131.4 133.7 135.6 137 162 

Initial Void Ratio, e 1.07 1.07 0.95 0.95 0.61 0.61 0.57 0.43 0.4 0.37 0.5 

Young's Modulus, E' (κsf) 220 220 440 440 330 330 330 430 615 760 10,000 

Poisson's Ratio, ν' 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

cohesion, c' (psf) 0 0 0 0 0 0 0 0 0 0 2444 

Angle of Internal Friction, φ' (deg) 35 35 35 35 35 35 35 35 35 35 22.3 

Dilatancy, ψ (deg) 0 0 0 0 0 0 0 0 0 0 4 

Earth Pressure, Ko 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.62 

Interface Reduction 0.5 0.5 0.5 0.5 1 1 0.5 0.5 0.5 0.5 0.5 
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3.3 Drain Pipe Design and Properties 
The drain pipe network planned for this HLF included a series of perforated High-Density Pol-
yethylene (HDPE) solid wall header pipes with outside diameters (O.D.) ranging from 12-
inches to 26-inches. The standard dimension ratios (SDR) proposed for the pipes included 
DR17, DR11, DR9, and DR7.3.  

These various pipe sizes and properties were each modeled in Plaxis to check the planned de-
sign layout. Pipe sectional properties, including moment of inertia and cross-sectional area, 
were calculated based on general HDPE properties widely available through various venders. A 
short-term pipe modulus of 110,000 psi (15,840,000 psf) and a Poisson’s ratio of 0.35 were 
used to model the pipe stiffness. These are considered typical HDPE elasticity values (AASH-
TO, 2007).  

3.4 Model Results 

3.4.1 Model Sensitivity  
 
Sensitivity analyses were conducted during the initial phases of modeling. At the start of the 
modeling process, strength values for the crushed granite included a cohesion of 20 psf, an an-
gle of internal friction φ=30 degrees, and a dilatancy angle ψ=10 degrees. The change in 
strength of the granite to that of the ore (cohesion c=o and an angle of internal friction φ=35 
degrees) had a negligible impact on the model. A reduction of the dilatancy angle to 0 degrees 
increased overall deformations by approximately 1 percent. Since the actual dilatancy of the ore 
and ODF is not well known, the use of a dilatancy angle of 0 degrees is conservative for com-
pacted materials, and this value was used for subsequent modeling. 

The model is not sensitive to modulus values for small loads (i.e., during initial placement of 
the ODF and the first ore lifts). Where loads are higher and leaching is assumed to have taken 
place, the modulus values for leached materials are sensitive to changes of 100,000 psf (15 to 
25 percent) or more; deformation values were generally higher by 2 to 3 percent for decreases 
in modulus of 100,000 psf. It is our opinion that the values used are already relatively low, and 
are considered representative on the conservative side. 

The modulus of elasticity of the foundation materials did not greatly impact the results, ex-
cept for values of 1.0 x 106 psf or lower. In general, values in this range were found to result in 
a yielding foundation under the HLF, with the potential for differential settlements. However, it 
was assumed that the required foundation compactive effort would be used for the loads antici-
pated at the HLF. Thus, for the purposes of modeling the behavior of the pipe in a HLF, a firm 
foundation with a modulus of 10.0 x 106 psf was considered appropriate. 

According to Smith (2004), long-term (e.g., 50 years) creep effects can reduce the pipe mod-
ulus by a factor of four or five. A long-term modulus of 24,000 psi and a Poisson’s ratio of 0.45 
were therefore used to analyze sensitivity of the model to potential creep effects. In general, the 
long-term deformations were roughly the same as those obtained for short-term moduli, with a 
few instances of larger-diameter pipes exhibiting deflection increases of a few percentage 
points. These deflections were still within acceptable ranges. Whereas this approach is not an 
accurate analysis of creep effects given the complex variables related to changes over time, it 
provides a reasonable measure of order of magnitude of the effects of the phenomenon. It 
should also be noted that the expected life of the facility will be significantly shorter than 50 
years, by approximately half, and that the loads will be lower after leaching has stopped, due to 
the reduction in fluid weight. 

3.4.2 Design Criteria 
 
The modeling was intended to establish the acceptability of the proposed pipe system by calcu-
lating the percent deflection experienced by each pipe size under their respective proposed max-
imum loads/heap height. However, for these results to be meaningful, a goal or design criteria 
must first be established; this is discussed below. 
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Typically, deflection design criteria vary based on the application. For example, the Associa-
tion of State Highway and Transportation Officials (AASHTO) recommends a maximum al-
lowable long-term deflection of 5 percent for buried, corrugated polyethylene pipes (AASHTO, 
2007). Such standards are intended for roadway design and are not practical guidance for the 
design of heap leach pads, which introduce much higher loads to the pipe, have a shorter design 
life, and can function adequately with greater pipe deformations. 

Previous testing conducted in 2007 by Knight Piesold at the USBR laboratory in Denver, CO 
simulated a full-scale cross section of a heap leach pad liner system. The system included a soil 
liner, geomembrane, protective soil, drain pipe, and drainage layer. The testing was conducted 
to evaluate the performance of the pipe under the loading conditions expected on a heap leach 
pad stacked to a height of over 550 feet. The testing indicated a pipe deformation of 21 percent 
at a height of 459 feet, and approximately 29 percent at a height of 558 feet. The deformations 
were considered acceptable because the design of the leach pad piping system allowed for a 50 
percent reduction in flow capacity due to pipe deformations.  

Generally, yielding and/or buckling of a polyethylene pipe will take place between 20 and 30 
percent deflection, yet the pipe will still function for its intended purpose of providing reliable 
drainage to the heap leach facility (Smith et al, 2005; Lupo,  2005). The pipe system proposed 
for this HLF allows for a 20 percent reduction in flow capacity. With this in mind, a deflection 
limitation of 15 percent is considered reasonable for the purposes of this study (Lupo, 2005).  

3.4.3 Calculated Deflections 
 
Figure 2 shows the increase in deformation in a 12-inch DR17 pipe as the load increases. Note 
that at a heap height of 440 feet, the 12-inch DR17 pipe has deformed more than 15 percent, 
which is why the given maximum allowable height in Table 3 is only 360 feet. In general, the 
FEA modeling indicates the collection pipes will not significantly deform under the required 
loads, up to a maximum HLF height of 440 feet.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2. Deformation in mesh for: a) 20 feet of ore (0.7% deflection) and b) 440 feet of ore (16.7% de-
flection). No scale exaggeration included.  

 
 
 
In Table 3, below, the pipes that were analyzed are included with their respective proposed 

load heights and the allowable load height that resulted in a vertical deflection within the 15 
percent design criteria.  

 
 
 
 
 
 
 
 

a b 
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Table 3: Load Heights vs Allowable Heap Heights from FEA Results 

 Allowable Heap Heights Meeting 15 Percent Deflection Design Criteria 

Pipe 
SDR 

Proposed 
Load 

Height 
(feet) 

12" 
O.D. 

14" 
O.D. 

16" 
O.D. 

18" 
O.D. 

20" 
O.D. 

22" 
O.D. 

24" 
O.D. 

DR17 160 360’ 
(13.5%) - 360’ 

(13.5%) 
360’ 

(13.4%) 
360’ 

(13.2%) - - 

DR11 260 - 440’ 
(12.9%) 

440’ 
(12.0%) 

440’ 
(12.1%) 

440’ 
(12.0%) 

440’ 
(12.0%) - 

DR9 360 - - 440’ 
(10.1%) 

440’ 
(10.0%) 

440’ 
(9.9%) 

440’ 
(10.1%) 

440’ 
(10.0%) 

DR7.3 440 - - - - 440’ 
(7.8%) 

440’ 
(8.0%) 

440’ 
(7.7%) 

Note: Number in parentheses is the percent deflection at that load height. 
 
Figures 3 through 5, at a true scale, indicate the importance of soil arching and lateral support 

of the pipes. These figures show contours for the vertical normal stress, horizontal normal 
stress, and shear stress on a DR17 12-inch diameter pipe (as an arbitrary example) with no 
trench construction (no compaction adjacent to pipe), and with a trench (fill compaction adja-
cent to pipe). Comparing Figure 3a to 3b, the vertical stress at the top of the pipe is reduced, 
and the location where the vertical stress increases adjacent to the pipe is shifted away from the 
pipe when soil arching is promoted through the introduction of a trench. Comparing Figure 4a 
to 4b, the horizontal stresses are also reduced on the pipe, but are higher at the side of the pipe 
as opposed to the top of the pipe. This is due to lateral elongation of the pipe and the corre-
sponding earth pressures resisting the pipe elongation. Comparing Figures 5a to 5b, the shear 
stresses adjacent to the pipe are also reduced and shifted away from the pipe when soil arching 
is promoted. It is also noted that the shear stresses are highest where the pipe compression tran-
sitions to pipe elongation, and in the haunch, as is expected. The percent increase in vertical de-
flection between the non-trenched pipe and the trenched pipe in this example is approximately 4 
percent. 

 
 

 

 
Figure 3. Vertical normal stress around 12” DR17 pipe under 440 feet of ore: a) No trench, and b) with 
trench.  
 
 
 

a b 
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Figure 4. Horizontal stress around 12” DR17 pipe under 440 feet of ore: a) No trench, and b) with trench. 
  
 
 

 
Figure 5. Shear stress around 12” DR17 pipe under 440 feet of ore: a) No trench, and b) with trench.  

4 CONCLUSIONS 

The finite element modeling used for this study allowed for a more insightful understanding and 
a more accurate evaluation of the field conditions, including those that change with time, than 
can be achieved with traditional deflection solutions (e.g., Burns and Richard, 1964). However, 
traditional solutions are still useful as a point of first approximation and as a check against more 
rigorous computations, while accounting for their limited applicability to heap leach issues 
(e.g., large fill heights, degradation due to leaching). A brief comparison between the two, con-
ducted for a DR17 20-inch pipe, showed that vertical deformation in the Plaxis model is ap-
proximately 23 percent greater than the deformation predicted using Burns and Richard (1964) 
(13.2 percent deflection versus 10.7 percent deflection, respectively). While empirical relation-
ships are commonly assumed to be conservative, these results indicate that this may not always 
be the case. 

a b 

a b 
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The results of this study re-emphasize the necessity of creating conditions that will promote 
soil arching. Compaction of fill materials adjacent to underground pipes is critical, while the fill 
above the pipes should be kept loose, as in a “trench.” 
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1 INTRODUCTION 

1.1 Heap Leaching 
The use of heap leaching to recover minerals from low grade ores, such as gold, silver, copper 
or uranium ore, has long been an attractive option due to its low capital and operating costs. 
The mineral-bearing ore is crushed to produce an aggregate that is sufficiently coarse to be 
permeable on a heap, but fine enough to expose the precious minerals in the ore to the leaching 
solution. Within a heap leach facility, ore is stacked in lifts on an impervious pad where it is ir-
rigated with a leach solution (acid or alkaline). The leach solution then percolates through the 
heap, dissolving the target minerals. 

Standard practice for design and operation of conventional heap leach facilities relies on min-
imizing solution (i.e. hydraulic) head on the liner system. Solution flow through the heap is col-
lected via an overliner drainage system designed and constructed above the liner. After mineral 
extraction, the pregnant leach solution is collected and transported to a collection pond, and 
then transported to the process plant where it is treated to recover the valuable minerals. 

Economical operation of a heap leach facility requires that the crushed ore demonstrate suffi-
cient permeability characteristics after being crushed and stacked onto the pad as non-uniform 
and/or poor percolation within the heap leads to lower mineral recoveries. Some factors affect-
ing flow through a heap include the grain size distribution of the ore, material properties of the 
host rock (e.g. durability, mineralogy), height of the heap, solution application rate, and climatic 

Leachability Characteristics of Agglomeration on Copper-Cobalt 
Ore Exposed to Acid Leaching Environments 

K.F. Morrison 
Morrison Geotechnical Solutions, Inc., Lakewood, Colorado, USA 

ABSTRACT: Heap leaching operations are often impacted by poor permeability of the ore, 
which may lead to uneven distribution of the leach solution and ultimately poor mineral recov-
eries. As such, a critical component to the design of a heap leach facility is ensuring the ability 
to achieve long-term drainage. Agglomeration, which involves mixing ore with cement, poly-
mers, or other additives prior to loading on a heap leach pad, is commonly used in the mining 
industry to bind fine-grained particles (to each other, or to coarse-grained particles) to increase 
the ore permeability. However, the ability of common agglomerating binders to withstand acid 
leaching has been identified as an issue in the past. A study on the effects of agglomeration us-
ing polymer on the geotechnical and metallurgical characteristics of copper-cobalt ore was car-
ried out by performing a series of laboratory tests, including agglomeration amenability testing, 
column leach testing, and high stress geotechnical hydraulic testing under saturated and unsatu-
rated conditions. Though agglomeration may be an effective means for enhancing the permea-
bility and percolation characteristics of ore, factors such as binder type, grain size composition, 
and mineralogical characteristics of the ore influence the effectiveness.  
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considerations (e.g. precipitation, temperature). Of note, ores containing excessive fines and/or 
clays typically present an undesirable situation for heap leaching as they have a tendency to de-
crease the percolation rate of the leach solution. However, even pockets of fines can contribute 
to material heterogeneity and enhance development of preferential flow effects where large por-
tions of a heap can be bypassed by liquid flow, which can affect leaching efficiency and ge-
otechnical stability (McCord et al., 2012). 

1.2 Agglomeration 
Agglomeration, which is defined by Merriam-Webster  as  “a  large  group,  collection,  or  pile  of  
different  things”  or  “the  action  or  process  of  collecting  in  a  mass,”  has been shown as an effec-
tive pre-treatment step for heap leaching of ores containing significant amounts of fine-grained 
particles by improving the efficiency of the leaching solution to percolate through the ore pile 
(i.e. increase permeability). The agglomerator (typically a drum) works by taking the crushed 
ore fines  and  “agglomerating”  them  either into uniform larger particles, or onto coarse-grained 
particles within the crushed ore matrix. 

In the mid-1970s, the U.S. Bureau of Mines (USBM) performed an agglomeration pretreat-
ment research program to evaluate agglomeration procedures for improving leaching within cy-
anide leach pads (McClelland & van Zyl, 1988). Through this research, the USBM developed 
an agglomeration process in which crushed ore (finer than one inch) could be effectively ag-
glomerated by mixing with Portland cement at a rate of 10 pounds per ton of dry feed, wetting 
with water or cyanide solution to a final moisture content of about 12 percent (%) by weight, 
mechanically tumbling the wetted mixture, and curing for a minimum of eight hours before ap-
plying conventional cyanide heap leach techniques (McClelland & van Zyl, 1988). The agglom-
eration technology developed by the USBM was rapidly adopted by the precious metal mining 
industry, with the first commercial agglomeration heap leach operation commencing production 
in 1980 (McClelland & van Zyl, 1988).  

Common agglomerating agents include Portland cement, polymers, lime, fly-ash, and leach 
(i.e. raffinate) solution. Agglomerating agents either act as a cement, adding strength to the ag-
glomerated material, or exchange sodium cations in the clay particles of the ore with calcium 
cations from the binder to improve the workability and permeability of the clay materials 
(McClelland & van Zyl, 1988). Where raffinate solution is used as the binder, agglomeration 
has the added benefit of being able to pre-mix the leaching solution with the ore fines to achieve 
a more concentrated, homogeneous mixture, allowing the leaching process to commence imme-
diately upon placement within the heap leach facility. Most agglomerating binders that are used 
successfully in precious metal leach operations, such as Portland cement, require neutral or al-
kaline pH (Kawatra et al., 2005). As such, the ability of common agglomerating agents to with-
stand acid leaching, which is typical in processing of copper ore, has been identified as an issue 
in the past (Kawatra et al., 2005).  

2 BACKGROUND 

Based on low recovery issues associated with the milling process at a brownfields copper-cobalt 
mine in Africa, heap leaching of a portion of the ore has been considered to supplement the 
process. The potential for development of a permanent conventional heap leach pad was first 
explored by constructing test pads and monitoring their performance. Prior to placement of ore 
on these test pads, the mine crushed and screened the ore to remove the majority of fines, but 
did not agglomerate the ore. Based on the results of the test pad program, the mine indicated 
that heap leaching could provide an estimated copper recovery of 70%, with cobalt recovered to 
a lesser degree.  

Though the mine previously screened the ore to remove the majority of the fines to enhance 
permeability prior to leaching, the crusher fines contain economic amounts of copper and co-
balt. A phased testing program was performed to assess the leachability characteristics of the 
ore containing varying amounts of fines. 

The testing program was performed on the following material types: (i) Leached Coarse Ore; 
(ii) Fresh Coarse Ore; and (iii) Crusher Fines. The Leached Coarse Ore material was obtained 
from the test pads discussed above, which had been subjected to leaching with sulfuric acid. 
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Based on data provided by the mine, the Coarse Ore generally consists of gravel-sized material 
(greater than 4.75 millimeter [mm]) prior to leaching, while the Crusher Fines generally con-
sists of material finer than 4.75 mm. Gradations of the Leached Coarse Ore and Crusher Fines 
are provided in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Copper-cobalt ore particle size distributions. 

3 AGGLOMERATION AMENABILITY TESTING 

Agglomeration amenability testing was performed on the Leached Coarse Ore and the Crusher 
Fines to determine the agglomeration characteristics of the two different size distributions of 
ore, with the samples blended at various ratios of fines to coarse. The ore was agglomerated us-
ing either sulfuric acid only, or a polymer with sulfuric acid, as experience indicates that a 
binder is necessary for material that contains more than 15% fines (minus No. 200 mesh). The 
strength and stability of the agglomerates were tested using wet and dry methods. 

The polymer binder used was a one percent (1%) emulsion identified as HAF-52 anionic 
polymer supplied by Polymer Ventures. Polymers used as agglomerating agents can be anionic 
(negatively-charged), cationic (positively-charged), or non-ionic (no charge). An anionic poly-
mer emulsion was selected for use as anionic polymers have excellent acid resistance, while 
cationic polymer emulsions will dissolve readily in acidic solutions. 

The agglomeration amenability testing was performed on various blends of Leached Coarse 
Ore  (i.e.  “Coarse  Fraction”)  and  Crusher  Fines  (i.e.  “Fines”), as summarized in Table 1. 

 
Table 1. Ore blends for agglomeration amenability testing.  
Test No. Ratio 

(Coarse:Fines) 
Coarse Fraction 
(wt. %) 

Fines Fraction 
(wt. %) 

Agglomerating Agent 

AT-1 -- 0 100 Sulfuric acid only 
AT-2 -- 30 70 Sulfuric acid only 
AT-3 -- 50 50 Sulfuric acid only 
AT-4 -- 70 30 Sulfuric acid only 
AT-5 -- 85 15 Sulfuric acid only 
AT-6 5:1 83 17 Mix of sulfuric acid and polymer 
AT-7 4:1 80 20 Mix of sulfuric acid and polymer 
AT-8 3:1 75 25 Mix of sulfuric acid and polymer 
AT-9 2:1 67 33 Mix of sulfuric acid and polymer 
AT-10 1:1 50 50 Mix of sulfuric acid and polymer 
AT-11 1:2 33 67 Mix of sulfuric acid and polymer 
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3.1 Test Procedures 

3.1.1 Agglomeration procedure 
Agglomerates were produced in a cement mixer with the baffles removed, as illustrated in Fig-
ure 2.  The mixer rotates at 24 revolutions per minute (rpm), and has a diameter of 45.7 centi-
meters (cm), which equates to a critical speed of 38%. Typical agglomerating drums operate at 
20 to 50% of critical speed (Miller, 2010).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Laboratory-scale agglomeration method. 
 

Where samples were agglomerated using sulfuric acid only, sulfuric acid solution was added 
to the samples via a spray bottle while the mixer was turning.  The sulfuric acid concentration 
was 17% by weight to target an overall addition of 15 to 20 kilograms per tonne (kg/t). Once 
proper agglomeration was visually achieved, the amount of solution added to the sample was 
recorded. The acid addition ranged from 17.5 to 18.8 kg/t, resulting in total sample moisture 
contents ranging from approximately 13 to 15% by weight. 

For samples agglomerated using polymer, a mixture of sulfuric acid and polymer binder was 
added to the samples via spray bottles while the mixer was turning.  The sulfuric acid concen-
tration was 17% by weight to target an overall addition of 15 to 20 kg/t. The polymer emulsion 
was added to the agglomeration solution to target an addition rate of 0.6 kg/t of emulsion. Once 
proper agglomeration was visually achieved, the amount of solution added to the sample was 
recorded. The acid addition ranged from 18.4 to 21.1 kg/t, with a polymer addition ranging from 
0.65 to 0.75 kg/t.  The sulfuric acid and polymer addition increased as a direct correlation to the 
fines content in the samples (i.e. samples with greater fines content required more sulfuric acid 
and polymer to produce agglomerates).  The resulting moisture contents of the agglomerates 
ranged from approximately 13 to 15% by weight. 

3.1.2 Agglomeration evaluation procedure 
The agglomerates were either air dried for two days and placed in a 30oC oven for one day to 
expedite drying, or air dried approximately five days prior to performing the dry and wet test 
methods. The dry test method comprised the drop test, whereby agglomerates were dropped on 
to a steel plate from a height of 1.8 meters (m).  

Two wet tests were performed on the agglomerates: (i) the soak test; and (ii) the wash test. 
The soak test was performed by submerging the agglomerates in water for 30 minutes on a 
No. 10 screen. The wash test is performed by placing the agglomerates on a No. 10 screen and 
dipping the screen into a tub of water a total of 10 times. After submergence for the soak test, or 
dipping for the wet test, the amount of material breakdown was evaluated by recording the dry 
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weight of the material retained on the screen as compared to the dry weight of the material pass-
ing the screen. 

3.2 Results 
Each of the agglomeration tests produced agglomerates in the range of 19 to 38 mm in diameter.  
With the exception of sample AT-1, agglomerates were comprised of fine material attached to a 
larger rock; however, sample AT-1, which was comprised fully of fine ore, produced agglomer-
ates that were effectively balls of fines that had stuck together. The agglomerates produced for 
the 3:1 and 2:1 (coarse:fines) blends are shown in Figure 3.  
 

Figure 3. Copper-cobalt ore agglomerates produced using polymer and sulfuric acid as a binding agent. 
 
After a curing period, the agglomerates were tested for strength using wet (i.e. soak and wash 

tests) and dry (i.e. drop test) methods. A summary of results from the wet tests is presented in 
Table 2. 

 
Table 2. Results from wet evaluation of agglomerates.  
Test No. Ratio 

(Coarse:Fines) 
Soak Test 
(wt. % Lost) 

Wash Test 
(wt. % Lost) 

Agglomerating Agent 

AT-1 -- 33.0 12.1 Sulfuric acid only 
AT-2 -- 24.7 3.1 Sulfuric acid only 
AT-3 -- 26.6 11.3 Sulfuric acid only 
AT-4 -- 24.1 3.8 Sulfuric acid only 
AT-5 -- 33.8 5.1 Sulfuric acid only 
AT-6 5:1 22.0 5.2 Mix of sulfuric acid and polymer 
AT-7 4:1 26.7 4.1 Mix of sulfuric acid and polymer 
AT-8 3:1 21.2 3.6 Mix of sulfuric acid and polymer 
AT-9 2:1 21.2 3.4 Mix of sulfuric acid and polymer 
AT-10 1:1 26.0 4.2 Mix of sulfuric acid and polymer 
AT-11 1:2 25.7 3.5 Mix of sulfuric acid and polymer 

   
Each of the agglomerates performed poorly during the soak test, losing from 21.2 to 33.8% of 

the material (by weight). The agglomerates performed better during the wash test, losing only 
3.1 to 12.1% of the material (by weight).  However, sample AT-1 (the 100% fines sample pro-
duced using sulfuric acid alone) performed the worst during the wash test, as the test rendered 
the agglomerates incompetent. During the wet test methods, the agglomerates with binder per-
formed slightly better than the agglomerates without binder, as the binder appeared to slow the 
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degradation process. 
During the drop test, which is a qualitative test, each of the agglomerates broke to varying 

degrees upon impact with the steel plate. In general, agglomerates produced with less fines con-
tent appeared to be slightly stronger than samples produced with higher fines content, while ag-
glomerates produced without polymer performed effectively the same as agglomerates produced 
with polymer.  

3.3 Summary  
Each of the sample blends (mix of coarse and fines) were capable of generating agglomerates, 
regardless of whether or not a binder was used, with the stability and strength of the agglomer-
ates generally increasing as the amount of fines in the sample decreased. The agglomerates gen-
erated with the binder performed as good as, if not somewhat better than, the agglomerates gen-
erated using sulfuric acid alone.  

Based on the results of the agglomeration amenability testing program, a material ratio of 3:1 
or 2:1 (coarse:fines) (i.e. samples AT-8 and AT-9) was considered to produce reasonably strong 
agglomerates, particularly with the use of binder. If higher fines ratios were desired, additional 
agglomeration amenability testing would be recommended using an increased binder addition.  

4 COLUMN LEACH TESTING 

Agglomeration amenability testing indicated that ore blends with 25 to 33% fine ore material 
(i.e. correlating to coarse to fine ratios of 3:1 and 2:1) could produce stable agglomerates, par-
ticularly with the addition of polymer binder. Column leach testing of these two material 
blends, agglomerated with and without the use of a polymer binder, was performed to assess the 
leachability.  

4.1 Sample Preparation 
Fresh ore samples were agglomerated prior to placement in the columns. The sulfuric acid con-
centration for agglomeration was 16% by weight to target an overall addition of 13 kg/t. Where 
polymer was used, the binder (i.e. one percent emulsion of HAF-52 anionic polymer) was added 
to the agglomeration solution at 0.6% by weight to target an addition rate of 0.5 kg/t. The mate-
rial ratios for each of the columns along with the type of agglomerating agent are summarized in 
Table 3.  

 
Table 3. Ore blends and agglomeration method for column leach testing.  
Column 
No. 

Ratio 
(Coarse:Fines) 

Coarse Fraction 
(wt. %) 

Fines Fraction 
(wt. %) 

Agglomerating Agent 

1 3:1 75 25 Sulfuric acid only 
2 3:1 75 25 Mix of sulfuric acid and polymer 
3 2:1 67 33 Sulfuric acid only 
4 2:1 67 33 Mix of sulfuric acid and polymer 

4.2 Acid Column Leaching 
A total of four open-circuit column leach tests were performed in standard Plexiglas columns 
measuring 20 cm in diameter, with ore placed to a height of approximately 2 m. Agglomerated 
material was allowed to cure in the columns for three days prior to commencing the leaching 
process. Prior to column testing, representative samples from each of the columns were submit-
ted for head analyses to evaluate the initial copper (Cu) and cobalt (Co) concentrations. 

Each column was fed approximately five grams per liter (g/L) sulfuric acid solution at a rate 
of approximately 11.6 liters per hour per meter squared (L/hr/m2), nominally in excess of the 
proposed solution application rate of 10 L/hr/m2. The solution exiting the columns was collect-
ed, and initially checked daily for pH, free acid, and submitted for Cu, Co, and iron (Fe) analy-
sis. After the initial leaching period, the pregnant solution was measured and sampled at a re-
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duced frequency. The columns were run for a period of 90 days.  Once the 90-day leach cycle 
was completed, the columns were rinsed with fresh water for nine days with the pH of the rinse 
solution checked daily to determine when the columns were adequately rinsed. 

4.3 Column Leach Test Results 
The column leach test results are summarized in Table 4. The copper and cobalt extraction ver-
sus leach cycle time is presented in Figure 4. 
 
Table 4. Column leach test results summary.  
Column 
No. 

Cu Extraction 
(%) 

Co Extraction 
(%) 

Sulfuric Acid 
Consumption 
(kg/t) 

Agglomerating Agent 

1 67.0 41.9 47.4 Sulfuric acid only 
2 73.3 45.8 44.4 Mix of sulfuric acid and polymer 
3 69.0 37.0 38.6 Sulfuric acid only 
4 67.2 37.2 43.6 Mix of sulfuric acid and polymer 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Column leach test results, Cu and Co recovery vs. time. 
 

The column leach test results indicate: 
 The coarser feed material in Columns #1 and #2 produced slightly improved Cu and Co ex-

tractions than the finer feed material in Columns #3 and #4; 
 The addition of polymer binder to increase agglomerate strength did not have an adverse ef-

fect on metal recoveries, and improved permeability at the higher fines content;  
 The columns were not run to exhaustion, with additional metal recovery likely if the leach 

time were extended; and 
 Recovery of Cu and Co from the agglomerated ore samples compared well to the reported 

Cu and Co recoveries from non-agglomerated ore placed on the test pads. 

5 ORE PERMEABILITY TESTING PROGRAM 

To gain improved understanding of the leachability characteristics of the copper-cobalt ore, hy-
draulic testing was performed on the ore with and without agglomeration using two geotech-
nical testing methods: (i) consolidation-permeability; and (ii) compression-percolation. The re-

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

249



sults from these tests supplement those obtained from the column leach testing program, as each 
of these tests simulate varying hydraulic conditions within the heap, as illustrated in Figure 5. 

 
 
 
 
 
 
 
 
 
 

Figure 5. Schematic of simulated ore hydraulic conditions for column testing, compression-percolation 
testing and consolidation-permeability testing. 

5.1 Samples Tested 
Based on the results of the column leach testing, the agglomerated 3:1 (coarse:fines) mix ore 
material was selected for subsequent geotechnical permeability testing. Though independent 
hydraulic testing of the samples agglomerated with and without binder is anticipated to provide 
valuable results, a composite sample was generated by combining the material removed from 
Columns #1 and #2 after leaching. For comparison, the same geotechnical testing suite was per-
formed on the sample of non-agglomerated Leached Coarse Ore obtained from the test pad. 

The gradations of the Column #1 and Column #2 post-leach agglomerated ore samples close-
ly approximated the Leached Coarse Ore sample, as illustrated in Figure 6. The Column #1 and 
Column #2 samples, which were generated using a 3:1 blend of coarse to fine ore, is noted by a 
minor increase in the fines content as compared to the Leached Coarse Ore. It is important to 
note that these gradations represent the particles that make up the agglomerates, and not the ag-
glomerates themselves. 

 

Figure 6. Comparison of ore sample gradations tested for geotechnical permeability (saturated and un-
saturated). 

 
Atterberg limits testing completed on the Leached Coarse Ore sample and the Crusher Fines 

sample exhibited no plasticity (i.e. non-plastic fines). However, the Column #1 and Column #2 
post-leach agglomerated ore samples exhibited plasticity, with liquid limits of 26 and 27, re-
spectively, and plasticity indices of 6 and 7, respectively. As discussed previously, plastic fines, 
such as clays, have a tendency to impede drainage flow.   

Ore materials may exhibit significant degradation when subjected to acid leaching solutions 
(Theil & Smith, 2004) which may result in instability of the heap, increased solution inventory, 
decreased recovery, and/or lengthened leaching time (Lupo & Dolezal, 2010). Geotechnical 
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testing of leach column residues, or pre-leached ore, as performed as part of this program, can 
assist in assessing the potential ore degradation, as the ore has already been aged by the leach-
ing solutions (Lupo & Dolezal, 2010).  

5.2 Consolidation-Permeability Testing 
The consolidation-permeability test is a non-standard test that evaluates the effect of increasing 
vertical pressure on the porosity and subsequent permeability of the ore under pressures im-
posed by the ore at its proposed maximum height (i.e. under future loading). Though ore mate-
rials are most commonly leached under unsaturated conditions, the saturated ore hydraulic con-
ductivity, as obtained from the consolidation-permeability test, represents the maximum 
solution application rate for the ore, whereby the solution application rate should be maintained 
well below this value to prevent ore saturation (Lupo & Dolezal, 2010).  

5.2.1 Test Method 
Consolidation-permeability testing was performed in a 25-cm diameter rigid wall cell, with the 
samples saturated prior to performing constant head permeability testing.  The apparatus was 
loaded to pressures of 185, 370 and 550 kiloPascals (kPa), representative of ore heights of 10, 
20 and 30 m, respectively.  

5.2.2 Results 
Under increasing pressure, the measured permeability of the Leached Coarse Ore sample de-
creased slightly from 3.0E-2 centimeters per second (cm/sec) at a pressure equivalent to 10 m of 
ore, to 2.1E-2 cm/sec at a pressure equivalent to approximately 30 m of ore. Under these same 
pressures, the measured permeability of the composite Column #1/Column #2 post-leach ag-
glomerated ore sample decreased slightly from 7.8E-2 cm/sec to 7.3E-2 cm/sec. Similarly, the 
ore porosities decreased slightly under load, from 0.35 (at a load of 185 kPa) to 0.33 (at a load 
of 550 kPa) for the Leached Coarse Ore sample, and from 0.32 to 0.30 for the composite Col-
umn #1/Column #2 sample. 

Gradation analyses were performed on the samples before and after the consolidation-
permeability test to assess the amount of breakdown that may be expected under the anticipated 
loading conditions.  The Leached Coarse Ore exhibited some breakdown as a result of the test, 
with the fines content (finer than 0.075 mm) increasing slightly from 17.1% (prior to testing) to 
19.5% (after testing), while other particle sizes exhibited greater breakdown. However, the 
post-leach agglomerated ore exhibited negligible breakdown as a result of the test. 

5.2.3 Discussion 
As discussed above, the gradation of the Leached Coarse Ore and the Column #1 and Column 
#2 post-leach agglomerated ore samples is similar; however, the fines contained within the Col-
umn #1 and Column #2 samples exhibited plasticity, while the Leached Coarse Ore tested as 
part of this program was non-plastic. Given the similarity of the gradations, combined with the 
plasticity of the post-leach agglomerated ore, it may be expected that the post-leach agglomerat-
ed ore would exhibit similar or reduced permeability as compared to the non-plastic Leached 
Coarse Ore sample. However, the post-leach agglomerated ore performed well in this test, pro-
ducing a saturated permeability more than double that of the Leached Coarse Ore, as illustrated 
in Figure 7.   

5.3 Compression-Percolation Testing 
A key parameter to evaluate how the ore will behave in a heap during leaching operations is the 
percolation rate (i.e. applied solution rate), or unsaturated permeability, and how this property 
changes with increases in load. Like the consolidation-permeability test, the compression-
percolation test is a non-standard test.  
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Figure 7. Comparison of consolidation-permeability results for agglomerated vs. non-agglomerated 
copper-cobalt ore. 

5.3.1 Test Method 
Compression-percolation testing was performed using a 30-cm diameter rigid wall cell. The 
percolation rate of the material was measured by applying tap water with an electromagnetic 
pump to simulate various solution application rates. A design solution application flow rate of 
10 L/hr/m2 was considered. In addition to percolation rate, the samples are measured for com-
pression and settlement at the selected load increments as part of the test. 

During loading, if the applied solution pools on top of the ore sample, this is an indication 
that the ore has become saturated. For an established solution application rate, the load at which 
the ore becomes saturated can be converted to an equivalent ore height and used as a guide to 
design the maximum ore height for the heap leach pad (Lupo & Dolezal, 2010). To provide es-
timates of the percolation characteristics of the leached ore samples under anticipated future 
loading, compression-percolation testing was performed at pressures of 185, 370, and 550 kPa, 
representative of ore heights of 10, 20 and 30 m, respectively. 

5.3.2 Results 
Compression-percolation testing was performed on the Leached Coarse Ore sample. Under a 
stress equivalent to 10 m of ore (i.e. 185 kPa), the sample percolated water at a rate of 
22.3 L/hr/m2, in excess of the design flow rate.  Under a stress equivalent to 20 m of ore (i.e. 
370 kPa), the spent ore sample percolated water at a rate of 15.9 L/hr/m2, also in excess of the 
design flow rate.  However, under a stress equivalent to 30 m of ore (i.e. 550 kPa), ponding was 
observed at the design flow rate, and the achievable percolation rate was measured at 
1.8 L/hr/m2 (i.e. only 18% of the design flow rate). 

After completion of the column leach tests discussed in Section 4, compression-percolation 
testing was performed on a composite sample of the Column #1 and Column #2 post-leach ag-
glomerated ore material, which represented a 3:1 (coarse:fines) ore blend. Under a stress equiv-
alent to 10 m of ore (i.e. 185 kPa), the agglomerated ore sample percolated water at a rate of 
41.8 L/hr/m2, over four times the design flow rate. Under stresses equivalent to 20 m and 30 m 
of ore, the agglomerated ore sample percolated water at rates of 38.0 and 31.9 L/hr/m2, respec-
tively,  also  in  exceedance  of  the  design  flow  rate.    The  laboratory  noted  that  “pulsing”  of  flow  
was observed at each of the load increments, meaning that the flow through the sample periodi-
cally surged.  This is believed to be a result of the ore agglomeration, and the use of polymer for 
the Column #2 sample, in particular. 

Gradation analyses were performed on the samples before and after the compression-
percolation test to assess the amount of breakdown that may be expected under the anticipated 
loading conditions.  The Leached Coarse Ore exhibited some breakdown as a result of the test, 
with the fines content (finer than 0.075 mm) increasing from 14.2% (prior to testing) to 18.1% 
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(after testing). However, the post-leach agglomerated ore exhibited negligible breakdown as a 
result of the test. 

5.3.3 Discussion 
As discussed in Section 5.1, the gradation of the Leached Coarse Ore and the Column #1 and 
Column #2 post-leach agglomerated ore samples are similar, while the Column #1 and Column 
#2 samples exhibited plasticity. Like the consolidation-permeability test, it was expected that 
the post-leach agglomerated ore would exhibit similar or reduced percolation as compared to 
the non-plastic Leached Coarse Ore sample. However, the post-leach agglomerated ore per-
formed well in this test, producing percolation rates almost 18 times higher than that of the 
Leached Coarse Ore at the ultimate load equivalent to 30 m of ore, as illustrated in Figure 8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Comparison of compression-percolation results for agglomerated vs. non-agglomerated cop-

per-cobalt ore. 

6 CONCLUSIONS 

Due to its low capital and operating costs, heap leaching is an attractive option for processing of 
low grade ores. However, heap leaching operations may be impacted by poor ore permeability, 
leading to uneven distribution of the leach solution and ultimately poor mineral recoveries. Ag-
glomeration, which is commonly employed to increase the ore permeability and percolation 
characteristics, may pose challenging in acid leaching environments, as most common binders 
are not acid-resistant. 

A study on the effects of agglomeration on the geotechnical and metallurgical characteristics 
of copper-cobalt ore was carried out by performing a series of laboratory tests, including ag-
glomeration amenability testing, column leach testing, and high stress geotechnical testing un-
der saturated and unsaturated conditions. The addition of an anionic polymer to the agglomera-
tion process was shown to be beneficial for the copper-cobalt ore, dramatically improving the 
permeability and percolation characteristics of the ore as compared to non-agglomerated ore. 
Not only do the results indicate that the ore can be stacked higher on the pad and/or leached at a 
higher solution application rate if agglomeration is employed, but also that a portion of the 
crusher fines material may be bound to the larger-grained ore matrix to obtain economic benefit. 
Agglomeration of ore with a fines content greater than 25 to 30% was considered to provide 
limited benefit based on the testing performed.  

Though agglomeration and polymer addition would result in increased processing costs, it is 
anticipated to result in decreased construction costs, and a trade-off of these costs should be 
considered. At the time of this paper, the cost for the polymer used in this study was reported as 
US$1.20 per pound (at 100% concentration). 

As is typically the case, additional testing could be performed to further evaluate the leacha-
bility characteristics of the copper-cobalt ore. For instance, the geotechnical hydraulic test work 
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was performed using tap water, while use of the actual leach solution may result in varying hy-
draulic responses for the agglomerated and non-agglomerated ores. Also, based on the limited 
number of samples tested, the variability in the physical and mineralogical characteristics of the 
ore could not be assessed. 
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1 INTRODUCTION 
 
In many kinds of mining large volumes of water are used in mineral processing. Water facili-
tates extraction or separation processes such as flotation (Wills and Finch 2016). Dewatered 
tailings or densified tailings have been proposed by Robinsky (1975, 1990) to not only reduce 
the risk of dam failure but also save the cost of tailings extraction process by recycling water 
from the tailings storage facilities. Dewatering before deposition includes thickening, floccula-
tion, centrifugation and filtering. Dewatering after deposition consists of drainage, consolida-
tion and desiccation (drying). While the tailings are saturated, conventional soil mechanics can 
model dewatering. However during sub-aerial tailings disposal, the tailings are deposited in thin 
layers and allowed to desiccate under climatic conditions (Qiu & Sego 2001). When tailings de-
saturate, the volume change behavior, hydraulic conductivity and shear strength of the tailings 
are modelled within the framework of unsaturated soil mechanics. Other tailings management 
issues are related to unsaturated flow conditions such as designing appropriate soil covers to 
prevent Acid Mine Drainage (AMD). The water retention characteristics of these materials are 
required within the unsaturated soil mechanics framework. 
In unsaturated soil mechanics, the water retention characteristics are described through the Soil-
Water Characteristic Curve (SWCC) (also known as the Water Retention Curve) (Fredlund & 
Houston 2013). The SWCC is the relationship between the amount of water (volumetric or 
gravimetric or the degree of saturation) in a soil and the suction. Unsaturated soil mechanics has 
used the SWCC for the estimation of unsaturated soil properties such as shear strength, hydrau-
lic conductivity and compressibility and these are used in numerical modelling of geotechnical 
engineering problems (Vanapalli et al. 1996). The SWCC is generally the most widely used 
method of characterizing the hydraulic properties of unsaturated soils and tailings.  

A Review of Different Methods to Estimate or Measure Soil 
Water Characteristics Curve (SWCC) of Hard Rock Mine tailings 
– Application to Tailings Treatment Technologies 

Farzad Daliri, Chenxi Zhang, Sam Proskin & Trempess Moore 
Thurber Engineering Ltd., Calgary, Alberta, Canada 

ABSTRACT: The Soil-Water Characteristic Curve (SWCC) is a governing factor that should 
be estimated or measured to obtain geotechnical engineering behaviour, such as unsaturated 
hydraulic conductivity and compressibility, of sub-aerially deposited unsaturated tailings. Since 
tailings are not natural soils, there are complexities in measuring SWCC of some mine or oil 
sands tailings compared to the SWCC of natural soils due to high volume change or tailings 
treatment. Even though there have been some research to estimate and measure SWCC of tail-
ings, the necessity of the SWCC to tailings treatment industry is relatively disregarded. This 
paper reviews empirical and experimental methods to estimate or measure SWCC of tailings 
and provides published SWCC of different tailings. At the end, the paper discusses the applica-
tion of the SWCC to tailings treatment technologies such as dewatering behavior of deposited 
tailing, thin lift deposition and designing capillary barrier covers for tailings ponds.  
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This paper summarizes fundamentals of unsaturated soils mechanics applicable to tailings, 
reviews empirical functions to estimate the SWCC of tailings, reviews direct and indirect meth-
ods to measure SWCC of tailings, and compiles SWCC data of various tailings.  Finally it dis-
cusses the applicability of the SWCC to tailings treatment technologies such as the dewatering 
and desiccation behaviour of freshly deposited tailings and designing soil covers for tailings 
ponds reclamation. 

2 UNSATURATED SOILS MECHANICS 

 
Bishop (1959) proposed an effective stress equation for unsaturated soils: 

)()(' waa uuu                                                                                            (1) 

where ϭ’ is the effective stress, ϭ  is  the  total  stress, ua is the pore air pressure, uw is the pore wa-
ter pressure,  (ϭ  - ua) is the net normal stress, (ua - uw) is the matric suction and χ is a parameter 
varying between zero and one as a function of the degree of saturation. Bishop and Blight 
(1963) re-evaluated   the  Bishop’s   effective   stress   equation   and   stated   that   a   change   in  matric  
suction did not result in the same change in effective stress as did a change in net normal stress  
(Vanapalli 2010). Fredlund & Morgenstern (1977) proposed using two independent stress state 
variables, net normal stress, (ϭ  - ua) and matric suction (ua - uw) to interpret the engineering be-
havior of unsaturated soils.  Figure 1 presents volume change of unsaturated soils (water con-
tent or void ratio) based on the two stress state variables. 
 
    

 
a)                                                                                 b) 

Figure 1.  a) Two stress state variables for unsaturated soils; b) volume change behavior of unsaturated 
soils based on two stress state variables (after Fredlund & Rahardjo 1993) 

 
Suction is a measure of the energy required to remove water from the soil. Total soil suction 

is commonly referred to as the free energy state of soil water (Edlefsen & Anderson 1943) and 
is the sum of matric and osmotic suction. Vanapalli et al. (1996) found that the matric suction 
component primarily governs the engineering behavior in the lower suction range (<1500 kPa). 
Matric suction is related to the capillary action from surface tension of water in the soil pores. 
Pores with small radii act as capillary tubes that transport water in the pores above the water ta-
ble (Fredlund & Rahardjo 1993): 

Matric Suction = 
s

s
cwa R

Tghuu 2)(                                                                  (2) 

where ua and uw are as defined above, hc is the height of capillary rise, Ts is surface tension and 
Rs is the radius of curvature. This equation can be used to describe desaturation of soils that 
would occur when Rs is smaller than the radius of a given pore.  
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Figure 2 shows a typical SWCC features for the drying and wetting of a soil. The Air-Entry 
Value (AEV) of the soil is the suction when air starts to enter the largest pores in the soil (Fred-
lund & Xing 1994) and it corresponds to the matric suction at the end of the first stage of de-
watering. The degree of saturation at which the SWCC begins to flatten after the AEV is called 
residual degree of saturation (Swanson 1999).  The AEV, the residual degree of saturation and 
the slope of the transition zone are dependent on the grain size distribution of the soil through 
capillary effects, with sands having a much lower AEV than clays. In clays, the slope of the 
SWCC at high suctions (> 1 MPa) is moderately affected by their mineralogy, and has been cor-
related with the plasticity index (Marinho 2005).  

 
Figure 2. A typical soil-water characteristics of a soil (after Vanapalli et al. 1996) 

3 EMPIRICAL METHODS TO ESTIMATE SWCC OF TAILINGS 

 
Several empirical equations have been developed to describe the SWCC for particular soils and 
a thorough review of these is given by Leong & Rahardjo (1997). The purpose of this section is 
to present three empirical equations for practitioners to quickly estimate the SWCC of tailings 
based on soil classification or soil index properties such as particle size distribution.  Three of 
the most commonly used SWCC models proposed by Zapata et al. (1999), Fredlund & Xing 
(1994) and van-Genuchten (1980) are briefly described in this section. 

 
Zapata (1999) and Zapata et al. (2000) proposed a method to estimate SWCC based on soil par-
ticle size distribution and soil plasticity. They divided the soils into two categories: plastic soils 
(Plasticity Index (PI) >0) and non-plastic soils (PI=0).  For plastic soils they used the weighted 
PI (wPI) as a classification factor. For non-plastic soils, the diameter D60 was selected as the 
classification factor (Figure 3).  
     

 
Figure 3. Estimated SWCC for different soils (after Zapata 1999, Zapata et al. 2000) 
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Fredlund & Xing (1994) proposed an empirical equation with fitting parameters to estimate the 
SWCC of soils. The equation is applicable for matric suction ranges between 0 kPa to 106 kPa: 
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                                                                                      (3) 

where Ө is the volumetric water content; e=2.7183 is the basis of the natural logarithm ; Өs is 
the saturated volumetric water content; “a”, “m”  and “n” are fitting parameters (“a” approxi-
mately corresponds to the air entry value); ѱ is matric suction and C(ѱ) is a correction factor. 
 
Van-Genuchten (1980) proposed an empirical equation to predict the SWCC of soils and Lu & 
likos (2010) simplified it: 
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                                                                                   (4) 

where Sr is the degree of saturation, (ua - uw)  is  matric  suction  and  “α”  and  “n”  are  empirical  
fitting parameters of unsaturated soil properties. “α”  and  “n”  are  associated  with  the  inverse  of  
air entry pressure for water saturated soil and pore size distribution respectively (Lu & Likos 
2010). Figure 4a shows   the   range  of  values  of  “a”  and  “n”  parameters for various soil types. 
Figure 4b shows typical SWCCs based on average van-Genuchten fitting parameters. 

 

      
a)                                                                                    b) 

Figure 4. a) Van-Genuchten empirical fitting parameters for various soil types (Lu & Likos, 2010); b) typ-
ical SWCCs for various soil types based on average van-Genuchten fitting parameters (after Daliri, 2013)  

4 LABORATORY METHODS TO MEASURE SWCC OF TAILINGS 

Laboratory methods to measure SWCC of soils include (a) direct and indirect methods to meas-
ure matric suction and (b) indirect methods to measure total suction. 

4.1 Matric suction measurement 
Matric suction can be measured by direct or indirect methods. For indirect methods, the elec-

trical and thermal properties of a standard ceramic as a function of water content are measured 
to estimate matric suction (Fredlund & Rahardjo 1993). Direct measurements, such as tensi-
ometers and the axis translation technique, typically use high air entry ceramic disks made of 
sintered kaolin, which has small uniform pores. Once this disk is saturated, air cannot pass 
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through the pores and the contractile skin has the ability to resist the air flow (Fredlund & Ra-
hardjo 1993).  

Tensiometers consists of a high air-entry, porous ceramic cup and a measuring device that are 
all placed in a small bore tube (Ridley et al. 1998). The tube and the cup are filled with de-aired 
water. After contacting the cup with the soil and achieving equilibrium between the soil and 
measuring system, pore water in the soil and water in the tensiometer have identical pressures 
(Ridley & Burland 1993). The negative pore water pressure is equal to the matric suction when 
pore air pressure is atmospheric. The negative pore water pressure that can be measured by a 
tensiometer is limited to 90 kPa due to cavitation of water in the tensiometer (Fredlund & Ra-
hardjo 1993).  

The axis translation technique controls the water potential by liquid phase transfer through a 
saturated interface –typically a saturated high air-entry value ceramic disk. The procedure con-
sists of the translation of the reference pore air pressure, through an artificial increase of the 
atmospheric pressure (Delage et al. 2008, Fredlund & Rahardjo 1993). The pressure plate is the 
most common device to apply axis translation technique. Soil specimens are initially saturated, 
placed on a pressure plate apparatus under very low confining stress and the matric suction val-
ues are increased by increasing air pressure.  After each matric suction equilibrium, the gravi-
metric water contents are measured. The assumption is that the overall volume of the soil spec-
imens does not change and this allows water content measurements to be used to calculate the 
volumetric water contents and degree of saturation for all soil suction values (Fredlund & Hou-
ston 2013). Matric suction values are increased until the air-entry value of the ceramic pressure 
plate is reached (100 kPa to 1,500 kPa (Fredlund & Houston 2013)). The K0 Modified Pressure 
Plate is a device that overcomes the limitations of conventional equipment for measuring 
SWCC (such as the pressure plate) by applying net normal stress along with measuring consid-
erable volume change that tailings undergoes with changes in soil suction (Fredlund & Houston 
2013). It is the most reliable device to measure the SWCC of tailings up to suctions of 1500 
kPa. Figure 5 shows a schematic diagram of the device and an example of measured unsaturated 
volume change. 

4.2  Total suction measurement 
For suction values greater than 1500 kPa, measuring total suction is recommended to achieve 
the SWCC. The free energy can be associated to the partial vapour pressure of the soil water 
(Richards 1965):  

 

          
a)                                                                b) 

Figure 5. a) Modified pressure plate device (after Fredlund & Houston 2013); b) Example of volume 
change behavior of an unsatuarted expansive soils obtained using the device (after Singhal 2010). 
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where ѱ is total suction; R is universal gas constant; T is absolute temperature; vw0 is specific 
volume  of  water;;  ɷv is molecular mass of water vapor; uv is partial pressure of pore water vapor 
and uv0 is saturation pressure of water. The term (uv/uv0) is called relative humidity (RH). Total 
suction value of a soil is related to a value of RH less than 100%.  

Most devices that are used to measure total suction of soils (such as psychrometers) indirect-
ly measure total suction by measuring RH. These devices are useful for high total suction rang-
es; however, they are limited to laboratory measurements to control temperature fluctuations 
(Rozina 2013). The most reliable instrument to measure total suction is the hygrometer or dew-
point potentiometer. This device utilizes the chilled mirror dewpoint technique with the suction 
measurement up to 300 MPa and it uses a mirror that detects condensation. At equilibrium, the 
RH of the air in the chamber is equal to the RH in the specimen. The results of this device are 
not reliable for low suction values (<0.1 MPa or 100 kPa).  

4.3 Summary of SWCC measurement devices 
Table 1 summarizes the measurement devices to measure suction and SWCC of tailings (Fred-
lund & Rahardjo 1993, Ridley & Wray 1995). We recommend the combination of modified 
pressure plate device and hygrometer to measure the SWCC of tailings. 

 
Table 1. Summary of suction measurement devices to measure SWCC of tailings   

Device Name  Direct/Indirect Matric/Total Range (kPa) 
Tensiometer  

 
Direct 

 
 
 

Matric 

0 - 90 
Suction probe  

 
0 - 1500 

Pressure plate 
Tempe cell 

Modified pressure plate 
Thermal conductivity  

 
Indirect 

In-contact filter paper Entire 

Psychrometer  
Total 

100 - 100000 
Hygrometer 100 - 300000 

Non-contact filter paper 400 - 300000 

5  SWCC DETERMINATION FOR TAILINGS 

Tailings are man-made soils and present additional complications compared to natural soils 
when measuring the SWCC. Two of the most common challenges to measure SWCC of tailings 
are described below: high volume change and effects of mineral processing.  

5.1 Slurry tailings with high volume change  
For tailings that undergo significant volume change with changes in suction, the estimation of 
the SWCC becomes more difficult. There have been developments in SWCC equipment that al-
low monitoring of overall volume change and water content when estimating the SWCC such as 
modified pressure plate device discussed previously. 

 Fredlund et al. (2011) and Fredlund & Houston (2013) highlighted these limiations.  They 
developed a procedure for SWCC tests performed on high volume change oil sands tailings and 
compared the results with the SWCC measurement with no volume change measurement. The 
oil sands tailings samples mostly consisted of clay particles mixed with 10% sands, resulting in 
a sand-fine ratio (SFR = 0.1) with plastic limit and liquid limit of 30 and 55 respectively. The 
SWCC based on gravimetric water content - matric suction was measured for the saturated slur-
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ry material at two different initial water contents (GWC = 78% and GWC = 47%). Figure 6a 
shows the SWCC of the tested oil sands tailings samples using conventional methods (water 
content – suction curve. The initially high water content sample (GWC = 78%) shows a break 
in the curvature at the value of around 1 kPa. The lower water content specimen (GWC = 47%) 
shows a break in curvature around 10 kPa. However, the SWCC curves do not represent the true 
AEV of the material because they ignore shrinkage.   

The best-fit shrinkage curves were estimated using Fredlund & Xing (1994) and the plot of 
degree of saturation versus soil suction is shown in Figure 6b. The results indicate that there is a 
distinct AEV for the material at about 1,000 kPa. The true AEV is the same for the material 
with initial water contents of 78% and 47%. The higher AEV of slurry tailings indicates that the 
gradual decrease of the slurry volumes is a result of increasing suction, and pore compressibility 
under capillary action. As the degree of saturation approaches the AEV, higher suction is re-
quired for air to infiltrate the slurry, and further drainage becomes difficult (Owolagba & Azam 
2013). The results illustrate that it is appropriate to use the degree of saturation to measure 
SWCCs for the estimation of the unsaturated properties of slurry tailings at initial high water 
content (Fredlund & Houston 2013). Since volume changes associated with an increase in soil 
suction can significantly affect the determination of the true AEV of the tailings, the SWCC 
measurement of slurry tailings should be conducted in a device that has capability of measuring 
shrinkage volume change. 

 

    
a)                                                                                  b) 

Figure 6. SWCC of oil sands tailings (SFR = 0.1) using a) water content - suction curve, b) degree of satu-
ration - suction curve (after Fredlund & Houston 2013) 

5.2 Effect of mineral processing and tailings treatment 
Mineral processing can have a significant effect on geotechnical structure and fabric of tailings. 
In addition, some tailings are chemically treated to facilitate dewatering and consolidation and 
improve the strength of tailings. The treatment methods usually include, but are not limited to, 
coagulation, flocculation, thickening, centrifugation, filtering, capping, etc. (Sobkowicz & 
Morgenstern 2009, Moore et al. 2013, Sobkowicz 2010, 2013, Boswell & Sobkowicz 2011, 
Simms et al 2012, Masala & Langseth 2014, Bussiere 2007, Jeeravipoolvarn et al. 2008, Simms 
et al. 2013, Daliri et al. 2015). Application of treatment methods usually results in change in 
geotechnical structure, fabric and particle shape and arrangement of tailings, which might result 
in different SWCCs for treated tailings compared to natural soils with similar particle size dis-
tributions (PSDs).  

Extensive testing of oil sands tailings has shown process effects on SWCC. Yao et al. (2012) 
observed that flocculating Mature Fine Tailings (MFT) slightly increases its water retention 
property at low ranges of suction (<200 kPa) (Figure 7a). Dunmola et al. (2013) measured 
SWCC of untreated and treated MFT. Figure 7b and the AEV was found to be within the range 
of 10-20 kPa. This AEV is very low compared to clayey materials which typically have AEV 
values as high as 1500 kPa. This would imply that MFT (flocculated or not), if dewatered be-
low the liquid limit, would de-saturate at low suctions (Dunmola et al. 2013). Soleimani et al. 
(2014) measured the SWCC of polymer-amended oil sands tailings shown in Figure 7b using 
both the modified pressure plate and dewpoint hygrometer to measure total suction over the en-
tire range. It is possible that flocculated MFT exhibits two AEVs as a bimodal SWCC: the first 
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at the void ratio of 1.8, and the second at the void ratio of 1.2 (Soleimani et al. 2014, Rozina 
2013). The first AEV is interpreted as desaturation of large pores created by the flocculation 
process while the second AEV occurs near the shrinkage limit. 

 

     
a)                                                                            b) 

Figure 7. SWCC of a) MFT and flocculated MFT (Yao et al. 2012), b) Flocculated MFT (Dunmola et al. 
2013, Soleimani et al. 2014) 

6 SWCC OF DIFFERENT HARD ROCK MINE TAILINGS 

The SWCC of metal mine and oil sands tailings is presented in Figure 8 (Fredlund & Xing, 
1994, Owolagba & Azam, 2013, Innocent et al. 2013, Daliri 2013, Swanson et al. 1999, Wilson 
et al. 2006, Aubertin et al. 1998, Dagenais et al. 2006, Yao et al. 2012). The SWCC of tailings 
does not necessarily follow the trend of the SWCC of soils based on the PSD illustrated in Fig-
ure 3 or Figure 4. For example, Figure 8a shows that the water retention of oil sands fine tail-
ings could be significantly different based on the method of processing and flocculation. De-
termining SWCC for treated tailings using empirical methods developed for natural soils might 
be misleading and these estimates should be verified.   

7 APPLICATION OF SWCC TO TAILINGS TREATMENT TECHNOLOGIES 

7.1 Dewatering behavior of freshly deposited tailings 
SWCC can be used to model the dewatering of slurry tailings or high density tailings deposited 
sub-aerially in a dry climate where unsaturated conditions might prevail during deposition or 
shortly after deposition. One important use of the SWCC is in the control of deposition layer 
thickness and deposition cycle time for multipoint deposition of tailings (Daliri et al. 2014, Da-
liri et al. 2016, Heidarian 2012, Simms et al. 2012). Depending on the rate of rise, excess pore 
water pressure might not have enough time to dissipate leading to concerns about liquefaction. 
Evaporation and drainage can play a key role in tailings pore-water pressure dissipation and thin 
lift drying. Designing and predicting these processes depends on the unsaturated behavior of the 
tailings as represented by the SWCC. 

Caldwell et al. (2014) proposed Optimized Seasonal Deposition (OSD) to utilize climatic 
conditions, such as drying, to optimize thin lift deposition of flocculated MFT. OSD includes (i) 
Spring deposition to a depth that consolidation by subsequent lifts induces consolidation and 
strength gain;(ii) Summer deposition in thin lifts that dewater and gain strength by way of 
evaporative drying and (iii) Fall deposition to a thickness where freezing and thawing induces 
additional strength gain. Therefore, high density tailings can naturally undergo some desicca-
tion that can be maximized by spreading the tailings in relatively thin layers using alternating 
point discharge. The rate of actual evaporation is a function of the potential evaporation (PE) 
rate, the geotechnical characteristics of the tailings such as hydraulic conductivity and SWCC 
as well as relative salinity of the tailings and degree of cracking (Fisseha et al. 2010, Simms et 
al. 2007, Wilson et al. 1997).  
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a) 

 
b) 

Figure 8. SWCC of different tailings  
 

Daliri et al. (2014), Simms et al. (2012) and Daliri et al. (2016) have shown that a freshly de-
posited thin lift tailings layer experiences a variable stress history, which can be correlated to 
SWCC and unsaturated volume change of tailings. The stress history usually includes initial 
settling (self-weight consolidation), followed by suction-driven densification due to desiccation 
and drainage, before being rewetted and subsequently consolidated by burial under new tail-
ings. The time required for desiccation in this step is linked to the final strength of the stack 
(Al-Tarhouni et al. 2011, Daliri et al. 2012, Daliri et al. 2014). Drying time may also play a role 
in acid mine drainage generation, and possibly the average slope angle as well (Kim et al. 2011, 
Simms et al. 2007). 
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7.2 Soil covers to eliminate acid mine drainage of tailings 
AMD can be generated when sulphuric minerals (mainly iron sulphides) are oxidized in the 

presence of water. Acid waters may contain high levels of potentially toxic elements and can 
have serious hazards for the local ecosystem (Aubertin et al. 1997, Bussiere 2004, Yanful 
1993). Soi1 covers installed over existing tailings ponds are generally the most practical design 
option for reducing AMD. These covers control the surface or boundary through which water 
and oxygen reach the underlying tailings. The design of a soi1 cover system should consider the 
hydraulic and thermal properties of the soi1 cover and tailings, groundwater flow conditions 
and long term ecological stability (Wilson et al. 1995). The soil cover must manage the mois-
ture and pressure distribution and control the flow of water and oxygen. 
Capillary barrier covers are designed to function as oxygen barriers (Yanful et al. 1993) that re-
duce oxidation of the sulphide mine. The cover should maintain a high degree of saturation over 
time as achieved by high precipitation and relatively low evaporation. The coefficient of oxygen 
diffusion in a cover is a function of degree of saturation (Aubertin et al. 1997, Yanful 1993). A 
capillary barrier can exist when unsaturated flow occurs through a fine grained soi1 overlying a 
coarse grained soil. Therefore, the SWCC and unsaturated flow properties of tailings and fine & 
coarse materials overlying the tailings are required to design the cover and evaluate its perfor-
mance. 

Figure 9a presents typical configuration of a capillary barrier cover. The fine grained mois-
ture retention layer (D) is placed over coarse grained support layer (E) and under a coarse 
grained drainage layer (C). To function as an oxygen barrier, the fine-grained layer D must re-
main close to 100% saturation. The water that infiltrates the surface flows through layer E only 
when the capillary tension in layer D is close to zero. A similar capillary effect can occur when 
a coarse material overlies a fine material (layers C and D). Figure 9b shows an example of 
SWCC of different materials used as a capillary barrier cover for mine tailings.   

 

 
a)                                                                            b) 

Figure 9. a) Typical configuration of capillary barrier cover to prevent AMD of tailings (Modified from 
Aubertin et al. 1993 and Bussiere et al. 2006); b) an example of SWCC of different materials used as a ca-
pillary barrier cover for mine tailings (Bussiere et al. 2006). 

8 SUMMARY 

This paper i) reviews empirical and laboratory methods to estimate and measure SWCC of tail-
ings; and ii) highlights the importance of the SWCC to tailings treatment technologies. The key 
points of the paper can be summarized as follow: 
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   The soil water characteristic curve (SWCC) can be used to model the unsaturated hy-
draulic conductivity and volume change behavior of sub-aerially deposited unsatu-
rated tailings. 
 

   Unlike saturated tailings which require only one independent stress state variable to 
investigate mechanical behavior, unsaturated tailings require two independent stress 
state variables, net normal stress and matric suction, to interpret the engineering be-
havior of unsaturated tailings. 
 

   Direct measurement of matric suction using axis translation technique in a modified 
pressure plate device (for suction values lower than 1500 kPa), followed by indirect 
measurement of total suction using a dewpoint potentiometer (for suction values 
higher than 1500 kPa) is a reliable method to measure SWCC of tailings. 
 

   Since tailings are man-made soils and not natural soils the volume change of slurry 
tailings and the AEV of flocculated tailings may require special methods. Relying on 
empirical methods developed for soils to estimate SWCC of tailings without experi-
mental verification might result in erroneous SWCC.  
 

   SWCC can be utilized by practitioners to facilitate the design of tailings treatment is-
sues such as thin lift drying or soil covers design. 
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1 INTRODUCTION 

1.1 Background 
Valley-fills are geotechnical engineering slopes consisting of blasted rock overburden from sur-
face mining that is prescriptively placed into existing valley topography adjacent to the mining 
area. The prescriptive design of valley-fills have benched and constant planar fill faces with flat 
crests sloped to perimeter flank drainage ditches (WVDEP 1999). Several studies have scruti-
nized the consequences of these methods with respect to impaired downstream water quality 
(e.g. Palmer et al. 2010, Bernhardt & Palmer 2011, USEPA 2011). Impaired water quality with 
elevated contaminant loads is attributed to groundwater contact with and desorption of contam-
inants (particularly selenium) from the blasted rock overburden used to construct fills (USEPA 
2005, 2011). Nicolau (2003) suggested that an alternative method, termed geomorphic reclama-
tion, has become more widely accepted by the scientific community as the appropriate method 
for reclaiming disturbed landforms. Geomorphic reclamation mimics the slopes, channels, and 
drainage patterns of natural landforms. Curvilinear slopes and reclaimed hydrology are ex-
pected to exhibit increased runoff and reduced groundwater infiltration as compared to the flat 
and planar slopes associated with conventional valley-fill surfaces. Reducing the quantity of 
water that comes in contact with high selenium (Se) concentration rock could reduce contami-
nant loads in water discharging from fills.  

The quantitative analysis of blasted rock valley-fills with respect to groundwater behavior 
and contaminant desorption is lacking. In valley-fills, saturated thicknesses are small and the 

Three-dimensional modeling of unsaturated seepage and selenium 
desorption 

N.C. DePriest, J.D. Quaranta, & L.C. Hopkinson 
Department of Civil and Environmental Engineering, West Virginia University, Morgantown, WV, USA 

The purpose of this research was to perform a parametric modeling analysis to compare 
groundwater quantity and quality in valley-fill alternatives implementing either conventional or 
geomorphic reclamation principles as applied to the central Appalachian region of the U.S.  
Geomorphic fill alternatives aim to improve groundwater movement and contaminant desorp-
tion by increasing runoff and reducing the high volume of groundwater infiltration typical of 
conventional reclamation. Valley-fill alternatives were evaluated to minimize selenium leaching 
from the rock overburden.  The research used laboratory selenium desorption data followed by 
three-dimensional finite element groundwater modeling. The outcomes identified that the geo-
morphic valley-fill profiles exhibited a 23% lower surface infiltration and a 27% lower 
groundwater discharge volume. The groundwater residence times for the geomorphic valley-fill 
profile were one-half that for the geomorphic profile.  The geomorphic profile also showed a 
39% lower selenium discharge compared to the conventional profile. 
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majority of flow is through unsaturated rock; steep pit floors cause water to migrate to the bot-
tom of the fills and flow toward the toe through the fill-valley interface (Hawkins 2004). Finite 
element models appear to be the best suited for modeling these unsaturated soils with transient 
conditions, which also require estimation of unsaturated hydraulic properties (Pham 2005). 
While studies have investigated the practicality of implementing geomorphic reclamation tech-
niques (e.g. Sears et al. 2014, DePriest et al. 2015), the potential benefits to geomorphic recla-
mation with respect to improving groundwater movement and contaminant transport through 
physical means have not been sufficiently investigated. 

1.2 Objective 
The objective and contribution of this research was to compare groundwater movement and to 
predict selenium contaminated groundwater release from different valley-fill configurations im-
plementing either conventional or geomorphic reclamation principles. Groundwater movement 
and contaminant desorption outputs, based on laboratory column desorption tests, were con-
trasted to determine if groundwater discharge predictions form valley-fills could be reduced by 
using geomorphic reclamation. This objective was completed through the following tasks: i) 
Performed three-dimensional finite element groundwater modeling of reclamation alternatives 
based on an existing valley-fill structure; ii) Quantified desorption of selenium from a valley-fill 
site using laboratory leaching tests considering varying groundwater saturation conditions; and, 
iii) Calculated selenium desorption from reclamation alternatives by coupling groundwater 
modeling results in laboratory leaching test data.  

2 MATERIALS AND METHODS 

2.1 Study site and conceptual model 
The study site was a surface coal mine located in Boone County, West Virginia, USA (latitude 
approximately 37.9502° N; longitude approximately 81.8077° W) (Fig. 1). The site is located in 
the central Appalachia ecoregion of the United States (USEPA 2013) and has a temperate cli-
mate (NOAA 2014a). Geology was dominated by gray shale and sandstone, with pre-mining 
vegetation predominantly dense core forest.  

 
Figure 1. Location of study site in West Virginia, USA and extent of central Appalachian ecoregion. 
 
The field site case being modeled consisted of the following features: foundation rock com-
prised of existing valley, fill material consisting of blasted rock overburden with certain 
groundwater and contaminant properties, infiltration into the surface of the fill material, phreat-
ic water table with variable elevation with the fill material, and a settling pond at the toe into 
which groundwater discharges. 
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2.2 Material properties 
Groundwater and contaminant properties were obtained from previous studies (Domenico & 
Schwartz 1990, Fredlund et al. 1998, Peterson et al. 2004, Mao et al. 2006, Ataie-Ashtiani 
2007, Abdelghani et al. 2009, Wels et al. 2012, Russell et al. 2014), the surface mine permit 
file, and additional laboratory tests. Groundwater properties were as follows: saturated hydrau-
lic conductivity = 1.47 m/d; anisotropy ratio = 10; and, porosity = 0.30. Contaminant properties 
were as follows: specific gravity = 2.69; bulk density = 2002 kg/m3; and, initial Se concentra-
tion = 1.26 mg/kg. Unsaturated soil property functions were determined using the Fredlund & 
Xing (1994) equation for the soil-water characteristic curve (SWCC) with fitting parameters as 
determined by the Torres (2011) model of granular materials with a D10 particle diameter of 
0.11 mm (Russell et al. 2014) (Fig. 2). The unsaturated permeability function was estimated ac-
cording to Fredlund et al. (1994) using the developed SWCC and integrated within the numeri-
cal groundwater model (Fig. 3). Minimum hydraulic conductivity was reduced three orders of 
magnitude from the laboratory test values; this ranged the values consistent with Fredlund et al. 
(2012). 

 

 
Figure 2. Soil-water characteristic curve for mine spoil developed from Fredlund & Xing (1994) equation 
and Torres (2011) FXUYH�ILWWLQJ�SDUDPHWHUV��9ROXPHWULF�ZDWHU�FRQWHQW��ࣄ��YHUVXV�PDWULF�VXFWLRQ��ȥ�� 
 

 
Figure 3. Unsaturated permeability function for mine spoil estimated according to Fredlund et al. (1994). 
6RLO�K\GUDXOLF�FRQGXFWLYLW\��N��YHUVXV�PDWULF�VXFWLRQ��ȥ�� 
 

2.3 Numerical groundwater model 
A valley-fill with an area of 0.03 km2 (7.8 acres) was selected for alternative reclamation de-
signs. The pre-mining valley defined the lower boundary of all models (Fig. 4a). The existing 
valley fill was constructed using conventional techniques (Fig. 4b). A conceptual geomorphic 
design was completed for the same area using Natural Regrade with GeoFluvTM (Carlson Soft-
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ware & Bugosh, 2005) (Fig. 4c) based on the characteristics recommended by DePriest et al. 
(2015). 

 

 
Figure 4. Contours used for geometry of three-dimensional model for (a) original valley; (b) conventional 
valley fill reclamation; and (c) geomorphic design.  
 
Hydrologic data were obtained from the National Oceanic and Atmospheric Administration 
(NOAA) Precipitation Frequency Data Server (PFDS) station 46-5563 (Madison, WV) (NOAA 
2014b). Boundary conditions varied based on slope and landform shape. Infiltration was de-
fined as a percentage of precipitation. For the conventional fill, infiltration into the valley-fill 
face was calculated as 55% of total precipitation (0.0022 m/d) (Ritter & Gardner, 1993, Meek et 
al. 2012, Wels et al. 2012). Infiltration into the flat crest was calculated as 85% of total precipi-
tation (0.0033 m/d) (Sharma et al. 1983). For the geomorphic fill, the 55% infiltration rate was 
applied to the entire sloped surface. The toe of each fill was modeled as a review boundary at 
an approximate thickness of 3 m to solve for a water table location not affected by fill boundary 
convergence. The outer boundary of each fill was also cut as to be 3 m thick; this thickness min-
imized mesh refinement issues along model boundaries.  

Groundwater was modeled using the SVFlux package in SoilVision Systems Ltd. SVOffice 
Geotechnical Software Suite (Saskatoon, Saskatchewan, Canada, 2009). Three-dimensional 
groundwater models were first completed in steady-state conditions and were used as initial 
conditions for transient modeling. Transient unsaturated conditions were modeled over ten 
years, considering only unsaturated, isotropic, and homogeneous soils; the distribution of heter-
ogeneous layers was unknown and anisotropy resulted in difficulty reaching convergence in 
transient models.  

The following outputs were documented from groundwater models: infiltration volume, dis-
charge rate and volume, groundwater flux rate, degree of saturation, pore-water pressure, and 
total head. As fill alternatives were constructed with different surface areas and fill volumes, re-
sults were normalized by dividing raw results by the fill property that corresponded to that 
groundwater property for a given fill alternative. For example, infiltration volume was normal-
ized by fill surface area. Normalization provided a basis from which to compare conventional 
and geomorphic model results. Normalized results were compared using percent change, which 
represented the relative change between the original value (normalized result for the conven-
tional fill) and the new value (normalized result for the geomorphic fill). 

Transient particle tracking was used to calculate residence time and volume of fill contacted 
by a single pass through of water over time. A “pass through” was defined as individual parti-
cles of water that infiltrated into the fill surface at the same time and flowed through the fill un-
til discharging through the toe; one “pass through” corresponded to one infiltration event. Flow 
paths were spaced uniformly at 15.75 m x 15.75 m across each fill surface, the most discrete 
spacing possible without exceeding model memory capacity. For each flow path, the ratio of 
that flow path to the total length of all flow paths was used to calculate the fraction of total fill 
volume affected by that flow path (Equation 1). Time steps at which fill volume contacted by 
water within a given pass through were recorded corresponded to the consecutive times at 
which individual flow paths reached the toe of the fill.   
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                              (1) 

 
where, 
 

 
  

 

2.4 Selenium desorption calculation 
The contaminant transport modeling package in SVOffice did not have the ability to model de-
sorption of contaminants from mine rock, so selenium desorption was manually calculated by 
coupling selenium laboratory leaching data with transient groundwater numerical modeling re-
sults through a three step process: 1) laboratory characterization of unsaturated selenium de-
sorption; 2) combining Se desorption data with three-dimensional groundwater modeling re-
sults; and, 3) normalizing and comparing Se desorption results. 

Unsaturated column leaching tests were performed on recently uncovered blasted gray sand-
stone overburden samples from a surface mine site in the same region as the study site. A series 
of 14 infiltration tests was performed on duplicate columns with 5 kg samples of overburden. 
Permeant was simulated rainfall for a typical storm event at the study site (pH~5.2, depth=5.5 
cm). Effluent was filtered and tested for selenium concentration. The percent of mobile seleni-
um that was desorbed decreased with consecutive infiltrations. The highest percentage of mo-
bile Se was desorbed in the first four infiltrations (6.7%, 7.8%, 5.5%, and 5.3%, respectively). 
With the final infiltration, only 1.8% of the remaining mobile Se was desorbed. 

Each laboratory infiltration event was representative of a “pass through” documented in tran-
sient groundwater modeling. The Se concentration present in the laboratory sample (1.26 
mg/kg) was assumed to be distributed uniformly throughout the three-dimensional conventional 
and geomorphic fill models. The mass of Se available in the volume of fill contacted by water 
(Equation 2) was directly proportional to the fraction of fill volume contacted (Equation 1). The 
fraction of mobile Se desorbed during each consecutive pass through was assumed to increase 
linearly over time up to the fraction desorbed in the laboratory leaching study (e.g. 6.7% for the 
first pass through), with longer residence times resulting in a higher fraction of Se being de-
sorbed (Equation 3). Mass of Se desorbed during each pass through was calculated based on the 
fraction of mobile Se desorbed during that pass through and the available Se mass (Equation 4). 
The total mass of available Se for the preceding time step was calculated as the difference be-
tween Se mass available before the previous time step and the mass of Se desorbed in that time 
step (Equation 5).  

 
                         (2) 

                       (3) 
                        (4) 

                       (5) 
 
where, 
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This method of calculation resulted in Se desorption as a function of number of passes of water 
through the fill as opposed to Se desorption over time. Despite these limitations, it was the most 
appropriate method based on available data and modeling capabilities. For all models, desorbed 
Se as a result of each pass through of water was normalized by the initial available Se in each 
fill in order to compare between the geomorphic and conventional fill based on percent change. 

3 RESULTS AND DISCUSSION 

3.1 Three-dimensional groundwater models 
The steady-state, three-dimensional geomorphic groundwater model exhibited lower normalized 
infiltration volume than the conventional fill (23% reduction), lower normalized discharge rate 
(11% reduction), and a comparable degree of saturation (1.7% increase). Saturated thicknesses 
were small; the majority of flow was through unsaturated blasted rock (Fig. 5).  

 

 
 

Figure 5. Pore-pressure distribution in steady-state three-dimensional models of reclamation alternatives: 
(a) conventional fill; and (b) geomorphic fill. Lightest shade in distribution corresponds to positive pore-
pressure (location of groundwater table). 

 
The transient geomorphic groundwater model exhibited reductions in infiltration volume, dis-
charge rate and volume, and difference between infiltration and discharge volumes as compared 
to the conventional fill (Table 1). The most significant reduction was in the difference between 
infiltration and discharge volumes. Reducing the magnitude by which infiltration volume ex-
ceeded discharge volume resulted in a condition with reduced groundwater contact tie with in-
ternal fill materials. 
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Table 1. Normalized percent change in three-dimensional groundwater results from conventional to geo-
morphic fill.  

Time (d) 5 180 365 1460 3650 

Infiltration volume (m3) -23 -23 -23 -23 -23 

Discharge rate at toe (m3/d) -14 -25 -22 -28 -28 

Cumulative discharge volume 
(m3) -12 -21 -23 -26 -27 

Degree of saturation (%) (m3) -0.9 -4.0 -2.4 -1.3 -1.3 
Difference in infiltration and 
discharge volumes (m3) -88 -68 -60 -48 -44 

 
The geomorphic three-dimensional model exhibited shorter residence times for groundwater 
that affected larger fill volumes; groundwater contacting large fill volumes required approxi-
mately twice as long to travel through and discharge from the conventional fill (Fig. 6). The 
conventional fill exhibited a consistent increase in the volume of fill contacted by discharging 
water over time due to the steady infiltration and discharge of groundwater flow paths; the 
amount of time needed for a flow path to travel through the fill and discharge through the toe 
steadily increased with increased distance between the infiltration point and the toe. The geo-
morphic fill exhibited an initial sharper increase in fill volume contacted by discharging water, 
followed by a shallower, steady increase. The sharp increase was due to longer flow paths asso-
ciated with larger fill volumes traveling through the fill and discharging from the toe at a faster 
rate than the conventional fill. Shorter residence times could be attributed to a lower geo-
morphic fill volume. This issue was accounted for by normalizing by the different available 
masses of Se in the two fills (same ratio as difference in fill volumes) after residence times were 
used to calculate Se desorption. 

 

 
Figure 6. Cumulative fraction of three-dimensional fill volume contacted by discharging water over time 
between fill alternatives. 
 
The improvement in groundwater movement can be directly attributed to reduced infiltration. 
When investigating the landform as a three-dimensional volume, it is apparent that infiltration 
must be reduced along the entire fill surface through curvilinear slope design with minimal flat 
(planar), high infiltration capacity areas. Ideally, constructing slopes with geomorphic orienta-
tion will reduce infiltration volumes without having to use low permeability materials on the fill 
surface. Constructing variable slopes on the entire reclaimed surface generated a runoff condi-
tion similar to the face of the conventional valley fill, which occupied only a fraction of the fill 
surface in conventional reclamation practice. The recreated stream on the geomorphic fill must 
be designed not only to prevent infiltration from direct rainfall, but to prevent infiltration as a 
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result of increased runoff from geomorphic landform slopes. Reclaimed streams must either 
consist of consolidated bed material with high silt-clay content (USDA 2007) from the fine 
fraction of blasted rock, or implement the use of geosynthetic materials in order to reduce infil-
tration.  

3.2 Selenium desorption 
The geomorphic fill exhibited reduced selenium desorption compared to the conventional fill 
based on three-dimensional groundwater models and normalized by the available Se from vari-
able fills (Fig. 7). The highest desorption of Se occurred in the first pass through of water. A 
slight increase in Se desorption occurred after the ninth pass through, and was attributed to the 
slight increase in Se desorption in the laboratory study. In general, Se desorption in reclamation 
alternatives decreased with decreased Se desorption in the laboratory study. The geomorphic 
fill exhibited improved Se desorption both initially and in the long-term; desorbed Se mass was 
reduced by a constant 39%, both individually and cumulatively. This constant reduction in Se 
desorption is expected to be a slight overestimate. The calculation for fill volume affected by 
each flow path (Equation 7) did not take into account that the area affected by each flow path 
changed over time, and that multiple flow paths eventually became common flow paths; both of 
these calculation limitations could have resulted in a more significant reduction for the geo-
morphic fill than expected to occur in reality. 
 

 
Figure 7. Normalized desorption of selenium from individual infiltrations assuming passes of water occur 
in succession in three-dimensional models. 
 
The reduction in Se desorption for the geomorphic fill can be directly attributed to two charac-
teristics of geomorphic reclamation apparent from groundwater modeling: decreased infiltration 
and decreased water residence time. Decreased infiltration was possible through the application 
of geomorphic slopes to the entire fill surface and minimal construction of shallow sloping, 
high infiltration areas. Decrease in infiltration volume reduced the amount of water that came in 
contact with internal fill materials. In addition, the infiltrating water that affected large volumes 
of fill resided within the fill for shorter periods of time, resulting in a lower percentage of Se 
being desorbed from the fill material.  

The critical locations with respect to selenium desorption appeared to be fill volumes furthest 
from the toe and closest to the valley bottom; the water contacting these fill volumes required 
the longest time to travel through and discharge from the fill, resulting in the highest Se desorp-
tion. While the geomorphic fill was more effective in reducing the groundwater residence times 
associated with these large fill volumes, care should be taken not to place blasted rock overbur-
den with high concentration of Se or other contaminants in these areas of the fill.  
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4 CONCLUSIONS 

The objective of this research was to compare groundwater and selenium desorption in conven-
tional and geomorphic reclamation alternatives for a blasted rock fill, and to investigate if either 
could be improved through physical means, particularly through geomorphic reclamation. 
Three-dimensional groundwater modeling of reclamation alternatives was completed using fi-
nite element software. Selenium desorption was calculated by coupling groundwater modeling 
results with laboratory leaching test data. Geomorphic landforms were superior to conventional 
valley fills through decreased infiltration, water residence time, and desorption of selenium. 

The three-dimensional transient geomorphic groundwater model exhibited reductions in infil-
tration volume, discharge rate, discharge volume, and difference between infiltration and dis-
charge volumes of 23%, 12-27%, 14-28%, and 44-88%, respectively, as compared to the con-
ventional fill. Reducing the difference between infiltration and discharge volumes minimized 
water contact with internal fill materials. The geomorphic fill also exhibited shorter residences 
times for groundwater that affected larger fill volumes. Groundwater contacting large fill vol-
umes required approximately twice as long to travel through and discharge from the conven-
tional fill. Improvement in groundwater movement can be directly attributed to reduced infiltra-
tion through sloped design with minimal flat, high infiltration capacity areas and through the 
implementation of fine, compacted soils. The recreated stream on the geomorphic fill must be 
designed not only to prevent infiltration from direct rainfall, but to prevent infiltration as a re-
sult of increased runoff from geomorphic landform slopes.  

Desorption of Se was lower in the geomorphic fill (39% normalized reduction). Reduction in 
Se desorption for the geomorphic fill can be directly attributed to two characteristics of geo-
morphic reclamation apparent from groundwater modeling: decreased infiltration and decreased 
water residence time. Reduced groundwater quantity and contact time with high Se concentra-
tion blasted rock was key in reducing Se loads in discharging groundwater. Desorption based on 
laboratory leaching studies is highest during initial infiltration events. 

The critical locations for Se desorption appeared to be fill volumes furthest from the toe and 
closest to the valley bottom. The water contacting these fill volumes required the longest to 
travel through and discharge from the fill, resulting in the highest Se desorption. While the ge-
omorphic fill was more effective in reducing the groundwater residence times associated with 
these large fill volumes, care should be taken not to place overburden with high concentration 
of Se or other contaminants in this area of the fill. 
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1 INTRODUCTION 

Management of leachate solutions from mine components such as tailings ponds or waste rock 
piles in post-closure operations is a long-term environmental concern when regulatory agencies 
evaluate the closure of, or bond release for a mine site. Leachate solutions are typically com-
posed of residual moisture or meteoric water that percolates through a mine component and 
leach parameters of concern (PoCs) out of mining components and into the environment. Of 
primary long-term concern is the movement of PoCs through the vadose zone to groundwater 
and subsequent potential for degradation of groundwater resources.  Models provide a means of 
assessing potential migration of PoCs through the vadose zone to groundwater.   
 
Caselton Wash, located in Lincoln County, NV in the historic Pioche Mining District provides 
an opportune full-scale case study to evaluate percolation through mine tailings.   The disposal 
of tailings from the Caselton Mill from the early 1900s through the 1960s in an unlined alluvial 
channel (Caselton Wash) has created a potential source for soil and groundwater impacts be-
neath the tailings.  Previous work on this site has included various characterizations of on-site 
materials, including tailings, native soils, leachate generation potential, and water budget model 
conducted using the Hydrologic Evaluation of Landfill Performance (HELP) model (Dynamac 
Corporation, 2010).  Non-mechanistic models such as HELP can provide a qualitative assess-
ment of the net water budget, but they may not predict behavior accurately in the short or long 
term and are inadequate for more rigorous fate and transport analysis. Modeling efforts present-
ed in this paper utilize mechanistic, Richards’ equation-based finite element models, boundary 
condition data with finer temporal resolution, and an analysis of model sensitivity to finite ele-
ment size, temporal data resolution, matrix material properties, and choice of lower boundary 
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ABSTRACT: Unsaturated zone hydrologic flow modeling, field investigations, and laboratory 
analysis were conducted for a legacy tailings emplacement in Caselton, Lincoln County, Neva-
da to assess the potential for percolation of meteoric water through the tailings material.  Field 
investigations consisted of field-saturated hydraulic conductivity testing, in-situ density meas-
urement, and collection of tailings samples for laboratory analysis. Laboratory analysis includ-
ed determination of field moisture content, bulk (dry) density, and water retention curve meas-
urement by hanging column, pressure plate, and chilled mirror hygrometer methods.  Modeling 
included a variety of conceptual models, and included an analysis of sensitivity to finite ele-
ment size, temporal data resolution, matrix material properties, and choice of lower boundary 
condition.  Mechanistic models predict percolation rates of 4.17x10-1 - 3.02x10-4 m/yr. through 
the tailings, while previous efforts utilizing water balance models predict a rate of 3.2x10-3 

m/yr., suggesting that significant variability exists in the model results depending on model ap-
proach and assumptions. 
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condition.  Model predictions from this study will be instructive to further studies that evaluate 
risk of PoC migration from the tailings to groundwater. 
The main objectives of this study were to: 1) assess the likelihood and amount of meteoric wa-
ter percolation through the tailings at the Caselton Wash Tailings site and 2) to determine the 
sensitivity of model results to key input parameters or model framework decisions.  The results 
of this study will be used to inform ongoing studies at Caselton Wash and assist in guiding data 
collection for fate and transport analysis. 

2 BACKGROUND 

2.1 Location, Geography, and Climate 
The site is located in Lincoln County, in eastern Nevada, approximately 175 km south of Ely, 
Nevada and 275 km north of Las Vegas, Nevada (Fig. 1).  The communities of Pioche, NV and 
Caselton Heights, NV are the nearest populated areas.  The town of Pioche is an unincorporated 
community in Lincoln County, NV.  Pioche had a population of 1,002 people at the 2010 census 
(Wikimedia Foundation, Inc., 2015).  Caselton Heights is a small residential community that 
once housed several hundred people that worked in the mine or mill.  Today, Caselton Heights 
includes several single family residences, some of which are permanently populated and some 
seasonally populated.   

Geography at the site consists of north to northwest trending mountain ranges separated by 
arid sedimentary basins.  Elevations range from 1,525-2,840 m at Highland Peak.  Sage brush, 
mountain mahogany, juniper and pinyon pine dominate valleys and lower elevation slopes, 
while sparse ponderosa pine and rare aspen can be seen at higher elevations. 

Climate data from 1945 to 2005 in Pioche, NV (“Pioche,  Nevada  - Climate  Summary,”  2016) 
show that climate in the area is typical of the great basin, with low annual precipitation (~35 
cm), hot summers, and cool winters.  Minimum winter tempera-
tures as low as -18 – 23 °C are observed, although average mini-
mum winter temperatures range from   -6 to 6 °C in January.  
Summer temperatures may reach 38 °C, although average sum-
mer temperatures range from 15 to 31 °C in July (Fig. 2).  Winter 
precipitation is dominant, with an average of 3 – 8 cm of snow 
cover from December to March.  Snowfalls one foot deep are not 
uncommon, but usually disappear from the ground within a week 
(Hayes, L.D., 1971).  Precipitation is usually mixed snow and 
rain from December to March, while sparse rainfall comprises 
precipitation from April through November (Fig. 3).  

2.2 Caselton Wash 
The Caselton Wash tailings are located within the Caselton 
Wash, a major drainage feature which is incised about 70 feet in-
to a pediment of Quaternary alluvium.  There are ten dams asso-
ciated with nine separate tailings impoundments in Caselton 
Wash, with the most up gradient pond being Pond 1 and the far-
thest downgradient pond being Pond 9.  The tenth dam (for 9 im-
poundments) is located within Pond 6 as a partial dam (Fig. 1).  
Ponds 1 through 4 are composed of acid generating sulfide tail-
ings, and are characterized by mounds and pits that are a result of 
repeated unsuccessful reprocessing attempts.  During an investi-
gation in 2000, and during the 2014 site visit, two pits, one in 
Pond 3 and one in Pond 4 contained pooled water.  Ponds 5 
through 9 are flat, and composed of manganese oxide and car-
bonate dominated tailings derived from manganese-oxide ores. Figure 1. Location map. 

,Map 
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Figure 2. Plot of Minimum and Maximum average monthly temperature at Pioche, NV. 

 

 
Figure 3.  Average monthly total precipitation (liquid inches), snow, and snow depth. 

2.3 Hydrogeology 
The Caselton Wash Tailings site lies within the Great Basin Regional Aquifer System (Harrill 
et al., 1988).  The Great Basin Regional Aquifer System contains three principal hydrogeologic 
units: basin-fill deposits, carbonate rocks, and non-carbonate rocks.  The basin-fill deposits are 
composed of unconsolidated silt, clay, gravel, and sand and commonly contain unconfined lo-
calized (sub-basin) aquifers.  The carbonate rocks include massive consolidated Paleozoic stra-
ta, while the non-carbonate rocks are largely volcanics.  The volcanics consist mostly of tuffs 
and basalts of Tertiary age.  Generally, the basin-fill aquifers overly the volcanics, which overly 
the Paleozoic carbonate aquifers, with the basin-fill aquifers being located in the lower eleva-
tion spaces between mountain ranges.  The carbonate aquifers are typically confined systems 
with recharge originating as snow in high mountain range exposures and deep (>300m) under-
flow. 

Groundwater flow in deeper fractured carbonate-rock aquifers generally moves consistently 
with regional topography and large scale recharge and discharge features.  Groundwater within 
the basin-fill zones generally flows from mountain front recharge along the margin of valleys to 
the basin centers, where groundwater is internally drained by evaporative discharge, or drained 
by underlying carbonate-rock aquifer systems.  The basin-fill aquifer often reaches thicknesses 
of several thousand feet.   

Many of the basin-fill aquifers, especially when composed of gravel and sand deposits, are 
highly productive.  In these systems, wells are commonly used for agricultural, domestic, or 
municipal use.  Water from the carbonate aquifer feeds many of the large, perennial low-
altitude springs present in the Great Basin, of which, some provide recharge to the overlying 
basin-fill aquifer.   (Dynamac Corporation, 2010).  Volcanic rocks act as aquifers at a few key 
areas, including the Fallon, NV area, western Nevada, and the Nevada Test site. 

The Caselton site is located near the northern boundary of the Panaca Valley Hydrographic 
Basin, which connects through Meadow Valley Wash to the Colorado River Basin.  Although 
the thickness of the basin fill has not been measured at the Caselton site, the Basin and Range 
Carbonate Aquifer System (BARCAS) study estimated the basin-fill thickness in several valleys 
located approximately 48 km north (White River Valley, Lake Valley, and Spring Valley).  Ba-
sin-fill thicknesses exceeded 610 m in each of these locations.  Regional studies of the deep 
carbonate-aquifer indicate depth to water of 245 m. 
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2.4 Field and Laboratory Data Collection and Parameter Estimation 

2.4.1 Field Saturated Conductivity, Field Density, Moisture Content, and Dry Bulk Density 
Field saturated hydraulic conductivity (Kfs) measurements were collected at 2 locations on Pond 
3 using a Decagon Devices DualHead Infiltrometer (Decagon Devices, Inc., 2016).  The Deca-
gon Devices DualHead Infiltrometer implements a modified version of the (Reynolds and El-
rick, 1990) method to estimate Kfs.  Field density measurements were collected on Pond 3 using 
the sand-cone method (ASTM D1556/D1556M, 2015) and drive-cylinder method (ASTM 
D2937-10, 2010). Soil samples were collected for subsequent laboratory analysis.  Samples 
were excavated using a trowel or shovel, and transported for further analysis in Ziploc bags to 
prevent moisture loss.  Samples were weighed at field moisture, then dried for 24 hours at 
105 C.  Dried samples were re-weighed to determine moisture content on a mass basis in ac-
cordance with (D2216, 2010).  Dry bulk density and volumetric moisture content were deter-
mined in accordance with (ASTM D7263, 2009). 

2.4.2 Development of Soil-Water Characteristic Curve 
Soil water characteristic curves (SWCCs) for the tailings materials were developed using the 
hanging column method (0-80 kPa), the pressure plate method (0-1500 kPa) and the chilled mir-
ror hygrometer method (500 kPa to 100 MPa).  (ASTM D6836, 2008).  Additionally, unsaturat-
ed hydraulic properties for tailings from Pond 3, and alluvial materials were generated with tex-
tural information from particle size distribution data and Rosetta Lite (Schaap, 2003).  Soil 
properties from this procedure yielded properties for the Rosetta Tailings and Alluvium (Table 
1).  Soil properties were modeled with a set of closed-form equations resembling those of (van 
Genuchten, 1980), with an assumed value of 0.5 for the l parameter. 
 
Table 1. van Genuchten Parameters for materials in Caselton Simulations 

Material   r   s  (1/m) n Ks(cm/s) 
Rosetta tailings 0.046 0.34 0.83 1.53 1.32x10-4 
Rosetta alluvium 0.028 0.46 0.73 1.63 1.65x10-3 
Loam 0.078 0.43 3.6 1.56 2.89x10-4 
Lab tailings,  Kfs 0.044 0.53 5.75 1.26 1.52x10-3 
Lab tailings,  Ks 0.044 0.53 5.75 1.26 1x10-4 
EE/CA Tailings 0.077 0.48 1.78 1.15 1.2x10-8 

2.5 Predictive Simulations of Caselton Tailings (Base Case) 

Predictive simulations of the Caselton Tailings emplacement were conducted to assess the like-
lihood of percolation of meteoric water through the tailings to the underlying alluvium with a 
mechanistic model that accurately captures that dynamics of unsaturated flow at appropriate 
spatial and temporal scales, and to assess the effects of various modeling decisions on the out-
come of a predictive simulation (e.g. element size, conceptual model).  Model parameterizations 
in this section are presented for a base case model (Table 2), while the effect of the various 
modeling decisions are presented in section 3.2). 

2.5.1 Geometry 
A variety of geometries were implemented to test the sensitivity of the model to using realistic 
vs simplified geometries, and to provide simulations that are consistent with the geometries 
used in previous simulations at the site.  Realistic geometries for predictive simulations of the 
Caselton tailings emplacement were constructed from data gathered in (Dynamac Corporation, 
2010), as well as publicly available  remotely sensed datasets.  Depth to the tailings – alluvium 
interface was compiled from borings through the tailings material (Fig. 1), and used in combi-
nation with surface elevation data from the USGS National Elevation Dataset Digital Elevation 
Model (DEM) (“USGS  National  Elevation  Dataset,”  2013) to create upper and lower bounding 
surfaces for the tailings.  Both surfaces were interpolated with a Triangular Irregular Network  
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Table 2. Model Summary Table 

1. Small (2d) - .2m global element size, with 3.3 cm refinement along soil surface 
2. Large (2d) - 3.7m global element size 
3. Med. (2d) - .6m global element size, with .2m refinement along surface 
4. Small (1d) - .2cm element size along surface, transitioning to .18m near bottom boundary 
5. Long (1d) - .5cm element size along surface, transitioning to .5m near bottom boundary 
6. Hourly(2d) - .2m global element size with 1.5 cm refinement along surface 
7. Serves as the base case for the 2d simulations 
8. Serves as the base case for the 1d simulations, pct. increase from 2D base case is 119.8% 
9. Steady-state drainage rate 
10. Refers to increase with respect to 2D base case 
 
(TIN) algorithm, after which the profile tool was used to extract a 2-Dimensional profile across 
Pond 2 (Fig. 4).  Simplified geometries were consistent with previous site models, which were 
1D, and assumed an average tailings depth of 4.6 m.  Results were multiplied aver the estimated 
165,921 m2  area of the tailings to convert the 1-D fluxes into volumetric fluxes (Dynamac Cor-
poration, 2010).  For Hydrus 1-D models presented here, an identical procedure was followed.  
For 2-D simulations, the 4.6m depth was used, while a uniform width approximately equal to 
the Pond 2 profile (114 m) was used to approximate the second dimension.  Conversion of 2-D 
fluxes to volumetric fluxes is conducted in the same manner as the Pond 2 profile.  
 

Model 
Sensitivity 
group 

Lower        
b.c. 

Mesh 
Size 

Data   
Period 

Material  
Min.  Δt  
(s) 

SSDR8 

(m/yr.) 

Pct.  
Inc. 
(%)  

Cum. 
Mass 
Bal. 

H2D 
Data        

period 
Free          

drainage 
Hourly 
(2d)6 

Hour Lab tails, Kfs 8.6x10-10 5x10-3 -17.4 2.3 

H2D6 
Data                       

period 
Free       

drainage 
Small 

(2d)1 
Day Lab tails, Kfs 8.6x10-3 6.05x10-3 0 8x10-3 

H2D 
Data         

period 
Free       

drainage 
Small 

(2d)1 
Month Lab tails, Kfs 8.6x10-4 4.17x10-1 6797.5 0.05 

H2D 
Data         

period 
Free       

drainage 
Small 

(2d)1 
Year Lab tails, Kfs 8.6x10-4 3.35x10-4 -94.5 0.3 

H2D6 Mesh size 
Free       

drainage 
Small 

(2d)1 
Day Lab tails, Kfs 8.6x10-3 6.05x10-3 0 8x10-3 

H2D Mesh size 
Free       

drainage 
Med. 

(2d)3 
Day Lab tails, Kfs 8.6x10-4 3.21x10-3 -46.9 0.5 

H2D Mesh size 
Free       

drainage 
Large 

(2d)2 
Day Lab tails, Kfs 8.6x10-4 1.34x10-4 -97.8 3.2 

H1D7 Material 
Free       

drainage 
Small 

(1d)4 
Day Lab tails, Kfs 8.6x10-4 1.33x10-2 0.0 <1x10-3 

H1D Material 
Free       

drainage 
Small 

(1d)4 
Day 

Lab tails, 
Ks 

8.6x10-5 3.03x10-2 127.8 2x10-3 

H1D Material 
Free       

drainage 
Small 

(1d)4 
Day 

Rosetta 
tails 

8.6x10-4 9.39x10-3 -29.4 2x10-3 

H1D Material 
Free       

drainage 
Small 

(1d)4 
Day Loam 8.6x10-4 3.04x10-2 128.6 4x10-3 

H1D7 
Lower 

b.c. 
Free       

drainage 
Small 

(1d)4 
Day Lab tails, Kfs 8.6x10-4 1.33x10-2 0.0 <1x10-3 

H1D 
Lower 

b.c. 
Seepage 

face 
Small 

(1d)4 
Day Lab tails, Kfs 8.6x10-4 1.17x10-2 -12.0 <1x10-3 

H1D 
Lower 

b.c. 
Material 

boundary 
Long 

(1d)5 
Day Lab tails, Kfs 8.6x10-4 9.23x10-3 -30.6 8x10-3 

HELP N/A 
Free       

drainage 
Not 

Known 
Month 

EE/CA 
tails 

Not 
Known 

3.2x10-3 -47.110 Not 
Known 
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Figure 4.  Cross section geometry across pond 2, with final head distribution for base case model. 
 

2.5.2 Soil Properties 
Soil properties were modeled with a set of closed-form equations resembling those of (van 
Genuchten, 1980).  Materials include a loam from (Carsel and Parrish, 1988), tailings from 
Pond 3 developed from equilibrium water retention data (Table 1), as well as tailings from Pond 
3 and alluvial material developed using a grain size distribution model (2.4.2). 

2.5.3 Finite Element Mesh 
Several finite element mesh sizes were used in the various models implemented at the Caselton 
site (Table 2).  Sensitivity to finite element size is discussed in section 3.2.2.  Element size re-
finements were placed at the surface where steep hydraulic gradients are expected (Fig. 4).  El-
ement sizes were chosen to be similar within sensitivity groups (Table 2). Because no transient 
observations of suction or moisture content are currently available at the site, the criterion for 
element sizing in all simulations was an acceptable relative cumulative mass balance for each 
calculation (< ~1%), which indicates that the sum of the fluxes across any model boundaries are 
consistent with the changes in volumetric water content reported by the model.   

2.5.4 Initial Conditions 
Initial conditions were first specified to be in equilibrium with a water table located 10m below 
the lowest located element in the model and linearly decreasing with distance to the surface.  
Models were executed with on-site climate data until steady state drainage rates were achieved 
(Table 2), after which head distributions from those models were used as initial conditions for 
transient model results presented here. 

2.5.5 Boundary Conditions 

2.5.5.1 Upper Boundary Conditions 
Upper boundaries were modeled with an atmospheric boundary for the Caselton models.  Inputs 
for the atmospheric boundary conditions consist of hourly records of precipitation and potential 
evaporation.  Potential evaporation is calculated using the Penman Equation for evaporation 
from an open water source, with soil heat flux estimated as 10 percent of net radiation during 
the daylight hours, and 50 percent of net radiation during night time hours (Allen et al., 1998; 
Penman, 1948).  Because vegetation is sparse to non-existent on the surface of the tailings ma-
terial, transpiration is assumed to be negligible.Hourly observations of air temperature, relative 
humidity, and wind speed were obtained from a meteorological station located in the nearby 
town of Pioche, NV (“CEMP,”  2016).  Incoming extraterrestrial shortwave radiation was calcu-
lated on an hourly basis for the site using solar geometry and site location information.  Ground 
level incoming short wave radiation values were obtained from the National Renewable Energy 
Laboratory (NREL) National Solar Radiation Database (NSRDB) as Global Horizontal Irradi-
ance (GHI) (“NSRDB,”  2016).   

2.5.5.2 Lower Boundary Conditions 
Lower boundary conditions were simulated with either a unit gradient boundary condition, a 
seepage face boundary condition, or a material interface intended to simulate the interface of 
the tailings material with the native alluvium material (Table 2). 
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(1) Unit Gradient Boundary Condition 
A unit gradient boundary condition simulates a scenario where matric and osmotic gradients are 
not present, or small enough that their effect on the total head distribution is negligible.  Ac-
cordingly, elevation gradients are the only contributor to the total hydraulic gradient.  Although 
no suction measurements near the tailings/alluvium interface exist at this time, observational 
studies at similar locations suggest that a unit hydraulic gradient may exist as near as 20 cm to 
the surface (McCord, 1991; McCord et al., 1991; Sisson, 1987). 

(2) Material Interface 
The lower boundary condition can be simulated explicitly by including a layer of material 
bounding the lower surface of the tailings material with soil properties corresponding to the na-
tive alluvium present at the site.  Grain size distribution from a surface sample on Pond 4 was 
used to generate the properties.  The sample was 41.6 percent sand, 45.8 percent silt, and 12.6 
percent clay by mass, with a bulk density of 1.6 g/cm3 (Table 1).  The lower boundary condition 
for the alluvium was set to be a constant head value of 0 m (saturated) at -245m. 

(3) Seepage Face Boundary Condition 
Seepage face boundary conditions simulate a scenario where the porous media is exposed to the 
atmosphere, with fluid seeping from the porous media.  Pressure head must build up inside the 
porous media to the point where it overcomes the matric suction of the porous media.  Fluid is 
allowed to flow across the boundary when total head is greater than 0.  Pressure buildup contin-
ues until some amount of water leaves the domain, which reduces the pressure head.  Pressure 
head must again accumulate due to redistribution of fluid or additional fluid flux into the do-
main before more fluid can pass through the seepage face boundary.  (Scanlon et al., 2002) 
showed that seepage face boundary conditions can be approximated by placing a coarsely tex-
tured material next to a fine grained material.  The material interface between the fine grained 
tailings and the relatively coarse grained alluvium may behave as a seepage face boundary in 
this fashion. 

3 RESULTS/DISCUSSION 

Results of Caselton models are presented for the “base case”  model. The base-case consists of a 
HYDRUS 2D flow model, the small finite element mesh, daily atmospheric data, van Genuch-
ten parameters based on laboratory retention data, steady-state initial conditions, measured 
field-saturated hydraulic conductivity, and free drainage lower boundary condition (Table 2).  
1D simulations are compared to the equivalent 1D base case to capture variability within sensi-
tivity groups.  All other simulations are discussed in section 3.2, where simulations deviate 
from the base case model in the sensitivity parameter being tested (Table 2).  

3.1 Base Case Results 
For the base case model, changes in net water storage, cumulative actual atmospheric flux, and 
cumulative drainage are driven by imbalances between precipitation and evaporation rates (Fig. 
5).  Specifically, where precipitation rates are greater than evaporation rates, infiltration occurs.  
In all models, insignificant amounts of runoff were predicted.  This effect is most pronounced 
for monthly averaged data (Fig. 6).  When evaporation rates are greater than precipitation rates, 
water leaves the soil via evaporative flux.  Model results show that flux rate across the upper 
boundary is not always equal to the difference between precipitation and evaporation rates.  The 
controls on the rates of infiltration or evaporation are total head gradients, and moisture de-
pendent hydraulic conductivity K().  For infiltration, K()increases in the direction of the total 
gradient as pore spaces in front of the infiltration front are filled with water.  For evaporation, 
K() decreases in the direction of total gradient. Consequently, even in the presence of large 
upward gradients near the soil surface, K() is limited to a degree that significant evaporative 
flux does not occur.  This behavior is shown in the model results in Figure 5 and has been 
demonstrated in the literature (Shah et al., 2007). Evaporation rates tend to increase quickly af-
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ter an infiltration event, and decay to near zero soon afterward.  Infiltration events occur at or 
near the rate of applied precipitation in most cases.  Two significant infiltration events (~.15 m) 
occur during the simulation period; one from September 2004 – May 2005, and one from De-
cember 2010 to April 2011.  Both of the infiltration events occurred during extended periods of 
low potential evaporation, and sustained precipitation.  Water from infiltration events is parti-
tioned mostly to net storage, after which most of the water (~.1 m) is lost to evaporative flux 
over a much longer time period (Fig. 5).  Small increases (~4cm) in cumulative drainage occur 
after both major infiltration events. 

3.2 Sensitivity Analysis 

3.2.1 Sensitivity to Hydraulic Property Definition 
Sensitivity to van Genuchten parameters and hydraulic conductivity was tested.  Parameters 
were specified based on: cataloged loam soil (Carsel and Parrish, 1988), regression on SWCC 
data measured for tailings from Pond 3 using ASTM D6836 with field saturated (base case) and 
laboratory-measured saturated hydraulic conductivity, and parameters generated using the Ro-
setta pedo-transfer method based on grain-size distribution data for tailings from Pond 3.  Dif-
ferences in cumulative atmospheric flux drives the differences in cumulative drainage.  Cumula-
tive atmospheric flux differences track closely with K() for the suctions most commonly 
observed at the surface in each individual model.  As an example the Ks value is the only differ-
ence between the two lab measured tailings, but the model with Kfs (higher K value) predict less 
infiltration than those using lab developed Ks.  Model results show lower K() values in the 
higher Ks model, which is likely due to rapid initial drainage, and subsequent reduction in K().  
The net change in storage was related both to the storage capacity of the tailings (Fig. 7), and 
differences in cumulative drainage and atmospheric flux (Fig. 8).  Mass balance error was in-
sensitive to material properties at the spatial and temporal discretization used.  Differences in-
material properties affected steady state drainage rates by as much as .017 m/yr., or 128.6% in-
crease with respect to the 1D base case simulation (Table 2). 
 
 

 
Figure 5.  Results for base case simulation.  Negative atmospheric flux indicates infiltration. 
 
 

 
Figure 6.  Monthly precipitation and open water evaporation rates. 
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3.2.2 Sensitivity to Element Size 
Sensitivity to finite element mesh sizing was tested using large element meshes consisting of 
~3.7m uniform sized elements, medium element meshes consisting of .6m elements with a .2m 
refinement along the surface of the tailings, and small element meshes consisting of .2m meshes 
with .033m (3.3cm) refinement along the surface of the tailings (Fig. 4).  Relative to the base 
case (small mesh), model results for the larger mesh sizes showed higher evaporation rates, 
higher mass balance errors, lower net storage, and less net percolation.  Although infiltration 
behavior was similar for all element sizes (Fig. 9), evaporation varied by a factor of 10.  The 
difference between the two processes is likely related to the ability of linear finite elements to 
accurately simulate steep, non-linear head gradients near the surface during late stage evapora-
tion (Hayhoe, 1978).  Evaporation occurs over longer time scales with the climate data in the 
simulations, and linear averaging of head gradients with large elements allows high suctions 
present at the surface to extend further into the subsurface than is realistic, over long periods of 
time.  The effect is similar to that of a rooting zone, and leads to conveyance of water to the sur-
face.  While steep gradients can occur during early stage infiltration, and evaporation and infil-
tration occur on similar length scales of 1 – 3 cm (Lehmann et al., 2008; White and Sully, 
1987), infiltration events are less affected because they occur over shorter time scales, and the 
head gradients are much less steep over the duration of the infiltration event.  Differences in net 
storage are likely related to the differences in atmospheric fluxes rather than the ability to simu-
late net storage with varying element sizes.  Differences in element sizing affected steady state 
drainage rates by as much as .0006 m/yr., or 97.8% decrease with respect to the 2D base case 
simulation (Table 2). 
 

 
Figure 7.  H-K() and H- relationships for soils used in simulations.  Suctions observed in model range 
from 0 to 100m. 

3.2.3 Sensitivity to Temporal Data Resolution 
Sensitivity to temporal data resolution was tested with hourly, daily (base case), monthly, and 
yearly climate data.  For each simulation, maximum time steps were set to the level of input da-
ta used (e.g. one day for daily), and precipitation and evaporation rates were down sampled to 
the same temporal level.  Hourly and daily averaged data resulted in similar long term behavior, 
although the daily simulation achieved much lower mass balance errors (Fig. 10).  Monthly data 
resulted in behavior most different from the base case, with the two largest infiltration events 
being larger by a factor of ~20.  Yearly data resulted in the least amount of infiltration and 
drainage.  Simulation results were dependent on the time averaged rates for precipitation and 
evaporation at each time level.  For example, the large infiltration events in the monthly simula-
tion resulted from several months in which the monthly average precipitation rates were greater 
than the monthly average evaporation rates (Fig. 6), while the yearly average potential evapora-
tion was always greater than the yearly average precipitation.  Similar differences between pre-
cipitation and evaporation rates at all temporal resolutions drove differences in all simulations.  
Differences in temporal data resolution affected steady state drainage rates by as much as .41 
m/yr., or 6,798% increase with respect to the 2D base case simulation (Table 2). 
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Figure 8.  Results for simulations of varying material property.  Negative atmospheric flux indicates infil-
tration.  

3.2.4 Sensitivity to lower boundary condition definition  
Sensitivity to selection of lower boundary condition was tested with free drainage, seepage face, 
and material interface boundary conditions.  Atmospheric and cumulative drainage fluxes were 
relatively insensitive to lower boundary condition (Fig. 11).  Cumulative drainage totals were 
.14m, .17m, and .21m of drainage for the material interface boundary, seepage face, and free 
drainage lower boundaries, respectively.  Net water storage in the tailings in the simulation us-
ing the material interface boundary are lowest, likely due to developing equilibrium conditions 
with the 245 m column of alluvium.  Equilibrium suction in the tailings for the material inter-
face lower boundary model are ~9m, while they are ~3 m in the free drainage model.  Because 
of the lower suction in the tailings relative to the base case (free drainage), the net storage is 
lower by ~.2m.  Net water storage is ~.2m higher in the seepage face model than the free drain-
age because pressure must accumulate before water can drain.  Varying choice of lower bound-
ary condition affected steady state drainage rates by as much as .004 m/yr., or 30.6% decrease 
with respect to the 1D base case simulation (Table 2). 

3.2.5 Sensitivity to model dimensionality 
The hydraulic property definition and bottom boundary condition sensitivity groups were con-
ducted in HYDRUS 1D in order to test model sensitivity to dimensionality.  Cumulative drain-
age in the 1D model was .21 m (Fig. 8, Lab Measured, Kfs), whereas it was .09 m in the 2D 
model (Fig. 9, Free Drainage), a difference of .12 m.  The deficit in cumulative drainage in the 
2D model relative to the 1D model can be accounted for by an increase in net water storage in 
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the 2D model, with ~1.25m storage vs ~.95m in the 1D model.  Atmospheric fluxes were within 
.05m between the 1D and 2D models.  Varying model dimensionality affected steady state 
drainage rates by as much as .007 m/yr., or 119.8% increase with respect to the 2D base case 
simulation (Table 2). 

3.3 Comparison of mechanistic models to HELP Models in EE/CA 
The discussion in the preceding sections focuses on the transient differences between various 
mechanistic models, in order to determine if model predictions are consistent with expected 
physical reality.  These simulations also investigate the sensitivity of transient responses to var-
ious uncertain model inputs and assumptions.  For long term management, an important model-
ing outcome at this site for assessing potential impacts to groundwater resources is steady state 
drainage rate.  Steady state drainage rates from the HELP model (Dynamac Corporation, 2010) 
matched those from the base case model within .02 m/yr., a 47.1% decrease (Table 2), even 
though the HELP model ignores matric gradients.  HELP can match steady state drainage rates 
because matric gradients play a more minor role under steady state conditions where the soil is 
already wetted to a significant degree.  Another difference between the HELP simulation and 
the mechanistic models is the hydraulic property definition used (Table 1, Figure 7).  The main 
differences in the definition used in the HELP model are a lower Ks, and higher n parameter, 
which indicates a broader grain size distribution.  The effect is that K() is lower, and the water 
content higher under the higher suctions observed in the models (~10-100m).  Finally, HELP 
simulations use a climate generator to produce average atmospheric boundary conditions at dai-
ly, monthly, or ye- 
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Figure 9.  Results for simulations of varying finite element size.  Negative atmospheric flux indicates infil-
tration. 
arly time periods.  Average climate data does not incorporate climate variability such as the ex-
tended precipitation seen in the winters of 2005 and 2011.  In summary, models like HELP can 
be useful to capture the general water balance of the system, but are not adequate if more de-
tailed information such as fate and transport analysis is required. This is because the mechanis-
tic models can simulate the dynamic transport characteristics of the tailings which are depend-
ent on governing factors beyond percolation rate. 
 

 
Figure 10.  Results for simulations of varying temporal data resolution.  Negative atmospheric flux indi-
cates infiltration. 

4 CONCLUSIONS 

Predictive modeling of percolation through the Caselton Wash Tailings conducted under a 
range of expected conditions predicted steady state annual drainage rates of 3x10-4 - 4x10-1 
m/yr.  Sensitivity analysis indicates that the hydrologic models are most sensitive to temporal 
data resolution and spatial discretization, with up to a 6,798% relative difference (4.1x10-1 
m/yr.) in steady state drainage rates from base case results for monthly data averaging.  This 
range is of note, as all selected parameterizations are reasonable approaches considering the 
paucity of data for this site.  This study demonstrates the importance of model parameterization, 
as well as appropriate selection of boundary conditions, and discretization.  In order to more 
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fully assess the risks to groundwater resources, future efforts should include further characteri-
zation of field scale heterogeneity in the tailings and alluvium, tailings chemistry, model cali-
bration and transient parameter inversion with infiltration columns or site instrumentation, and 
an application of the findings in this study to the assessment of POC migration from the tailings 
to impact groundwater resources. 
 

 
Figure 11.  Results for simulations of varying lower boundary condition.  Negative atmospheric flux indi-
cates infiltration. 
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ABSTRACT: A trona mine near Green River, Wyoming recently began development of a new 
tailings basin to meet the need for increased storage capacity. The selected site of the new basin 
was previously used for tailings disposal in the 1970’s, but had a history of leakage into the 
groundwater.  

This paper describes the development of the area as a tailings management facility (TMF) 
and discusses steps taken to address leakage concerns, including a detailed discussion of 
groundwater modeling performed to characterize the potential for leakage and evaluate mitiga-
tion options to control the leakage beyond the basin to the nearby Green River.  

In 2014, a 250,000 square-foot (SF) seepage control barrier was installed to minimize the fu-
ture impact of the new TMF’s high-salinity seepage waters on the groundwater and the Green 
River.  

1 INTRODUCTION  

Ciner Wyoming LLC (formerly OCI Wyoming, LLC) owns and operates the Big Island Mine 
facility near Green River, Wyoming. This underground trona mine has produced soda ash since 
1962. The mining process produces high salinity process water and tailings that Ciner proac-
tively manages in order to control and mitigate any seepage impacts to the groundwater system 
and nearby Green River, which runs to the west and south of the mine. 

1.1 Problem statement  

In recent years, underground tailings storage at the site has become limited, and an increasing 
portion of tailings disposal has transitioned to the surface. Long-term planning efforts revealed 
a need to expand Ciner’s surface tailings disposal capabilities, and Pond 2, a previously permit-
ted disposal area, was identified as the most viable location for storage facility development. 
The Pond 2 site has not been used for tailings storage since the 1970s due to excessive seepage 
observed downstream of the disposal area in the rock outcrops. Seepage of high salinity process 
water into the groundwater and eventually the nearby Green River is a major regulatory con-
cern, therefore seepage control and mitigation is a high priority for the ongoing Pond 2 Devel-
opment project.  

1.2 Site overview and geology 

The Pond 2 site is directly north of the Ciner plant facilities, northwest of the active Upper Del-
ta tailings storage facility, and northeast of the Green River, as shown on Figure 1. 
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Figure 1. Pond 2 site location. 
 
 

Across the facility, unconsolidated material overlies fractured siltstone and mudstone. Uncon-
solidated deposits range in thickness from less than a foot to about 30 feet. Fractured bedrock 
underlies the unconsolidated deposits in most locations and typically ranges in thickness from 
10 to 30 feet. This zone in the site stratigraphy has been known to behave as a preferential path 
for seepage from the tailings basin. The relatively high permeability of this fractured zone is re-
lated to the presence of joints, fissures, and fractures in the underlying siltstone, mudstone, and 
sandstone associated with stress relief and weathering. The degree of fracturing decreases with 
depth down to the competent Bridger Formation, which does not transmit significant amounts 
of water. The river valley south and west of the facility is filled by alluvium deposited over bed-
rock by the Green River that consists of silt, sand, and gravel and ranges in thickness from 10 to 
30 feet. 

2 DESIGN OF SEEPAGE CONTROL MEASURES 

2.1 Subsurface investigations  

Two geotechnical investigations were performed to assess subsurface conditions at the site and 
to install instrumentation to monitor the seepage cutoff wall and future containment dam. The 
investigations involved soil borings and rock coring, monitoring while drilling (MWD) to sup-
plement the drilling and coring, test pits, and packer testing for permeability of the stratigraphy. 
The objective was to identify and carefully delineate the fractured rock zones to allow design of 
a seepage cutoff wall that would extend through the fractured rock and embed sufficiently into 
competent rock.  

A geophysical survey was also conducted along the centerline of the proposed cutoff align-
ment using Multichannel Analysis of Shear Wave (MASW) technology. The results provided a 
profile of shear wave velocity along the cutoff alignment that correlated to the degree of rock 
fracturing and quality of rock mass. 

Instrumentation was also installed for monitoring the Pond 2 site before, during, and after 
construction of seepage control measure installation. These instruments are discussed further in 
Section 4 of this paper. 
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2.2 Groundwater modeling of Pond 2 seepage and control 

A numerical model of the near-surface groundwater flow system beneath the facility was devel-
oped. The purpose of the groundwater flow model was to predict how the proposed Pond 2 tail-
ings basin will affect groundwater flow rate and direction and thereby affect salt loading – 
measured as total dissolved solids (TDS) – to the Green River. The model was also used to 
evaluate design elements of the proposed Pond 2 system in order to minimize the effects of 
seepage on the groundwater system. The ability to evaluate the effects of a variety of seepage 
control options and pond configurations made the model a useful design tool. 

2.2.1 Data integration and geologic model development  
Prior to developing the groundwater flow model, a three-dimensional geologic model of the fa-
cility was constructed using the EVS-Pro software platform developed by C Tech Development 
Corporation. The geologic model was developed to enable interpolation of the major hydrostrat-
igraphic units across the facility using available boring data; three-dimensional visualization of 
the resulting hydrostratigraphic framework; and efficient and accurate mapping of the hy-
drostratigraphic framework into the groundwater flow model. Example visualizations are shown 
on Figure 2. 

 

 

Figure 2. EVS-Pro geologic model. The upper image shows borings with hydrostratigraphic unit identified 
by color: unconsolidated surficial deposits (blue), fractured bedrock (green), and unfractured bedrock 
(red). The lower image shows the three-dimensional solid of the geologic model extent, with the upper 
surface set to ground surface from a LiDAR DEM. 

Construction of the geologic model required synthesis of a large dataset of lithologic infor-
mation from boring logs. The geologic model necessitated that the logs of existing and recent 
borings be consistently evaluated to identify the elevations of the contacts of the three principal 
hydrostratigraphic units: unconsolidated soil and surficial deposits (colluvium, alluvium, etc.), 
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fractured bedrock, and unfractured bedrock (to the bottom elevation of the boring/coring). Upon 
completion of the data processing, the dataset was loaded into the EVS-Pro software and inter-
polated to three-dimensional volumes. Within EVS-Pro, the data were visualized as clusters of 
individual borings, interpolated surfaces, and cross sections.  

The data export capabilities of EVS-Pro greatly eased mapping of the interpolated hydrostra-
tigraphy to the groundwater flow model grid, which can be a tedious, time-consuming task. 

2.2.2 Development of MODFLOW model 
The groundwater flow model was developed in the MODFLOW-NWT code (Niswonger et al., 
2011). MODFLOW-NWT is a variant of MODFLOW-2005 (Harbaugh, 2005) that includes a 
robust method for overcoming the numerical challenges presented by drying and rewetting non-
linearities in the unconfined groundwater-flow solution implemented in MODFLOW. Nonline-
arities in rewetting are compounded by models that include thin, unconfined layers to represent 
thin layers of variably saturated surficial material or bedrock — a situation that is common at 
the facility. Accurate accounting of cell rewetting is particularly important when automated op-
timization/calibration methods are employed, as was the case for this model. 

The model includes the three principal hydrostratigraphic units in the shallow subsurface: 
unconsolidated surficial deposits, fractured bedrock, and unfractured bedrock. The layer geome-
tries for the model were obtained from the geologic model described above. The unconsolidated 
surficial deposits are unsaturated across much of the facility, and were allowed to dry and rewet 
as necessary in the model. The unconsolidated alluvium associated with the Green River is gen-
erally saturated, as river stage is a primary control on groundwater levels within the river valley 
and does not fluctuate appreciably. 

The sources and sinks of groundwater simulated in the model include the Green River and 
areas of irrigation within the river valley, existing ponds and tailings basins, and a network of 
seepage collection systems. Existing cutoff features were simulated as barriers to groundwater 
flow, using thickness and permeability values informed by the available data. Recharge is gen-
erally negligible due to very low rates of precipitation and infiltration; most of the water in the 
near-surface groundwater system is derived from seepage from existing tailings ponds. 

The model was calibrated to observations, such as hydraulic head, using an automated pro-
cess in conjunction with the parameter-estimation code PEST (Doherty, 2016). Pilot points 
were used to generate the modeled hydraulic conductivity distribution, with values informed by 
(regularized against) results of packer and aquifer testing. 

2.2.3 Model evaluation of seepage control measures 
The calibrated model was used to examine the utility and performance of the cutoff wall and to 
evaluate the effects of the proposed Pond 2 basin on TDS loading to the Green River. Proposed 
Pond 2 features, such as the tailings liner and a cutoff wall were included in the model and 
seepage from Pond 2 was evaluated by specifying a water flux value obtained from a separate 
water balance analysis. The results indicate that Pond 2, with the proposed liner and cutoff wall, 
will result in a very small increased tailings basin flow and associated TDS loading to the Green 
River — in the range of approximately 2 to 4 percent. 

The focus of the modeling was to determine where Pond 2 seepage would migrate to, how 
fast mitigation would occur, and the flux rate of water originating at Pond 2 into the Green Riv-
er. This latter result (Pond 2 flux into the Green River) was deemed the most important indica-
tor of the effectiveness of the Pond 2 seepage control system since the facility-wide TDS mass 
loading rate of 2,000 lb/day is a permit limit. 

The effects of installing a cutoff wall and liner to mitigate the expected leakage were exam-
ined in the model. Figure 3 shows model results for the predicted extent of Pond 2 seepage after 
eight years of operation during Phase 1 under conditions of no seepage control, cutoff wall on-
ly, and cutoff wall and tailings liner. The results clearly illustrate that the cutoff wall and liner 
significantly reduce the migration of Pond 2 water toward the Green River, and that the cutoff 
wall alone provides significant seepage control. 
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Figure 3.  Simulated extent of Pond 2 seepage under increasing levels of seepage control. 

The overall effects of the cutoff wall and liner on seepage migration to the Green River were 
evaluated by comparing the rate of flux to the Green River associated with Pond 2 to the corre-
sponding rates from other existing ponds in the tailings basin. The predicted seepage from Pond 
2 to the Green River, 6 gallons per minute (gpm), is a small fraction (about 4 percent) of the 
seepage contributions from the existing ponds. These small flow rates indicate that Pond 2 will 
not contribute meaningfully to the existing TDS load to the Green River with the seepage miti-
gation features installed. Solute-transport modeling of the seepage was not used to predict mass 
flux to the river because of the uncertainties in pond water concentration and solute-transport 
parameters such as dispersion, sorption, and other reactions. By excluding the attenuating fac-
tors that would come with an explicit simulation of solute transport, the resulting analysis of 
Pond 2 seepage effects on TDS flux to the Green River is conservative. 

2.3 Design of seepage cutoff wall  

Several factors associated with design of the Pond 2seepage cutoff wall were essential to meet 
the goals of the project. The wall geometry and layout, including length of wall, depth of wall, 
and thickness of wall, were defined first. Wall material properties such as strength, permeabil-
ity, and durability were also important for creating an effective seepage barrier at the Pond 2 
site.  

2.3.1 Wall geometry and layout  
Field investigation and groundwater modeling results were used to interpret the best alignment 
and design the length of the wall. Cutting through the zones of highest groundwater transmissiv-
ity, appropriately tying into the northeast (right) abutment, and extending the south leg of the 
wall far enough were all important considerations. Figure 4 includes the design layout and 
alignment of the seepage cutoff wall (the imagery in Figure 4 is post-construction of the wall 
and prior to the containment dam). 
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Figure 4. Pond 2 monitoring instrumentation.  
 
 
Depth of the wall was designed from the field investigation data including rock core rock quali-
ty designation (RQD) data, Monitoring While Drilling (MWD) data, packer test in-situ permea-
bility data, and seismic MASW geophysical survey data. A comprehensive evaluation of this 
field information along the wall alignment was used to interpret a depth to the target rock mass 
of competent bedrock. The project defined competent rock as having an RQD greater than 80%, 
permeability lower than 3 Lugeons, with shear wave velocity of at least 1750 ft/s. The bottom 
of the wall was designed to be embedded at least 5 feet into the competent bedrock, with the 
adequacy of this penetration verified by geotechnical seepage modeling. Figure 5 shows an ex-
ample of the information that was compiled in order to determine the bottom of the wall. 
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Figure 5. Seepage cutoff wall depth evaluation. 
 
Wall thickness was designed to generate adequate head drop and sustain any seepage forces 
generated by this head drop. The thickness of the seepage cutoff wall was modeled extensively 
in GeoStudio and FLAC modeling programs. Design thickness was set to be 2.5 feet. Due to a 
lack of published information on the performance of seepage cutoffs in this type of extreme sa-
line environment, the design team relied on seepage, stability, and deflection modeling, and a 
panel of experts who reviewed and advised on the design phases. 

2.3.2 Wall properties  
Strength and permeability of the seepage cutoff wall was defined using FLAC deflection and 
GeoStudio seepage and stability modeling. The wall’s strength had to allow placement of a con-
tainment dam and tailings depositions, and the wall’s permeability had to greatly reduce seep-
age of salty water leaving the future Pond 2 TMF. It was determined that the seepage cutoff 
wall should have a minimum strength of 60 psi and a maximum permeability of 1.0 x 10-6 cm/s. 

The high salinity of groundwater in the area was a major concern for durability of the seep-
age cutoff wall. Pond water at the Ciner tailings basin has salinity about 5.7 times greater than 
sea water, based on measured total dissolved solids (TDS), and a sulfate concentration about 
4.5 times greater. This increased the need for a seepage cutoff wall that could withstand a high-
salinity environment. The team required the specialty construction contractor to design the slur-
ry wall utilizing materials resistant to harsh saline conditions, along with specifying a conserva-
tive wall thickness, to avoid deterioration/degradation from the saline water. 

2.3.3 Final design completed in collaboration with the contractor 
A unique aspect of this project was the contractor’s involvement in the latter part of the seepage 
cutoff design. After the 2012 investigations, Ciner and Barr requested prices from six geotech-
nical contractors for viable options to extend the seepage cutoff wall into the competent rock 
layer. The performance-based specifications provided the contractor with some freedom regard-
ing the method as long as the goals of the project were achieved. The owner and engineer se-
lected Treviicos, who proposed a technology that involved the use of a hydromill and self-
hardening slurry (SHS) backfill material to construct a diaphragm wall extending through the 
fractured rock layer. Ciner and Barr then worked closely with Treviicos to complete final de-
sign of the seepage cutoff wall, which entailed refinement of the final layout and development 
of the wall material design, QA/QC plan, integrity verification, and acceptance criteria. 

3 CONSTRUCTION OF SEEPAGE CUTOFF WALL  

3.1 SHS material characteristics 

SHS material used to construct the seepage cutoff wall consisted of water, bentonite, cementi-
tious binder and additive.  The wall was constructed by the single-phase method: a trench was 
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excavated to the full depth under the SHS. During excavation, the SHS acted as a supporting 
excavation fluid, then when the excavation was completed, the SHS was left in place to set. Af-
ter setting, the SHS hardened providing the required strength and permeability. 

3.2 Seepage cutoff wall construction  

In order to provide precise panel installation, concrete guidewalls were constructed along the 
alignment of the cutoff wall at the proper width for the wall construction equipment.  The 
guidewalls controlled the verticality at the start of excavation and were also used as a fixed ref-
erence for panel location, depth measurements and verticality measurements as excavation ad-
vanced. Figure 6 shows a photo of the guidewalls. 

 

Figure 6. The guidewalls used for seepage cutoff wall installation. 

 
The SHS was prepared in the mixing plant and transported to the excavation location through a 
continuous pipe line.  The SHS was continuously added to replace the removed soil as the ex-
cavation advances and is maintained at a sufficient level above the groundwater to ensure a pos-
itive head on the sides of the trench. Figure 7 shows a photo of an SHS mixing plant. 

 

Figure 7. The SHS mixing plant. 

The wall panels were installed with the clamshell and hydromill equipment. Soil material that 
was excavated with the clamshell was stockpiled on site at locations close to the excavation. 
Following the excavation with the clamshell the hydromill was deployed.  The hydromill cutter 
was equipped with two counter-rotating cutting wheels with carbide tipped teeth mounted on a 
steel frame. A re-circulating pump and associated hoses were fitted to the body of the hydromill 
to allow re-circulation of slurry containing cuttings. Figure 8 includes photos of the clamshell 
and hydromill equipment. 
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Figure 8.The clamshell and hydromill equipment. The image on the left shows both the clamshell and hy-
dromill at work. The image on the right shows the hydromill entering the slurry trench that has been 
opened by the clamshell.  

 
As the Hydromill cutter advanced through the SHS and excavated the soil and underlying rock, 
the cuttings were circulated through a screened desanding unit, which removed articles in ex-
cess of ! inch. 
    After passing through the desanding unit, the SHS was gravity fed back into the trench. At 
the completion of the excavation, the slurry hardened and became the wall backfill material. 
    The Panel Method was used to create a continuous seepage cutoff wall with overlapping pri-
mary and secondary panels. The secondary panels overlapped with the primary panels on either 
side to ensure wall continuity. Panel verticality was controlled using a set of inclinometers 
mounted on the body of the hydromill cutter, which provided verticality information in real time 
and allowed for corrections of any deviations. Longitudinal deviations were corrected by inde-
pendently varying the rotation speed of each of the cutting wheels; transverse deviation correc-
tion was made by inclination of a tilt plate above the cutting wheels. 

 

3.3 QA/QC and instrument monitoring programs  

The contractor’s QC team and the owner’s QA team collaborated closely throughout the con-
struction process. The QA/QC team observed the offset test section and full-scale test section 
construction; verified geometry-controls of depth, alignment, and width; and verified the mate-
rial properties of the seepage cutoff wall during construction. The team performed frequent test-
ing on the water source, hydrated bentonite, fresh SHS at the mixing plant, and the SHS materi-
al sampled from the slurry trench prior to casting cylinders for permeability and strength 
laboratory testing.  

An instrumentation monitoring program was also set in place and involved daily manual 
readings of the fully screened piezometers along the wall alignment and weekly data downloads 
from the vibrating wire piezometer data loggers. The monitoring program included evaluation 
of the installed instrumentation response to groundwater pressure and seepage during wall con-
struction.  

3.3.1 Test sections  
Two offset test section were constructed prior to full production. The offset test section under-
went additional testing beyond what was required of the main wall and consisted of two prima-
ry bites and a centered secondary bite extending the full depth of the wall.  

The offset test section was deconstructed under the observation of the QA/QC team, the pro-
ject engineer, and Dr. George Filz, a member of the expert review panel. Deconstruction pro-
vided evidence of the consistencies in the joints, depth, width, and integrity of the hardened 
wall. Figure 9 shows the test section being exposed and inspected under observation by the pro-
ject team and the SHS wall material being demolished. 
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Figure 9.  Photos of the offset test section demolition.  

 
3.3.2 Acceptance criteria  
The project’s two test sections were used as an acceptance criterion for the Pond 2 seepage cut-
off wall. The successful results and observations during the offset test section construction and 
deconstruction allowed the project to move forward and for destructive testing (coring) on the 
main wall to be eliminated. 

Other acceptance criteria included UCS strength results above 75 psi for a 10-point moving 
average and above 60 psi for an individual result, permeability results lower than 1.0x10-6 cm/s, 
every panel bite verified for location and geometry in the field, and consistent SHS fresh mate-
rial properties at the batch plant throughout construction.  

4 RESULTS OF SEEPAGE CONTROL MEASURES 

Prior to construction of the wall, six fully screened (FS) piezometers and six pairs of nested vi-
brating wire (VW) piezometers (upper VW in overburden, lower VW in rock) were placed ap-
proximately 100 feet downstream of the seepage cutoff wall. Six more pairs of nested VW pie-
zometers were placed approximately 100 feet upstream of the seepage cutoff wall and parallel 
to the downstream VW piezometers. This instrumentation allowed for performance monitoring 
of both the seepage cutoff wall. Figure 10 shows a cross section of how the nested VW piezom-
eters were positioned in the overburden and fractured rock layers.  
 
 

 

Figure 10. Pond 2 monitoring instrumentation. 
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The instrumentation was used to monitor pore water pressures and groundwater elevations be-
fore, during, and after construction in order to observe the Pond 2 site’s response to the wall in-
stallation. 

4.1 Instrumentation response  

Performance of the seepage cutoff wall was evaluated by the response of the piezometers in-
stalled as part of the instrumentation monitoring program. Figure 11 shows the total head of the 
piezometers installed at Station 15+00 within the area of most aggressive groundwater flows 
through the Pond 2 site towards the Green River. Figure 11 includes the total head of the pie-
zometers upstream and downstream of the cutoff wall with sensors in both the overburden and 
bedrock. Section 4.2 further discusses the predicted results obtained from the groundwater 
modeling also shown in Figure 11. 

Before wall construction, the head differential across the wall alignment at Station 15+00 
was approximately 0.8 feet in the overburden and 2.7 feet in the rock. As the wall was installed 
through Station 15+00, the piezometers reacted, and after the wall was constructed the new 
head differentials stabilized at approximately 11.5 feet in the overburden and 13.6 feet in the 
rock.  This increase in head differentials between the upstream and downstream vibrating wire 
piezometers is indicative of a successful seepage cutoff wall. The head differentials across the 
wall are expected to increase further when Pond 2 enters into operation and tailings disposal in-
creases the upstream head. 
 

 

Figure 11. Station 15+00 vibrating wire piezometer reaction to seepage cutoff wall. Predicted reaction 
shown with dashed lines. 
 
Similarly to Figure 11, the head differential across the wall alignment has adapted significantly 
along the full length of the wall. The north (right) abutment has gone through a unique ground-
water flow pattern adjustment and is the exception to the significant increases seen along the 
rest of the wall length as shown in Table 1. 
 
 
 
 
 

13.6 ft 
2.7 ft 
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Table 1. Pond 2 vibrating wire piezometer response summary. 

Vibrating Wire Piezometers 
(Station of Wall) 

Rock Head Differential (feet) 

Before Wall 
(May 2014) 

After Wall 
(Oct 2015) 

VWs 01&02 (Station 5+00) 6.3 3.7 
VWs 03&04 (Station 15+00) 2.5 13.7 
VWs 05&06 (Station 25+00) 5.7 16.2 
VWs 07&08 (Station 35+00) 1.8 5.9 
VWs 09&10 (Station 45+00) 0.3 5.2 
VWs 11&12 (Station 55+00) 1.2 8.9 
 

4.2 Groundwater model update  

The groundwater model was updated with the as-built alignment and thickness of the cutoff 
wall to evaluate the agreement between the predicted and measured response to cutoff place-
ment. The model used the design value of 1.0 x 10-6 cm/s in this evaluation; however, meas-
urements on cored wall samples and wet grab samples suggest a lower hydraulic conductivity 
value. As shown on Figure 11, the predicted changes in groundwater levels due to cutoff place-
ment compare well with the changes measured at instruments installed to monitor wall perfor-
mance. 

5 CONCLUSIONS 

Development of a geologic model led to a clear and efficient process of mapping the hydrostrat-
igraphic units to the groundwater flow model grid. Given that the geologic model is the most 
complete database of geologic information for the facility and provides an efficient means of 
data visualization, it has utility beyond its original role as support of groundwater flow model 
development. 
    Use of the groundwater model as a design tool provided insight into the relative importance 
of the options considered for seepage control, and demonstrated the relatively minimal effect 
the planned Pond 2 development is expected to have on TDS flux to the Green River. Future 
modeling of tailings disposal facilities like Pond 2 would benefit from more detailed water bal-
ance calculations up front, which was a limitation of the modeling described here. 

Monitoring at the site is ongoing and tailings placement has not begun; however current re-
sponse indicates the wall will effectively control seepage from the new tailings facility; the 
horses (environmental impacts and dam safety concerns) will be kept in the stable (managed 
within the Pond 2 TMF). 
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1 INTRODUCTION 

The feasibility study (FS) is a critical milestone for any mining project in development. The FS 
identifies the key economic factors that will drive the operation, with a primary focus on the big 
ticket items such as the mining fleet, process plant, project infrastructure and mine waste man-
agement. Water issues for the average project can be overlooked in the scoping and prefeasibil-
ity stages, and sometime this leads to a lack of information at the FS level. If the dewatering and 
groundwater management costs are less than 5% of the total project cost, hydrogeology is often 
considered a non-factor, barring permit-driven issues. 

A hydrogeologic characterization requires drilling and installation of wells or piezometers not 
only within the immediate vicinity of the deposit, but sometimes kilometers away laterally. The 
groundwater system does not stop at the edge of the ore deposit. Factors outside of the deposit 
govern the flow of groundwater through the prospective mine site, particularly in settings where 
the rock is relatively permeable (>0.5 m/day). In round numbers, and depending on the geologic 
complexity, no less than 10 to 15 exploratory boreholes and wells with a focus on hydrogeolog-
ic testing may be required to properly assess basic groundwater flow dynamics. The cost for 
field programs of this sort, combined with analysis and a predictive modeling effort, typically 
fall in the range of $500,000 to seven figures. Furthermore, field programs can require signifi-
cant time allotments. In  the  author’s  experience,  hydrogeologically  complex  sites  often require 
periods of two to three years to untangle, allowing adjustments for major changes to the initial 
conceptual model.  

In the case study discussed here, Niocorp’s  Elk  Creek  Project in the southeast corner of Ne-
braska, the mine proponent initially planned to achieve a FS-level evaluation  in  a  year’s  time. 
The hydrogeologic field program was initiated in concert with the geology and geotechnical 
core drilling programs, therefore most of the testing was achieved through packer testing and 
custom well installations in HQ and PQ diameter core holes. The initial program was planned 
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 ABSTRACT: The capital and operating costs of mine dewatering can be appear negligible 
when combined with the overall project economics of the feasibility study (FS). However, 
groundwater issues can quickly become relevant, particularly in difficult permitting arenas 
where stakeholders are experienced and bound by thoughtfully crafted regulations. This case 
study highlights the need for early characterization of groundwater quality and quantity due to 
the impact these factors had on the technical economic model (TEM) for the project. Specifical-
ly, projected dewatering rates and poor groundwater quality resulted in high capital costs. For-
tunately these items were identified and characterized relatively early in the project life cycle, 
allowing proper analysis of the data and collection of confirmatory information to keep the FS 
on track.  
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under the primary assumption that the host rock (carbonatite) for the deep underground mine 
would be of relatively low hydraulic conductivity and poorly connected to the surface due to 
200 m of low-permeability limestone. The basic geology is shown on Figure 1.  

 

Figure 1. Site-scale geology 

2 GEOLOGY 

The basic geology consists of 0 to 30 meters of variably-saturated glacial till draped atop Penn-
sylvanian-aged limestone. In this part of Nebraska, a system of E-W trending paleochannels in 
the top surface of the limestone are filled in many instances with coarse till and are exploited in 
the area for center pivot irrigation systems. However, such channels do not exist in the immedi-
ate vicinity of the Elk Creek project. The bedded Pennsylvanian limestone is flat-lying and ap-
proximately 170 to 190 m thick. The host rock is an oval-shaped carbonatite  “pipe”  approxi-
mately 6 to 9 km across, surrounded by Precambrian-aged syenitic granite. The project is 
located on the Nemaha Uplift along the eastern flank of the mid-continental rift, less than 10 km 
west of the Forest City Basin and a large vertical offset of more than 1000 m.  

The structural geology of the project area includes a regional-scale W-NW trending fault 
zone called the Central Plains Megashear that appears to run through the carbonatite host rock 
and extends east beyond the Missouri River. Locally, there is a system of N-NE trending faults 
sympathetic and parallel to the trend of the mid-continental rift; numerous faults with this N-NE 
orientation were mapped based on core inspection within the deposit, along with a set of faults 
generally parallel to the Central Plains Megashear.  

3 FIELD CHARACTERIZATION – PHASE 1 

The initial field program involved collecting hydrogeologic data from 13 angled HQ core holes, 
and installing long, open-hole standpipe piezometers over a period of about five months. Packer 
testing was completed on intervals of rock using the IPI SWIPs packer system; step pressure 
tests were attempted, but on most holes a packer-isolated airlift test was necessary to stress the 
test intervals (50 to 100 m). As the program progressed, it became obvious that the rock was 
more permeable than anticipated. Figure 2 presents the range of field-derived hydraulic conduc-
tivity values from the testing program. 
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The piezometers were constructed at significant depths (> 200 m) with schedule 80 PVC. 
Given the depths, vibrating wire piezometers were considered but discounted in favor of the 
sampling capability of standpipes. The open intervals were sealed off with cement baskets and 
flush-threaded, pre-packed bentonite sleeves. While the long open intervals isolated by the pie-
zometers was not ideal, this design offered a good compromise given the fact that the HQ core 
holes were typically in excess of 850 m deep; cementing back the bottom of the holes proved 
time consuming and problematic, thus limiting opportunities for shorter screens. Lost circula-
tion was an ongoing problem while drilling, and attempts to cement lengthy intervals of the hole 
resulted in several days of pumping cement into the void-riddled formation (see core photo Fig-
ure 1). In summary, the piezometers tended to be open to great lengths of the carbonatite. For-
tunately, the primary pumping tests utilized fully penetrating production screens, allowing cal-
culation of transmissivity from the test data. 

 

Figure 2. Hydraulic Conductivity Results from Short-term Tests Plotted vs. Elevation (meters amsl) 
 
 

The first phase of data collection terminated with a 10-day airlift test from a fully penetrating 
850-m deep vertical PQ core hole that was drilled for metallurgical bulk sampling purposes. 
Depth to water in the carbonatite (100 m), hole diameter (122 mm), and submergence limited 
the discharge rate to 2.2 l/sec (35 gpm). Drawdown from the test was monitored in the sur-
rounding network of eight piezometers, and a transmissivity value of 65 m2/day was calculated. 
However, the zone of influence within the carbonatite was quite limited and resulted in a radial 
drawdown cone with a 0.5 m drawdown contour extending out 200 to 300 meters. Drawdown 
measured in the overlying limestone was negligible, suggesting this unit is a classic aquitard, as 
confirmed by K values on the order of 10-4 m/day. Water levels in the limestone are 50 m higher 
than the carbonatite, resulting in a surprising downward hydraulic gradient. Finally, the water 
quality in the carbonatite is saline, with TDS values as high as 18 g/L.  

The data from Phase I were utilized to develop a conceptual model of the project site and to 
eventually allow simulation of the hydrogeology. The primary components of the site hydroge-
ology included:  
 The overlying limestone is a low-K aquitard with elevated water levels; 
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 Variably saturated till overlies the limestone but appears hydraulically independent; 
 The carbonatite is relatively high K (0.1 m/day), and exhibits voids (small karstic features); 
 Water levels in carbonatite are 50 m lower than in the limestone; 
 The carbonatite (ore host) is well connected laterally by fractures and faults; 
 The underground mine will consist of stopes, declines and various ramps within carbonatite; 
 Access from the surface by shaft through the limestone; and 
 The ultimate depth of underground mine = 850 m (775 m below pre-mining water levels). 

4 PRELIMINARY DEWATERING ESTIMATE BASED ON SHORT-TERM TEST DATA 

A dewatering estimate was prepared following Phase I. The first round was based on an analyti-
cal model for active dewatering of the carbonatite. At this early stage of the project, production 
mining was to begin at the bottom of the deposit where the highest grades exist. However, this 
plan required rapid dewatering to the bottom of the mine over a short period of time prior to 
year zero of the mine, translating to significant mine dewatering and capital expenditures prior 
to production years (revenue). 

4.1 Dewatering Estimate – Round 2 
As a result of this first estimate, and the excessive CAPEX associated with drilling, dewatering, 
and water treatment two years prior to production mining, the mine plan had to be significantly 
altered to accommodate a more reasonable and less expensive dewatering scheme. The revised 
mine plan considered four production blocks mining up and down from the middle part of ore-
body. It was assumed that installation of the dewatering well system (a number of wells drilled 
from surface) would begin two years in advance of production mining to allow dewatering of 
development workings such as the shaft, vent shaft and main access ramp. 

To facilitate a more rigorous prediction of dewatering rates for the revised mine plan, a pre-
liminary numerical groundwater flow model was built using MODFLOW-SURFACT. The mod-
el was constructed to replicate the basic groundwater flow features of the carbonatite based on 
testing (K) and water levels, and reasonable specific storage values (Ss). Because of the nearly 
perfect aquitard above, the groundwater within carbonatite was modeled appropriately as a fully 
confined system. The oval shape of the carbonatite pipe was implemented, surrounded by a dif-
ferent material representing the granite and the model was calibrated to the 10-day airlift pump-
ing test. Because the properties of the granite were as yet unknown, the granite was modeled as 
an impermeable boundary (bounded deep groundwater system). The initial simulations with this 
model were provided in the initial preliminary economic assessment (PEA). The results of this 
first model were non-conservative due to the assumption that the granite was impermeable, and 
are not discussed in further detail here. However, the result from this exercise highlighted the 
need for an improved hydrogeologic conceptual model, the need for data that could provide in-
sight about the behavior of the granite, and verification of the hydraulic parameters assigned to 
the carbonatite. Specifically, a large hydraulic stress within the carbonatite was needed, accom-
panied by observations and additional monitoring beyond the immediate vicinity of the ore de-
posit. Accordingly, another focused field program was proposed as discussed in Section 5. 

5 PHASE II FIELD PROGRAM TO CHARACTERIZE GRANITE BOUNDARY 

Upon determination that the properties of the regional granite surrounding the carbonatite 
would have the greatest long-term impact on mine dewatering rates, a second phase of field in-
vestigations was planned and implemented. The objective of Phase II testing was to better char-
acterize the boundary conditions for the carbonatite, or specifically the properties and distance 
to where groundwater is either supplied or restricted from flowing into the carbonatite. Since 
the carbonatite-granite contact 3-5 km from the central ore body was the primary feature of in-
terest as a likely boundary, testing would necessarily be designed to induce a measureable re-
sponse at that distance. Furthermore, observation piezometers would be required outside of the 
immediate deposit to provide critical data on the rate and geometry of groundwater response.  
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Typically, a test of this magnitude is accomplished with a large pumping well which induces 
a cone of drawdown that propagates outward and is observed through a network of observation 
wells between the stress and the hydraulic boundary. Under normal conditions, this is a very ef-
fective method. However, permitting and disposal of brackish water can pose a significant chal-
lenge; the Phase I pumping test had produced 2.2 L/sec (35 gpm), a rate easily handled by truck-
ing the water to disposal lagoons 11 km away. However, pumping rates on the order of 30 L/sec 
(500 gpm) required a different disposal approach. Treating the water before discharging to natu-
ral drainages would be complex and expensive, as well as requiring substantial time to secure a 
NPDES permit. Similarly, constructing storage ponds to contain the water for subsequent re-
injection would require extensive earth moving and a UIC permit. After considering numerous 
options, it became clear that another approach was needed. 

Instead of pumping water to induce drawdown, an alternative method was conceived where-
by fresh water would be injected into the carbonatite via an injection well, resulting in the prop-
agation of stress by groundwater mounding. Since the deep groundwater system was highly 
confined by the Pennsylvanian strata, the stress induced by injection would suffice as an equiv-
alent to a pumping test. After surveying nearby drainages, a creek with adequate perennial flow 
was identified and a temporary pumping permit secured. A site for the injection well was se-
lected in a central location in the ore deposit that intersected structural features which Phase I 
testing had identified as having elevated hydraulic conductivity. The well itself was constructed 
of 6-inch diameter steel in a 10.6-inch drillhole that was screened across the carbonatite to a 
depth of 832 m (2,730 ft). A temporary 8-inch pipeline was constructed from the creek to the in-
jection well (2 km). The layout of the piezometer network is provided on Figure 3. 

 

Figure 3. Layout of Wells and Piezometers 
 
 

Four locations for additional observation piezometers were selected by considering the Phase I 
hydrogeologic test results along with the geophysical and structural models. After balancing 
time and budget constraints with the minimum necessary data needs, only two observation pie-
zometers were funded. The piezometer sites were located: a.) 1.25 km from the central ore body 
and along strike (W-NW to E-SE) with the regional structural trends observed in the deposit, 
and b.) 0.6 km from the injection well, orthogonal to the primary structural alignment. The 
drillhole were cored to 850 m (2,790 ft) using PQ diameter diamond drill rigs and were tested 
approximately every 100 m interval in order to optimize the piezometer construction.  
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A standpipe design was used for the observation piezometers to enable the collection of 
groundwater samples, and were constructed from steel (B drill rods) due to the installation 
depths – PVC would have failed in tensile strength. The screened interval was left open since 
the narrow annulus did not provide adequate space to install a gravel pack, and was isolated 
from the grout interval using cement baskets. Additionally, each standpipe was equipped with 
two grouted-in vibrating wire piezometers placed at different depths above the screen to allow 
measurement of vertical variations in water levels and groundwater response to injection. 

After securing the necessary permits and constructing the two additional nested piezometers, 
the injection well, and a pipeline, a nominal 30 day injection test was initiated. The response to 
injection was monitored in the Phase I & II piezometers. The injection test was briefly inter-
rupted by flood events which necessitated pipeline repairs, but did not affect the final outcome 
of the test. The injection rate was managed at approximately 22 L/sec (350 gpm) for the first 15 
days, and was increased to approximately 30 L/sec (475 gpm) for the remaining 17 days to max-
imize the stress. A total of 68.6 ML (18.1 million gallons) of water were injected over 33 days 
(including down time), resulting in nearly 2.6 m of mounding at the furthest observation pie-
zometer 1.25 km away.  

Mounding at the injection well was steady at 100 m – the water level in the injection well 
was at ground surface during the majority of the test. The water level in the nearest piezometer 
(NEC14-013) located 80m from the injection well increased by 13 m. A plot of mounded 
groundwater levels at the end of the test are shown in Figure 4. 

 

Figure 4. Groundwater Mounding in Selected Piezometers at End of Injection Test 
 
 

After 30 days of water injection, the mounding response had diminished even in the distant pie-
zometers, and the injection phase was terminated.  

6 DEWATERING ESTIMATE BASED ON INJECTION-PHASE DATA – ROUND 3 

At this point in the project timeline, the mine proponent needed to prepare a revised PEA, and 
time did not allow for full recovery of the injection test. Therefore, the data from the injection 
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phase was used to prepare a revised estimate of dewatering for the Elk Creek Project. Accord-
ingly, the response data were analyzed and interpreted to update the conceptual model. The nu-
merical model was used to converge on a revised set of hydrogeologic parameters and the mod-
el was re-calibrated to the injection-phase test data, since recovery was yet incomplete. 

Hydrogeologic units and their hydraulic parameters as simulated by the numerical ground-
water model are shown in Table 1. The hydraulic conductivity of carbonatite (including fault 
zones) within mineralized zone is in the range of 2 to 3 m/day. The carbonatite outside of min-
eralized zone is less permeable (K=0.15 m/d) with more permeable NE faults and NW regional 
faults (K=0.5 to 1 m/day). Specific storage – an important parameter defining a volume of water 
within carbonatite – was estimated as Ss = 2 x 10-6 m-1

. In the absence of more recovery data, the 
hydrologic role of the granite was unresolved and therefore two sets of simulations were con-
ducted with different properties for the granite. The granite was modeled first as a highly con-
ductive unit (unbounded deep groundwater system), and again as an impermeable boundary 
(bounded deep groundwater system). 

 
Table 1. Revised Parameters for Conceptual Model 

Hydrogeologic Unit 

Hydraulic 
Conductivity, K 
(m/day) 

Specific 
Yield 
(unitless) 

Specific Storage 
(1/m) 

Kh Kv 
Carbonatite within Mineralized Zone 2 2 0.005 2e-06 
Faults within Mineralized Zone 3 3 0.005 2e-06 
NE Faults outside of Mineralized Zone 0.5 0.5 0.005 2e-06 
NW Regional Fault outside of Mineralized Zone 1 1 0.005 2e-06 
Carbonatite outside of Mineralized Zone 0.15 0.15 0.005 2e-06 

Granite1 0.15/0.00
1 

0.15/0.00
1 0.005 2e-06 

Note 1: Unbounded/Bounded deep groundwater system. 
 

The model was used to generate a new prediction of mine dewatering based on the revised mine 
plan. Predicted dewatering rates for both bounded and unbounded cases, and the targeted water 
level elevation are shown in Figure 5. Their comparison indicates that in the unbounded case, 
the dewatering rate could be five times larger than for bounded conditions. Based on this model, 
and the inherent uncertainties, the “expected”  dewatering  rate  for  the  preliminary  economic  as-
sessment (PEA) was calculated by averaging the predicted flows for unbounded and bounded 
conditions. The maximum anticipated dewatering rate (~730 L/s) was expected to occur one 
year into production mining, following three years of active dewatering. The expected dewater-
ing rate was projected to decline to 500 L/s in Year 13 and to 450 L/s at end of mining.  

The approach used to define an expected dewatering rate was a significant improvement 
over the original model estimates, and the properties of the carbonatite had been defined as a 
result of the larger stress provided by the injection test. However, characterization of the granite 
boundary required a recovery period longer than 30 days to resolve the net gain in storage with-
in the carbonatite. In fact, the carbonatite did not fully recover after 7 months.  

 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

313



Figure 5. Predicted Dewatering Rates (Round 3) and Target Water Level Elevation  

7 LONG-TERM RECOVERY OF WATER LEVELS FROM INJECTION TEST 

As is often the case with pumping tests, the recovery phase of the test was critical to assess 
changes in storage. Notably, in many of the observation piezometers, the recovery curve nearly 
stabilized at about 1 m above the pre-test level then continued to recover at a much slower rate 
(shown in Figure 6). The recovery plot shows residual mounding in a selected number of pie-
zometers  plotted  against  t/t’,  where: 

t = time since injection stopped, and  
t’  =  time  since  injection began. 

It was obvious after more than 7 months of recovery from the nominal 30-day injection test that 
water levels had still not rebounded in many of the piezometers, indicating a temporary net-
positive storage of water in the carbonatite. The recovery data were critical for assessing the 
storage properties of the granite, and thus the boundary conditions that will ultimately control 
groundwater flow into the mine. The data in Figure 6 suggests that the granite acts as a leaky 
boundary, although the exact nature and source of the leakage is unclear. The observed re-
sponse could be interpreted to result from the granite being dissected by transmissive faults 
along which groundwater can enter or leave the carbonatite.  
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Figure  6.  Residual  Mounding  vs.  t/t’ 

8 DEWATERING ESTIMATE ACCOUNTING FOR TEST RECOVERY– ROUND 4 

The model was re-calibrated and updated using the recovery data gathered seven months after 
the injection test, including the late-time recovery responses shown in Figure 6. The calibration 
process required limited changes to the original model which included:  
 assignment of a low K for the granite (K was decreased from 0.001 to =0.0001 m/d);  
 reduction of specific storage (Ss decreased from 2 x 10-6 1/m to 1.2 x 10-6 1/m; and  
 incorporation of inferred geologic structure (Central Plains Megashear) that provides hy-

draulic connection between the carbonatite and a distant water source, as indicated by the 
uniformly low static heads found in the carbonatite (100 m below ground surface).  

 
The structural changes to the model, depicted in Figure 7, allowed gradual release of injected 

water from the carbonatite during the recovery phase. The hydraulic connection was simulated 
by imposing a constant head to a model cell column southeast of the proposed mine at the car-
bonatite/granite contact along the general alignment of the Central Plains Megashear (Fig. 7). 
The leakage mechanism simulated in the model allowed a reasonable match to the transient hy-
draulic head response seen in the network of piezometers during injection and recovery. 

 

 

Recovery is 
toward origin 
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Figure 7. Model Grid Showing Location of Simulated Granite and Constant Head Boundary 
 

 
Comparison of the measured and calibrated water levels observed during groundwater recovery 
in the most distal wells is shown in Figure 8.  

 

Figure 8. Observed and Modeled Recovery in Two Distal Piezometers 
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Following calibration, the model was used to predict dewatering requirements for the 32-year 
PEA mine plan using the hydraulic parameters from the calibration described above. The mine 
dewatering prediction is shown in Figure 9, along with the previous predictions. The average 
dewatering rate is predicted to be approximately 500L/s, remaining relatively steady for the 
LoM. The peak flow of 600 L/s occurs in project year 1, and will be the critical flowrate that 
drives the sizing and cost of the dewatering infrastructure that will be required to support the 
proposed mining operation. 

 
The model simulated two primary sources of inflow:  
 Groundwater storage within carbonatite, which contributes significant amounts of water at 

the beginning of dewatering; and  
 Groundwater inflow from outside the carbonatite by way of a fault or faults that penetrate 

the granite (e.g., the Central Plains Sheer Zone), which contributes water in the later stages of 
mining. 
 

Figure 9. Predicted Dewatering Rates (Round 4) and Target Water Level Using Recovery Data. 

9 CONCLUSIONS 

A meaningful estimate of dewatering for a mine feasibility study can be a lengthy process, de-
pending on the hydrogeologic nature of the deposit. In some cases, a proper characterization can 
be done in a matter of a few months if the rock is tight and the water is pure. For hydrogeologi-
cally complex sites, or deposits characterized by a high transmissivity rock type, a proper field 
characterization may take more than a few months.  

This case study showed that the initial round of testing, while relatively comprehensive, did 
not produce enough information for a feasibility-level mine dewatering estimate. The host rock 
was permeable, and a large scale hydraulic stress test was needed to develop a reasonable un-
derstanding of the controlling hydrogeologic features, which extended the project schedule by 
at least 6 months. Comprehensive analyses and a good groundwater model, used in an iterative 
fashion to reduce uncertainty, were critical to development of a feasibility-level dewatering es-
timate. The combination of brackish groundwater and elevated dewatering rates contributed to 
water management costs that were significant components of the capital and operational costs 
for the project, yet much larger than originally anticipated. 
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1 INTRODUCTION 

Seepage modeling remains a crucial numerical analysis commonly performed by geotechnical 
engineers. Comprehensive solution of groundwater seepage has required the evaluation of mul-
tiple solvers of the seepage equation. Before using any code that seems applicable to the prob-
lem at hand, the user must verify it and control the quality of its results by significant tests 
(Chapuis 1995; Rowe and Nadarajah 1996). Chapuis et al. (2001) provide a consistent frame-
work to verify, calibrate and document the results of a groundwater numerical code from a us-
er’s   viewpoint,   but   there is no standard procedure for the verification of a finite element 
groundwater seepage code. 

The verification of a groundwater seepage modeling code should start with simple problems 
and more progressively towards problems of increased complexity. Benchmarking must proceed 
in following terms: 

 
 1-D, 2-D, and 3-D 
 Steady-state and transient conditions 
 Saturated only, unsaturated only, from saturated to unsaturated, and from unsaturated to 

saturated flows 
 

This paper examines a suite of benchmarks for groundwater seepage numerical modeling us-
ing a newly developed commercial solver. These benchmarks cover all the conditions mentioned 
above and verify the capability of the software in simulating groundwater seepage problems.   

Finite Element Groundwater Seepage Code Verification 

Shawn Meng 
SoilVision, Saskatoon, SK, Canada 

Murray Fredlund 
SoilVision, Saskatoon, SK, Canada 

ABSTRACT: Seepage modeling remains a crucial numerical analysis commonly performed 
by geotechnical engineers. The needs of the industry have required on-going research in the area 
of seepage modeling. Comprehensive solution of groundwater seepage has required the evalua-
tion of multiple solvers for the seepage equation. Such multiple solvers require extensive 
benchmarking efforts to prove performance both in terms of accuracy and speed of solution. 
Benchmarking must proceed in terms of steady-state as well as transient problems in 1-D, 2-D, 
and 3-D. Mesh density and solution time in transient seepage models must be optimized. This 
paper examines the ability of SVFLUX GT to solve a suite of benchmarks for saturat-
ed/unsaturated groundwater seepage numerical modeling.  
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2 BENCHMARKS 

2.1 Case 1: one-dimensional transient unsaturated only flow 
Celia (1990) presented an infiltration example comparing finite difference and finite element 

solutions. The example represents an approximate description of a field site in New Mexico. 
The model involved unsaturated infiltration into a column of 100 cm in depth. The model was 
duplicated in the software package. Material properties presented in the paper were converted 
from a functional to a digital representation. The results of the software as compared to the finite 
element results presented by Celia (1990) are shown in Figure 1. The software results indicate 
correct solution of the infiltration model. The results validate the capacity of the software in 
simulating unsaturated only flow. 

 
 

 
Figure 1 Difference between finite element solutions presented by Celia (1990) and the solution obtained 
using the software 

2.2 Case 2: two-dimensional steady-state saturated only flow 
The model in this case illustrates a two-dimensional steady-state confined flow under a dam 

and can be used as the verification for saturated only flow. The material is viewed as saturated 
with the saturated volumetric water content of 0.4 and a constant saturated hydraulic conductivi-
ty of 1e-5 m/s. The dam has two 10 m sheet piles driven partially into the granular soil layer as 
shown in Figure 2 (Holtz and Kovacs, 1981). On the left side of the dam, the boundary condi-
tion is set as constant pressure head (12 m), and on the right side, the boundary condition is as-
sumed as constant pressure head (0 m). 

Figure 3 shows the contour of total head (h) and several select streamlines under the dam. The 
distributions of pressure heads at the bottom of the dam (from A to F) are compared between the 
analytical results and the software in Figure 4. Holtz and Kovacs (1981) noted that this distribu-
tion is important for the analysis of the stability of concrete gravity dams. The good agreement 
between results from the analytical calculation and the software verifies the capability of the 
software for simulating the saturated only flow.  
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Figure 2 Description of the Case 2 example model (Holtz and Kovacs, 1981) 

 
 

 
Figure 3 The contours of total head (h) and select streamlines under the dam 

 
 

 
Figure 4 Comparison of the pressure head (hp) distributions at the bottom of the dam (from A to F) be-
tween the analytical calculation by Holtz and Kovacs (1981) and SVFLUX GT 
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2.3  Case 3: two-dimensional steady-state saturated-unsaturated flow 
This verification model considers a vertical cross-section of an unconfined groundwater seep-

age system in a homogeneous earth dam underlain by an impervious base, and a free-surface 
and a seepage face appear atop the flow region as shown in Figure 5. The geometry of the simu-
lation domain is a 20 m × 20 m square, and an initial water table line is set at the top surface. 
The boundary condition on the left side is assigned as Head Constant = 20 m. On the right side, 
the boundary condition from y = 0 m to y = H0 is assigned as Head Constant = H0, and from y = 
H0 to y = 20 m as Review Boundary Condition to determine the length of the seepage face. The 
material is viewed as unsaturated with the saturated hydraulic conductivity of 3.5 m/s. The Fred-
lund and Xing Equation (1994) is used for fitting the soil-water characteristic curve, and the 
modified Campbell Estimation (1974) is used for unsaturated hydraulic conductivity estimation. 
Figure 6 shows the contours of pore-water pressure, flow field and the final location of water ta-
ble line for the case of H0 = 6 m obtained from the software. The seepage face length results 
from the software and the paper by Lee and Leap (1997) are summarized in Table 1. From the 
comparisons it can be seen that the results from the software are close to the simulation results 
from Lee and Leap (1997). Some differences exist because the length of the seepage face is very 
sensitive to the mesh density along the boundary near the exit point and in the area nearby. This 
verification example verifies the capability of the software in handling the simulation of saturat-
ed-unsaturated seepage flow, free surface and seepage face in steady state. 

 
 

 
Figure 5 Physical domain of the Case 3 model showing free surface (F) and seepage face (S) 

 
 

 
Figure 6 The contours of pore-water pressure, flow field and the final location of the water table line for  
the case of H0 = 6 m 
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Table 1 Seepage face length results and comparisons of Case 3 models 
H1 (m) H0 (m) S (m)* 

(Lee, 1997) 
S (m) 

(analytical) 
S (m) 

(SVFLUX GT) 
Error** 

20 2 5.7 5.3 5.76 1.0% 
20 4 4.0 3.7 4.10 2.5% 
20 6 2.7 2.4 2.58 4.4% 
20 8 1.7 1.5 1.80 5.5% 
20 10 0.9 0.8 1.00 11.1% 

*Simulation results from Lee and Leap, 1997. 
**Compare with the simulation results from Lee and Leap, 1997. 

2.4  Case 4: two-dimensional transient unsaturated-saturated flow 
This verification model illustrates unsteady-state groundwater seepage below a lagoon. The 

lagoon is placed on top of a 1 m thick soil linear, and the total height of the model is 10 m as 
shown in Figure 7. The geometry of the problem is symmetrical, and the liner and the surround-
ing soil are assumed to be isotropic with respect to their hydraulic conductivity.  

An initial condition with a water table located 5 m below the ground surface is assumed. On 
the right boundary, a constant head (5 m) boundary condition is set below the water table, and 
the other surfaces  are  assumed  as  “Zero  Flux”.  The  lagoon  is  set  as  a  constant  pressure  head  (1  
m) boundary condition to assume that the lagoon is filled with water to 1 m height at the time 
being equal to 0.  The materials are viewed as unsaturated, and the saturated hydraulic conduc-
tivities of surrounding soil and soil liner are 0.036 m/hr and 0.018 m/hr, respectively. More de-
tailed descriptions about unsaturated material properties can be found in the book by Fredlund 
and Rahardjo (1993).  

In this transient model, the solution is run for 200 hours, and it can be seen to reach the steady 
state at 189 hours according to Fredlund and Rahardjo (1993). Figure 8, Figure 9 and Figure 10 
show the comparisons of pressure head contours from Fredlund and Rahardjo (1993) and the 
software at the times of 7 hours, 13 hours and steady state. The results from the software are in 
good agreement with those from Fredlund and Rahardjo (1993). This example further verifies 
the capability of the software for unsaturated-saturated seepage simulations in transient state. 
 

 
Figure 7 Geometry and boundary conditions of the Case 4 model  
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       (a)                                                                                   (b) 
Figure 8 The comparison of pressure head contours from (a) Fredlund and Rahardjo (1993) and (b) the 
software at 7 hours. 

       (a)                                                                                (b) 
Figure 9 The comparison of pressure head contours from (a) Fredlund and Rahardjo (1993) and (b) the 
software at 13 hours. 

       (a)                                                                             (b) 
Figure 10 The comparison of pressure head contours from (a) Fredlund and Rahardjo (1993) and (b) the 
software at the steady state. 

2.5  Case 5: three-dimensional steady-state and transient unsaturated flow
This three-dimensional seepage verification model considers the transient seepage through an 

earth dam in the situation of the rapid filling of a reservoir. The 3D geometry of the earth fill 
dam is 12 m high, 52 m in length and extruded from the 2D model with a width of 20 m. The in-
itial conditions of head were obtained by first solving a steady-state run of the model with the 
head on the upstream face of the dam set to 4 m and a head of 0 m on the lower portion of the 
filter. The result from the steady-state analysis is then imported as the initial conditions for the 
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transient analysis and compared with the 2D contours from Pentland (2001) as shown in Figure 
11. 

The material properties are considered as unsaturated and remain the same in the transient 
flow model. The boundary conditions change slightly. A head of 10 m is set on the upstream 
face of the dam to simulate a full reservoir condition. The model is run for 16,383 hours. Below, 
Figure 12 and Figure 16 show the head contours from Pentland (2001) and the software at times 
of 15 and 16,383 hours, and more results of 3D total head contours at times of 15, 225, 1,023, 
4,095 and 16,383 hours from the software are also provided as shown in Figure 13, Figure 14 
and Figure 15. 

It can be seen from the above figures that the results computed by the software are in good 
agreement with those from Pentland (2001). This model further verifies the ability of the soft-
ware for simulating the groundwater seepage flow in three-dimensional problems. 

        (a)                                                       (b) 
Figure 11 Head contours at the initial condition from (a) Pentland (2001) and (b) the software 

     (a)                                                               (b)  
Figure 12 Computed head contours at time 15 hours from (a) Pentland (2001) and (b) the software 

Figure 13 3D head contours at time 225 hours from the software 
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Figure 14 3D head contours at time 1,023 hours from the software 

Figure 15 3D head contours at time 4,095 hours the software 

       (a)                                  (b) 
Figure 16 Computed head contours at time 16,383 hours from (a) Pentland (2001) and (b) the software 

3 CONCLUSIONS 

Seepage modeling remains a crucial numerical analysis commonly performed by geotechnical 
engineers. Comprehensive solution of groundwater seepage has required the verification of the 
seepage equation. Benchmarking must proceed in terms of steady-state as well as transient prob-
lems in 1-D, 2-D, and 3-D. This paper provides a comprehensive verification for finite element 
groundwater seepage code using the software. Several example models are successfully verified, 
and these verification examples cover almost all different types of seepage problems, which in-
clude: 

 one-dimensional, two-dimensional and three-dimensional problems
 steady-state and unsteady-state conditions
 saturated only, unsaturated only, from saturated to unsaturated and from unsaturated to

saturated flows 
Currently, there is no standard procedure for the verification of commercial finite element 

groundwater seepage codes. For any commercial finite element groundwater seepage code, veri-
fications should be provided as presented in the current paper. It must be noted that correctly 
solving verification examples does not fully guarantee that a groundwater code is always valid 
for any type of problem. Ongoing development and testing in the area of seepage modeling is 
required. These successful benchmarks verify the capability of the software in solving ground-
water seepage problems. 
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1 INTRODUCTION 

The  continuous  operation  from  Alberta’s  oil  sands  production  has  led  to  the  constant  growth  of  
the so-called tailings ponds. The tailings stream deposited in these ponds consists mainly of 
sand, clays, residual bitumen and small amounts of soluble organic compounds (Botha & Soa-
res, 2015). The consolidation of mature fine tailings (MFT), which contain heavier fine solids 
from the middle layer of the pond, is very slow and fine sands and clay material remain sus-
pended in water for long time (Cao et al. 2014).  

Significant work has been dedicated to evaluate remediation technologies to improve the en-
vironmental management of oil sands tailings. Several approaches have been applied to their 
treatment including physical/mechanical methods, chemical treatments, geochemical methods 
and process modifications (Vedoy & Soares, 2015, Cho et al. 2002, Rao, 1980, Farkish et al. 
2013, respectively). Chemical methods aim to accelerate the settling of suspended solids from 
the tailings by the use of an additive and achieve effective liquid-solid separation in a reasona-
ble amount of time. Organic flocculants, inorganic coagulants, pH variation and oxidizing or 
reducing agents are among the most common additives employed to treat oil sands tailings. 
Most of these treatments require a physical and/or mechanical process to achieve its full poten-
tial. 

Improvement of Oil Sands Tailings Treatment using Enhanced 
Flocculation Process 

Miguel Pelaez & Thomas Fenderson 
Kemira Chemicals Inc, R&D Center, Atlanta, GA, USA 

ABSTRACT: One of the most challenging environmental aspects of oil sands processing in Al-
berta, Canada is the tailings management. Tailings are an end waste products that consists 
mainly of sand, clays, residual bitumen and soluble toxic organic compounds. Currently, tail-
ings are discharged in disposal ponds where mature fine tailings (MFT), which are stable col-
loidal suspensions of fine particles, have poor sedimentation and or consolidation. Chemical 
treatments and mechanical practices are commonly used to improve strength, dewatering and 
accelerate land reclamation to develop trafficable land. Novel polymers have been developed 
which shows higher performance for remediation. The latter combined with other technologies 
can have a significant impact in performance and cost during tailings management. This study 
investigated the use of novel flocculating agents in conjunction with a chemical coagulant to 
enhance the flocculation process of oil sands tailings. A screening evaluation was carried out to 
determine a synergistic effect between the novel polymers and the selected coagulants. An in-
creased efficiency was observed in the treatment when compared to conventional flocculants 
coupled with the coagulants tested. The results suggests that the combination of the novel floc-
culant and coagulant enhanced the overall process, in terms of settling rate, turbidity and solid 
contents, compared to conventional flocculants. This translates to higher potential dewatering 
and  tailings’  strength.   
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While polymeric flocculation has been proven effective, conventional polymers (mainly pol-
yacrylamide, also known as PAM or hydrolyzed PAM) were not initially developed to treat oil 
sands tailings, thus presenting several limitations in their application (Botha & Soares, 2015, 
Vedoy and Soaers, 2015). A high percentage of clay and ultra-fine solids can remain suspended 
in   the   treated  water   inhibiting   its   reuse   for   the  bitumen’s  extraction  process.  The  need   to   tai-
lored-design alternative polymeric flocculants to improve fine solids capture, enhance dewater-
ing performance and improve strength is necessary. The introduction of comonomers can pro-
vide anionic or cationic character to the modified polymer. Moreover, monovalent and 
multivalent inorganic cations, such as Na+, Ca2+, Mg2+, Fe3+, Al3+, have been applied in order to 
improve dewatering and enhance consolidation of the treated tailings (Mahmoudkhani et al. 
2012). The repulsive forces between the fine particles are reduced enabling the formation of 
small flocs that can be increased by the addition of a polymeric flocculant. Certain limitations 
of inorganic coagulation include potential complexation, cation exchange in clays and solubility 
effects. Nevertheless, sequential addition of flocculants and/or coagulants in a determined order 
can increase the efficiency by improving the selectivity of fine clays in the tailings. Dewatering 
of oil sands have been evaluated through the use of an anionic flocculant followed by a cationic 
flocculant (Vedoy and Soaers, 2015).  

In this work presented herein, a novel series of polymeric flocculants were applied to MFT in 
conjunction with an inorganic coagulant to enhance the flocculation process. High initial set-
tling rate along with lower turbidity and solids content were obtained with the synthesized floc-
culants, in combination with the selected coagulant, compared to conventional flocculants. A 
synergistic effect was found in the dual coagulant-tailored flocculant treatment suggesting en-
hanced interaction and capture of the MFT present in the tailings. 

2 EXPERIMENTAL 

Two conventional and three novel polymers (Kemira Chemicals polymers) were tested (see Ta-
ble 1 for general characteristics) in this study. Two commercially available inorganic coagulants 
(aluminum-based and ferrous-based coagulant) were used in this study in order to obtain the op-
timal concentrations/conditions to improve MFT dewatering. MFT and produced water were 
obtained from an oil sands producer in Alberta, Canada were used to prepare the diluted solu-
tions. The average solids content was determined to be 43.8% dry weight. 

Key parameters such as settling rate, turbidity and solids content in the supernatant of the 
treated MFT were determined. Turbidity was determined with a HACH DR/890 colorimeter 
and solid contents was determined by gravimetric analysis after drying overnight the sample in 
an oven at 110°C. The stock solutions of flocculants were prepared as 0.4% wt in produced wa-
ter. The general flocculation procedure was the following: as-received MFT was stirred vigor-
ously, transferred and diluted with produced water to obtain a concentration of 10% solids of 
MFT. The MFT solution was mixed at 400 rpm for 1 min with a four-blade pitched impeller. 
The selected flocculant was added and stirred for an additional minute. When the coagulant was 
added to the solution, an additional minute was timed between coagulant injection and floccu-
lant addition. The flocculant and/or coagulant was added as a single injection at a predeter-
mined dosage. Finally, each tailings solution was transferred to a graduated cylinder for visual 
inspection, initial settling rate calculation, turbidity and solid content (from supernatant) meas-
urements.  

Table 1. General characteristics of evaluated polymers. 
Polymeric 

Flocculant 
Anionic Charge  
Density (mol %) 

Relative molecular 
weight 

 Conventional 1 40% Medium 
    Conventional 2 30% Medium 

   Novel 1 23% Low 
Novel 2 35% Low 

Mill Tailings

330



Novel 3 26% Medium 
 

3 RESULTS AND DISCUSSION 

3.1 Effect of novel polymeric flocculants in MFT solutions. 
MFT was treated with conventional and novel flocculants at a fixed dosage of 500 ppm after 
preliminary screening data. Figure 1 includes the results of the initial settling rate and the tur-
bidity for each polymer tested. The initial settling rate is defined as the uniform settling region 
that occur while there is interface movement, before compression of the solids in the bed. It can 
be seen that all of the novel polymers have higher initial settling rates compared to conventional 
polymers. This data indicates good formation of dense flocs that can settle in a timely manner. 
Treatment of the MFT tailings with novel polymer 2 and 3 also showed lower turbidity levels 
than conventional polymer 2. The desirable output in order to meet the performance require-
ments of oils sands operators can be expressed as rapid formation and settling rate of the flocs 
and high water clarity (i.e. low turbidity levels) in the supernatant. The highlighted square in the 
bottom right hand corner of Figure 1 illustrates the proposed target area. Both novel polymers 2 
and 3 possess the ability to satisfy the conditions for enhanced flocculation, under the condi-
tions tested, for oil sands tailings.  
 

An increase in the charge density at a low molecular weight distribution, such as in novel 
polymer 2, delivers a better performance. The unique functionalities incorporated to the novel 
polymers offers the capability of enhancing the flocculation process.   

 

 
 

Figure 1. Performance of novel polymers compared to conventional polymers 
for the flocculation of MFT from oil sands tailings. The box shows the desired 
performance range for flocculation only. 
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3.2 Combination of an inorganic coagulant with novel polymeric flocculants. 
In an effort to improve the overall performance of the above mentioned novel polymers, two in-
organic coagulants were tested in conjunction with the flocculants. Figure 2 shows the effect of 
flocculation with an aluminum-based coagulant (85 ppm initial concentration) with each novel 
polymer (500 ppm dosage). The addition of Al-coagulant reduced the turbidity of the superna-
tant for novel polymer 1 and 3 while still maintaining relatively high initial settling rate. Novel 
2 also achieved low turbidity but the settling rate was greatly reduced.  
 

 

Figure 2. Effect of Al-coagulant with novel polymers for enhanced flocculation 
of MFT solution. The box shows the desired performance range for coagulation 
+ flocculation. 

 
The highest performance occurred when combining Al-coagulant with novel polymer 1 & 3. 

According to Figure 2, a decrease in turbidity was observed while high settling rate was main-
tained compared to flocculation with novel polymer alone (see Figure 1). Results are consistent 
with the aggregate formation due to increase inter-particle interactions mediated by the pre-
treatment of the coagulant followed by the addition of the flocculant that can compress the elec-
trical double layer creating strong flocs and improve consolidation of the tailings. Both polymer 
1 & 3 have lower anionic charge indicating that the overall charge of each polymer synthesized, 
along with their specific modifications, can improve the treatment of MFT when a coagulant is 
introduced as an additive. Higher concentrations of Al-coagulant showed similar behavior with 
very low turbidity and solid content although the settling rate was minimal and measurements 
had to be taken 24 hr after treatment (data not shown).  

 
An iron coagulant was also explored as an additive to improve the performance of the synthe-
sized polymers. In this case, all samples maintained high settling rates but only a slight im-
provement in turbidity levels was observed when adding a dosage of 85 ppm (same as Al-
coagulant) before polymer injection. The synergistic effect observed was minimal since it did 
not improve the flocculation within the desired level for an enhanced performance (see target 
area in Figure 3). In this case, the incorporation of a ferrous-based additive did not have a major 
impact in the surface charge of the particles to reduce the stability of the system. The interac-
tion of the coagulant with the novel polymers seems to play a negligible role, at the comparative 
dosage, in providing a key synergistic influence for an enhanced flocculation and potential de-
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watering of the MFT from the tailings treatment. Therefore, the overall performance of Fe-
coagulant was lower compared to Al-coagulant at the same dosage was applied. 
 
 The iron coagulant dosage was increased to 165 ppm and the results are shown in Figure 4. 
The data revealed that even at a higher concentration of iron, only novel polymer 3 was able to 
satisfy the relationship of high initial settling rate and low turbidity levels to promote an en-
hanced flocculation process. The best performance for both aluminum and iron coagulant was 
achieved with novel polymer 3, even though higher dosages of iron where needed. Novel poly-
mer 3 has an optimal balance of charge density and molecular weight allowing a high interac-
tion with colloidal particles presented in the MFT. The molecule also shows synergistic interac-
tion with aluminum-based coagulants. 
 
 

 

Figure 3. Effect of Fe-coagulant with novel polymers for enhanced flocculation 
of MFT solution. The box shows the desired performance range for coagulation 
+ flocculation. 
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Figure 4. Initial settling rates and turbidity levels with novel polymers in com-
bination with a higher concentration of Fe-coagulant (165 ppm). The box shows 
the desired performance range for coagulation + flocculation. 

4 CONCLUSIONS 

The results suggests that the application of novel polymers for the treatment of MFT from oil 
sands tailings can effectively enhance the overall treatment process, in terms of settling rate, 
turbidity and solid contents, compared to conventional polymers. The ability to maintain high 
settling rates and lower the turbidity of the supernatant during the flocculation of MFT provides 
a key advantage to the novel polymers presented in this study. Moreover, the proposed poly-
mers showed a high synergistic behavior with an aluminum-based inorganic coagulant by reduc-
ing the turbidity further and maintaining the performance requirements for oil sands tailings 
management. The application of these novel polymers, in conjunction with an Al-coagulant, can 
translate to higher  potential  dewatering  and  tailings’  strength.   
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1 INTRODUCTION 

Robinsky’s   Central   Thickened  Discharge   (CTD)   concept   for   the   storage   of   tailings   has   been  
successfully applied at dozens of mines around the world.  On a CTD the tailings forms a cone 
shaped deposit from the discharge of thickened tailings slurry from a single point at its apex.  
The slurry is usually thickened to a moderate degree by primary thickeners that are located at 
the processing plant, then pumped to the tailings storage area, where it is often thickened fur-
ther by secondary thickeners before being pumped up to the CTD apex for discharge. 

It has been recognized in the mining industry that tailings discharge can be split into smaller 
flows to produce steeper beach slopes.  Steeper slopes are often desirable in the operation of a 
thickened tailings storage facility, as they result in more tailings being stored in the same foot-
print.  This steepening effect has led to some engineers claiming that any beach slope is achiev-
able, with designs being proposed to split the discharge into dozens of small flows.  However, 
there are limits to this.  The discharge from the individual outlets flows across the beach surface 
in meandering channels, which frequently change course over time.  In situations where the dis-

Refining Robinsky: Improving on the Central Thickened 
Discharge Concept  

T. G. Fitton  
Fitton Tailings Consultants, Melbourne, Victoria, Australia 

ABSTRACT: Some 45 years ago Eli Robinsky introduced the Central Thickened Discharge 
(CTD) concept for the storage of tailings, in which the tailings forms a cone shaped deposit 
from the discharge of thickened tailings slurry from a single point at its apex.  The main benefit 
from this CTD concept has been a significant improvement in the safety of tailings storage fa-
cilities, with the concept enabling the elimination of large embankments for retaining saturated 
tailings.  Other benefits have also been realized, such as lower water consumption, lower oper-
ating costs and cheaper rehabilitation.  Since that time, the CTD concept has been successfully 
implemented in the design of dozens of tailings storage facilities around the world.   
 In recent decades numerous workers in the field have also realized that steeper beach slopes 
can be achieved by splitting the flow into a number of discharge points, with this discovery 
providing the ability to accommodate more tailings on a given footprint area in the context of a 
CTD.  However, this splitting of flows can not be exploited on an infinite basis.  The benefit in 
splitting flows is lost if the streams should merge on the tailings beach.   
 Recent investigation of this topic by McPhail (2015) provided a basis for predicting the 
merging  of  streams  on  a   linear   tailings  beach.      In   this  work  McPhail’s   investigation  has  been  
developed further to produce an empirical model for the prediction of merging of streams on a 
CTD.  This in turn has led to certain improvements to the CTD concept being discovered, 
which enable more tailings to be stored on a given footprint, with the potential to avoid the 
pumping of secondary thickener underflow, with less operator input and cheaper storage expan-
sions in future.  
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charge has been split into multiple flows, it has been observed that the streams can merge on the 
beach, which undermines the benefit of splitting the flow in the first place.  In short, splitting of 
flows is effective for steepening beach slopes, but only if the channels can be kept separated. 

The effect of splitting flows is illustrated in Figure 1, where the resultant beach slope for a 
tailings slurry is estimated using the Fitton (2007) beach slope prediction model.  It is shown 
that the splitting of the flow into 16 channels creates beach slopes that are almost twice as steep 
as a single point discharge, thereby enabling almost twice the volume of tailings to be stored on 
the same footprint area.  However, it must be stressed that this steepening of the beach slope is 
dependent on the streams being kept separate. 

 
Figure 1. Impact of splitting tailings flows on a conical deposit 

2 KEEPING STREAMS SEPARATED 

There are a number of ways to keep the flows separate: 

2.1 Separate tailings stacks  

Construct a number of small separate tailings storage facilities, with each one having only one 
discharge point.  This would enable the steeper slopes to be achieved, but it would cover more 
land, and have a much greater total perimeter length, thereby costing substantially more.  These 
characteristics are presented in Figure 2, where the total footprint area and total perimeter 
length have been calculated for a number of cone shaped deposits, with the total stored tailings 
volume being held constant at 1 Mm3 in all cases.  Given that the purpose of splitting flows is 
usually to store more tailings on the same footprint, the multiple cone option is not viable in this 
regard, but it does  achieve  the  goal  of  keeping  the  streams  from  merging  in  a  “set  and  forget”  
type arrangement. 

2.2 Dividing walls 

Another method of preventing the merging of streams is to initially construct full-height divid-
ing walls within the storage area, which are tall enough to serve their purpose without requiring 
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any raising throughout the life of the storage.   In the case of a CTD conical deposit, the divid-
ing walls would radiate outwards from the center (like wheel spokes).  This is an effective set-
and-forget approach which does not require any maintenance, but it does require some up-front 
capital cost.  This concept is illustrated in Figure 3. 

 

 
Figure 2. Impact of splitting tailings flows across multiple conical deposits 

 

 
Figure 3. A CTD with dividing walls for a five-way flow split (note that the vertical scale is exaggerated to 
illustrate the concept). 
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2.3 Incrementally raised dividing bunds 

A related approach is to construct low training bunds within the storage area, which are raised 
periodically as the tailings depth increases.  This is cheaper than initially building dividing 
walls that serve for the life of the storage, but it requires more management and attention 
throughout the life of the storage facility in order to avoid any overtopping of the dividing 
bunds.  This concept is illustrated in Figure 4. 

 

 
Figure 4. A CTD with training bunds for a five-way flow split.  These bunds will require periodic raises as 
the tailings depth builds up. 

 

2.4 Frequent opening / shutting of valves 

A commonly used approach for managing the merging of streams on a Robinsky-style CTD is 
to open and close the valves of the individual spigots on a daily basis, but this is relatively la-
bor-intensive compared with a set-and-forget type system, and does not ensure that the streams 
remain separate for any long period of time.  Furthermore, this approach requires more attention 
when a relatively high number of flow splits are desired.  For example, if the flow was split 
three ways, there would be a lower chance of streams merging than if it were to be split 20 
ways.  Similarly, the more splits that are installed, the sooner the merges will occur on average.  
Therefore, more splits mean more frequent operation of valves if the streams are to be kept sep-
arate. 

3 IMPACT OF STORAGE TYPE 

Ring dyke impoundments and cross valley dam impoundments are the most common types of 
tailings storage facilities, with the tailings slurry being discharged from multiple spigots from 
the crest of the embankments.  These types of storages are generally used for storing unthick-
ened tailings, which generally beaches at low angles, and indeed would be highly inefficient if 
the tailings was beaching steeply.  For these conventional storages, merging of streams is gen-
erally not a problem, since flatter beach slopes usually result in more efficient usage of the 
available storage space.  The main purpose of having multiple spigots in these storages is to 
prevent the pond from being located against the embankment. 
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Thickened tailings storages are different in this respect.  Flows are split for the purpose of 
steepening the beach, so that more tailings can be placed on the same footprint.  For a down val-
ley discharge type of thickened tailings storage facility (such as those constructed at the Centu-
ry copper/zinc mine in Australia or the Sar Cheshmeh copper mine in Iran, the topography of 
the valley largely dictates the layout of spigots when it comes to minimizing the merging of 
streams on the tailings beach, and thereby limits the amount of steepening that can be achieved.  
For a conical shaped CTD type facility (such as those at Kidd Creek in Canada and Sunrise 
Dam in Australia), there are far greater possibilities for the splitting of flows, since the beach 
generally slopes in all directions away from the stack apex.  Cartwheel arrangements (where the 
flow is split into a number of spigots that are arranged in a circle to radiate outwards from the 
stack apex) have been successfully installed on a number of CTDs in the past, and these have 
been effective in enabling some steepening of the beach, but they do require regular attention if 
the streams are to be kept separate, as discussed above.    

This leads to the question of how many splits can be reasonably managed on a tailings 
beach, particularly that of a conical tailings deposit. 

Streams can merge anywhere along their length on a linear beach, whereas on a conical de-
posit the merges mostly happen near the cartwheel, since their divergence with distance down 
the beach reduces the chances of merges occurring further away.  It is therefore more important 
to minimize merges on a cone than a linear beach, since these will have a more dramatic effect 
on reducing the volume of tailings stored on the given footprint. 

4 DEVELOPMENT OF A STREAM MERGE MODEL 

At the present time no published models exist for predicting the probability of streams merging 
on  a  tailings  beach.    McPhail  (2015)  did  propose  the  use  of  the  “random  walk”  numerical  distri-
bution as a tool for simulating the paths of tailings streams on a beach, with each stream ad-
vancing in a series of oblique steps that are 45° left or right of the general slope of the beach, 
based on the toss of a coin.  McPhail showed that the resultant paths resembled the meandering 
paths that real tailings streams create on a tailings beach by comparing them with aerial photo-
graphs of real tailings streams.  He then demonstrated how the random walk paths could be 
plotted to predict the merging of tailings channels on a linear beach.  McPhail also presented an 
equation that described the probability distribution of the random walk, but did not present any 
model for applying it to predict the chances of tailings streams merging on a beach. 

This work essentially continues on from where McPhail left off, and presents two new em-
pirical models for predicting the chances of streams merging on a linear tailings beach and on a 
conical deposit of tailings. 

4.1 A model for linear tailings beaches 

A series of spreadsheets was set up to enable the numerical simulation of tailings streams run-
ning down a linear tailings beach.  The random number generator function was found to be very 
useful, enabling the instantaneous flipping of a coin for the thousands of steps taken in some of 
the simulations.  Three different beach lengths were simulated, with a number of spigot spac-
ings being tested for each length.  Each test consisted of 75 repeat runs, to generate statistically 
significant data for calibrating the model.  In each run, three tailings streams were simulated to 
run down the beach.  If the three streams reached the far end of the beach without a merge oc-
curring,  this  was  recorded  as  a  “no  merge”  result,  whilst  if  any  two  of  the  streams  merged,  this  
was recorded as a merge result.  The results of the simulations are presented on Figure 5.  A 
mathematical model was created and empirically calibrated with those 28 points, with a family 
of curves from the mathematical model also being presented on the same figure to show its 
goodness of fit.   

The mathematical model for linear beaches is presented as follows: 
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(1) 
 

Where P is the probability of each stream merging, and x and c are functions of the spigot spac-
ing s and length of the beach L (both expressed in meters): 

 
(2) 

           
(3) 

 
 

 
Figure 5. Plot showing the linear beach model and its calibrating data. 

 

When the model is applied a probability is calculated (eg 0.4).  This means that each stream has 
a 40% chance of merging with a neighboring stream.  If there are 10 streams on the beach, then 
it is expected that on average, 4 of the streams will be merged at any point in time, leaving the 
flow effectively reduced to 8 streams, with 6 of these flowing at the design flow rate, and two 
streams carrying twice that. 

4.2 A model for conical deposits 

The linear beach model was then empirically adapted to suit a CTD type tailings storage.  An-
other series of spreadsheets was set up to enable the numerical simulation of tailings streams 
running down a CTD.  Several CTD configurations were simulated, featuring various beach 
lengths and cartwheel sizes, with different numbers of spigots being tested for each.  As was the 
case for the linear model, each test consisted of 75 repeat runs, to generate statistically signifi-
cant data for calibrating the model. 
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Simulation of a stream on a cone was done by creating three different streams, then shifting 

and rotating each so that their paths were correctly positioned relative to one another, such that 
they would radiate outwards from the center of the stack with the appropriate angle between 
them.  For example, a stack with ten spigots in its cartwheel would have an angle of 36° be-
tween each radial line, so each of the streams was rotated by this angle, relative to the others. 

 
Figure 6. A plan view of three simulated streams on a conical deposit (colored differently for clarity).  In 
this image, two of the three streams cross, so this case was recorded as a merge.   

 
When setting up such numerical simulations, resolution of data is important.  A 1 m incre-

ment was applied in these simulations.  If a larger increment had been used, the streams would 
merge sooner, and the model would overestimate the chances of merges occurring, particularly 
for small beach lengths. 

Forty data points were generated using the simulation data from 3000 runs, with each point 
being based on the outcome of 75 repeat tests.  Those points are presented in Figure 7.  A math-
ematical model was created and empirically calibrated with those 40 points, with a family of 
curves from the mathematical model also being presented in the same figure to show its good-
ness of fit.  To apply the new conical deposit model, Equations 1 and 2 from the linear model 
still apply, but the spigot spacing is now defined as a function of the cartwheel radius r (in m) 
and the number of spigots n as follows: 

 
(4) 
 

Parameter c is now given by the following empirically derived equation: 
 

(5) 
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Figure 7. Plot showing the conical deposit model in comparison to its calibrating data, which features 
cartwheels of various radii and beaches of various lengths. 

 

Note that if the single cone is not maintained, and the TSF surface develops more than one 
cone, then this model becomes invalid, as the valleys created between cones will force the con-
vergence of channels.  Such was the case at the Mt Keith nickel mine, where the deposit had 
approximately 8 apexes, each being fed by a vertical riser from buried pipelines below. 

5 MAXIMUM POSSIBLE AMOUNT OF SPLITTING 

The two mathematical models presented here provide a basis for deciding on the maximum pos-
sible amount of splitting that is practical for a linear tailings discharge scenario and for a coni-
cal tailings discharge scenario.  A calculated probability of 1.0 (100%) indicates that every 
stream on the beach will merge with at least one of its neighboring streams, so this effectively 
reduces the number of active spigots down to half the original number, or less.  In this case it 
would have made more sense to use half as many spigots in the first place, since the additional 
streams will make the head of the beach rise quickly before the merges occur, and leave the 
beach with more concavity.  Those merged streams might subsequently merge again, leading to 
more concavity, and further wastage of the available storage space that could be used more effi-
ciently.  It is suggested that there is no real gain to be made by exceeding a merge probability of 
0.5.  The two presented models will enable the engineer to determine the maximum number of 
splits on this basis. 
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6 A MORE EFFICIENT CTD CONFIGURATION 

The conical deposit model can be used to design a truncated CTD that will occupy less land 
than a conventional pointy cone CTD that contains the same volume of tailings.  An example of 
this is presented in Figure 8 for a gold tailings being produced at a rate of 10 million dry tonnes 
per annum for 20 years with a deposited dry density of 1.6 t/m3. 

 

 
Figure 8. A comparison of a CTD with a Truncated CTD containing the same volume.  Note the smaller 
footprint, despite the lower concentration slurry discharge. 

 

The comparison shows that a truncated CTD with 50 spigots, each with a 10% chance of merg-
ing (effectively resulting in an average of 45 streams), will occupy a land area of 831 hectares, 
compared to 2163 ha for the pointy CTD.  Not only is the footprint reduced by 68%, but also 
the amount of required thickening is reduced dramatically from 65% to 55% w/w.  

The conical deposit model presented here could be applied in a number of ways: 

 It could be applied to an existing CTD, with the installation of a small cartwheel at the 
stack apex, maybe 5 m in diameter with 5 or 6 spigots radiating outwards from it.  
There will be some merging of streams initially, but over the following weeks, once the 
beach builds up at each spigot, each of the spigot pipes would be lengthened horizontal-
ly, to extend further outwards upon the tailings.  This lengthening of the spokes of the 
cartwheel is effectively increasing the diameter of the cartwheel.  Later on, additional 
intermediate spigots could be added, thereby splitting the flow further and steepening 
the beach further.  The desired hub diameter and beach slope would be achieved over 
time. 

 For a new CTD, a ramp and hub would need to be constructed, but like the retro-fit solu-
tion, the cartwheel could start out small, thereby minimizing the amount of up-front 
capital cost, and be gradually enlarged over time, with the spigot pipes propped up 
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above the tailings.  In the early stages, flatter beach slopes would be achieved, but these 
would eventually be buried under more steeply beaching tailings later on. 

 An alternative approach for a new CTD could be to construct a flat topped circular plat-
form for the secondary thickeners, with the cartwheel running around them, as shown in 
Figure 9.  This avoids the need to pump the secondary thickener underflow up to the 
stack apex.  This approach requires a greater amount of capital expenditure up front for 
the construction of the secondary thickener platform, but this may be mitigated if the 
mine requires the removal of a large amount of overburden material before the orebody 
can be developed, as the overburden would provide a cheap source of construction ma-
terial for the thickener platform.  Alternatively, it might also be possible to place the 
secondary thickeners on top of a prominent local topographical feature, such as a hill or 
crag, if such a feature exists at the site.  This would also reduce the capital cost.  The 
approach can be further optimized by initially constructing a platform in the center of 
the TSF that is only as big as is needed for the thickeners (with a cartwheel radius that 
is smaller than is required for the final TSF configuration), with the spigots subsequent-
ly extended beyond the edges of this platform once the beach builds up.   

 

 
Figure 9. The future of the CTD?:  A large cartwheel will enable the splitting of the flow into many more 
streams with minimal merging occurring on the beach.  

 

7 CONCLUSION 

In this paper two mathematical models have been presented to enable the prediction of the 
merging of tailings streams on linear beaches and conical deposits, based on the application of 
the Random Walk probability distribution as proposed by McPhail (2015).  Consideration of the 
application of the conical deposit model has led to the conception of a more efficient applica-
tion of the CTD concept, with the pointy top being abandoned in favor of a large cartwheel for 
flow splitting, which enables steeper beach slopes to be achieved reliably.  It has been demon-
strated that a truncated CTD can occupy far less ground area than the equivalent pointy conical 
deposit, because of the steeper beach slopes achieved, even with less thickening of the tailings 
slurry required.  It has also been suggested that the placement of the secondary thickeners inside 
the central cartwheel may prove to be more economical in some situations, as this would avoid 
the need to pump the secondary thickener underflow. 
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1 INTRODUCTION 

In the design of tailings storage facilities (TSFs), prediction of the tailings beach slope that will 
form is becoming a more important consideration, particularly where thickened tailings is being 
discharged.  Even in situations where the tailings slurry is being only moderately thickened, 
there is the potential for the beach slope to be exploited for the design of a more efficient stor-
age facility.   

When tailings slurry is discharged into a TSF it typically flows some distance down the 
beach in a meandering self-formed channel before eventually terminating in a large puddle of 
slowly  creeping  “sheet   flow”.     The   channel   typically   flows  at   an  average  velocity  of  about  1  
m/s, whilst the front of the sheet flow typically advances at about 1-5 cm/s.  Furthermore, the 
sheet flow eventually halts when the channel either diverts to another area on the beach, or ad-
vances across the surface of the sheet to deliver slurry to some other area further down the 
beach.  The vast majority of deposition of tailings onto the underlying beach occurs from the 
sheets, but it is the channels that transport the slurry to the deposition sites.  The location of the 
sheet flow is dictated by the channel slope.  Whenever the channel reaches an area on the beach 
that is either steeper or flatter than its own slope, it spills its contents out as a sheet.  Once this 

Tailings Beach Slope Model Incorporating some Hydraulic  
Advances  
 
T. G. Fitton  
Fitton Tailings Consultants, Melbourne, Victoria, Australia 

ABSTRACT: It has been determined that tailings slurry flowing in channels on a tailings beach 
is typically at or near to transition (between the laminar and turbulent flow regimes).  A prob-
lem that has persisted for decades is the relative unpredictability of the transitional regime, par-
ticularly with respect to the prediction of a friction factor.  This becomes even more difficult 
when non-Newtonian fluids are involved.  Fitton (2015a) presented a model for predicting a 
friction factor for non-Newtonian fluids in the transitional regime, which showed some promise 
when validated against a data set of some 800 points.   
 A new beach slope model is presented, which incorporates this new transition model.   
Also incorporated into this new beach slope model is a recently published model for predicting 
deposition velocities in open channel and pipe flows, which was found to offer superior per-
formance compared to three of the best performing models previously published (Fitton 2015b).   

A third hydraulic advance is taken up in the new model; that being the 2013 plug flow model 
presented by Fitton and Slatter.  This model is applied to slurries with a high yield stress, which 
have been found to flow with an unsheared plug at the center of the channel. 

The predictive performance of this new hydraulically improved beach slope model is tested 
against a data set containing full scale tailings beach slope data and pilot scale flume data col-
lected at three different mines, with the results indicating that the new model provides reasona-
bly accurate predictions.  
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local surface hollow is filled with a puddle of deposited tailings, the channel can then advance 
across it to reach some point further down the beach.  It is by this process that the slope of the 
channel dictates the overall slope of the beach. 
It has been found that relatively thick tailings (say with a yield stress that exceeds 25 Pa) exhib-
its plug flow in the self-formed channels.  Plug flow occurs when the yield stress of the slurry is 
sufficient to resist the shear forces acting at the center of the channel, and as a result, the mate-
rial at the middle of the channel is transported as a solid stream with no shear occurring within 
it.  It is thought that the region surrounding the plug is flowing laminarly, which would suggest 
that there will be settlement of particles occurring in this region.  It is therefore expected that 
some tiny amount of deposition will be occurring in the bed of the channel in such situations, 
with the vast majority of deposition still occurring in the sheet flow regions. 

In the other more common situations where the slurry has lower yield stress, it is believed 
that the channel flow is turbulent or transition-turbulent.  In this situation the transport of the 
tailings particles is believed to be done by turbulent eddies that are keeping everything in sus-
pension. 

Because of these two markedly different flow regimes occurring in the self-formed channels, 
the proposed beach slope prediction method features two alternative models; for slurries with 
yield stresses over 25 Pa, a plug flow beach slope model is recommended (Fitton and Slatter 
2013), whilst for all other slurries, a new beach slope model is proposed, which features a lami-
nar/turbulent transition friction factor model (Fitton 2015a), and a deposit velocity model for 
non-Newtonian fluids in pipes and channels (Fitton 2015b).   

The Fitton and Slatter (2013) plug flow model was presented at the 2013 Paste conference in 
Brazil, and due to page limits, will not be repeated here. 
 

2 THE TRANSITION MODEL 

In the design of tailings slurry transport systems (pipelines and open channels), as well as in the 
prediction of tailings beach slopes, the slurry is often flowing in the transition turbulent regime.  
The prediction of head losses in this transition regime has remained a mystery to the designers 
of tailings handling and storage infrastructure, and indeed also to the fluid dynamics specialists 
and the much wider community of engineers applying fluid dynamics to a range of other design 
situations.  In fluid dynamics text books a Moody diagram will typically be found with a shaded 
region covering the unknown region of transition, and the accompanying text will typically con-
tain   statements   such   as   “the   transition   region   is   found   to   be   unstable   and   unpredictable”  
(Schaschke, 1998).  Some workers have stated that a fluid flowing in the transition region expe-
riences random switching between laminar and turbulent flow conditions (Slatter, 2013).  Oth-
ers have suggested that transitional flows are laminar near the stationary boundaries and turbu-
lent in the middle of the cross section (White, 2011).  As a result, many designers extend the 
established empirical turbulent flow models (such as the Blasius equation or the Colebrook-
White equation) into the transition region, even though it is found that the friction factor gener-
ally dips below these turbulent models in the transition region.   

For Newtonian fluids in pipe flow, the friction losses make a sudden jump from the laminar 
regime to the turbulent regime, with a very narrow transition zone between them.  This sudden 
jump is illustrated in Figure 1, with a plot of the gas data of McKeon et al (2004) and the water 
data of Nikuradse (1932) on a Moody diagram. 
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Figure 1 – Moody diagram featuring the Newtonian data from McKeon et al (2004) and Nikuradse (1932), 
illustrating the transition behavior of a gas and water. 

Nikuradse (1932) presented an empirical equation for predicting the transition data in his da-
ta set for water. Cheng (2008) also presented a model to fit the water data of Nikuradse (1932), 
whilst Joseph and Yang (2009)  presented a five-part connected model (with each part covering 
a specific range of Reynolds numbers), based on an empirical fit to the McKeon et al (2004) da-
ta set for gases and the Nikuradse (1932) data set for water.   

It is noted that the gas data presented in Figure 1 makes a dramatic jump over a very limited 
range of Reynolds numbers (about 2900 to 3100), whilst the transition jump for the water data 
covers a Reynolds number range from about 2100 to about 5000.  With non-Newtonian fluids a 
more  prolonged  transitional  “dip”  can  be  observed  instead  of  a  jump,  with  friction  losses  typi-
cally converging in a seemingly random way towards a smooth curve defining turbulent condi-
tions.      This   “dip”   behavior   has been well illustrated in the Moody diagram presented by 
Metzner and Reed (1955), presented as Figure 2. 

 
Figure 2. Moody diagram presented by Metzner and Reed (1955), which shows the transitional data dip-
ping below the turbulent model curve. 

In Figure 2, all of the transitional experimental data plotted by Metzner and Reed (1955) fell 
below  the  turbulent  flow  curve,  with  each  data  set  exhibiting  a  “dip”  in  the  transitional  region.    
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It is noted that the amount of dip can seem quite random from one fluid to the next, and that the 
onsets of transition and full turbulence can also vary from one fluid to the next.   

Haldenwang (2003) presented new empirical models for predicting the onset of transitional 
flow (from the laminar region), and the onset of fully turbulent flow (from the transition re-
gion), but he did not present any model for the prediction of the friction factor in the transition 
region.  Other authors have presented methods for predicting the onset of turbulent flow in 
channels (Ryan and Johnson 1959) and fully turbulent flow in pipe flow (Slatter and Wasp 
2000), (Wilson and Thomas 2006), but like Haldenwang, these workers did not present a model 
for predicting the friction factor in the transition region.  It is believed that Metzner and co-
workers' contributions are mainly associated with pseudo-plastic or power law rheological be-
havior as seen in Figure 2; i.e. fluids not exhibiting any yield stress.  Haldenwang's (2003) data 
for transitional behavior comes from bentonite and kaolin products, which are characterized by 
a yield stress and a viscosity parameter. 

Fitton (2015a) presented an empirical model that predicts the Fanning friction factor for non-
Newtonian fluids flowing in the transition region, both in pipes and channels.  This model was 
not presented as a development of the theoretical understanding of transition, but as a practical 
and simplistic approach that might hopefully aid designers.  The empirical model consists of 
two parts; the first part is an equation for a curve on the Moody diagram that follows the gen-
eral   “dip”  behavior  of   a  non-Newtonian fluid in the transition region.  The second part is an 
equation that shifts that curve up, down, left or right to suit a given non-Newtonian fluid.  The 
model then applies the following approach: if the Hagen-Poiseuille equation predicts a friction 
factor that is smaller than that of the new model for a given Reynolds number, the new model 
overrides it.  If the Colebrook-White equation predicts a friction factor for a given Reynolds 
number that is larger than the new model, the new model overrides it.  This effectively enables 
the model to predict different transition ranges and friction factors for different fluids.  The Ha-
gen-Poiseuille equation remains the operative predictor for laminar flows, and the Colebrook-
White remains for turbulent flows.     

Some 792 points of experimental data from the Haldenwang (2003) data set were used for 
calibrating the Fitton (2015a) transition model.  This data set consists of open channel data fea-
turing various non-Newtonian fluids and channel cross sections. 

The applicable friction factor for each data point was back-calculated using the Darcy-
Weisbach equation.  The Reynolds number (Re) for each point was calculated using the equa-
tion presented by Haldenwang et al (2004): 

Re = 8V2/(y+K(2V/RH)n)                                                       (1) 
Where  is the slurry density (kg/m3), V is the average velocity (m/s), y is the yield stress 

(Pa), K is the Herschel-Bulkley rheological model consistency index (Pa.sn), RH is the hydraulic 
radius of the channel, and n is the Herschel-Bulkley rheological model flow index.  It is noted 
that Equation 1 is presented for the Herschel-Bulkley rheological model, but it can also be ap-
plied to Power Law fluids (by making y = 0) or Bingham plastics (by making n = 1).   

For a non-Newtonian fluid of a nominal Bingham plastic viscosity, the Fanning friction fac-
tor in the transition region is calculated using the following equations: 

fL=fLV(6(Re/((ReV)/4900))-0.85+1.5x10-7(Re/((ReV)/4900))1.17)/0.0075        (2) 

where fL is the Fanning friction factor (equal to one quarter of the Darcy friction factor), fLV 
is the Fanning friction factor co-ordinate of the predicted transition curve vertex, and ReV is the 
Reynolds number co-ordinate of the predicted transition curve vertex. 

Equation 2 defines the transition curve that will be used for each prediction.  This curve is 
meant   to   emulate   the   general   shape   of   the   “dip”   that   is   observed   in   the   experimental   non-
Newtonian data when it is plotted on a Moody diagram. Equations 3 and 4 define the location 
for the vertex of the transition curve, essentially causing the general transition curve to be 
translated vertically and horizontally to suit a fluid of a given plastic viscosity.   

fLV = -26.5B
 2+1.1B +0.0022                                                                (3) 

where B is the Bingham plastic viscosity at a tangent of 400 s-1 from the rheogram. 
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ReV = 2.2x107B
 2 – 9.0x105B +9600                                                     (4) 

Either side of the transition region, the Hagen-Poiseuille equation applies for the laminar re-
gion: 

fL = 16/Re                                                                                                 (5) 

And the Colebrook-White equation applies for the turbulent region. 

fL=1/4 (-2*log((ks)/(14.8*RH)+2.51/(Re* (4fL)0.5)))-2                                (6) 

with ks being the channel roughness, assumed to be equal to d85 (expressed in m). 

It is noted that the Colebrook-White equation is implicit, but it can easily be iteratively ap-
plied in a spreadsheet to converge to 5 decimal places after about 6 iterations.  A few logic 
statements in a spreadsheet enable the predictions from the three models (laminar, transition 
and turbulent) to be filtered in the appropriate manner to give priority the applicable model.  An 
example of the model being applied is graphically illustrated in Figure 3. 

 
Figure 3. Moody diagram illustrating the model.  The solid red line is the predicted transition curve for a 
fluid with a plastic viscosity of 0.003 Pa.s.  Both of the presented experimental sets of data exhibit this 
particular plastic viscosity. 

In Figure 3, open channel data for 3% w/w solutions of bentonite and kaolin are plotted.  
Both exhibited plastic viscosities of about 0.003 Pa.s.  Based on this plastic viscosity, a transi-
tion curve has been defined by equations 2, 3 and 4.  This curve is also plotted in Figure 3 along 
with the relevant experimental data.  Despite some scatter in the data, the model is generally 
following the data, albeit with some under or over prediction. 

It is noted that the Fitton (2015a) transition model is only applicable to non-Newtonian fluids 
with greater viscosity than that of water.  The water data of Nikuradse (1932) and the gas data 
of McKeon et al (2004) are both Newtonian. It was found that the shape and location of the dips 
in each of these two Newtonian data sets was not in keeping with the general trend observed in 
the non-Newtonian Haldenwang channel data.   
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3 THE DEPOSIT VELOCITY MODEL 

The Fitton (2015b) deposit velocity model is an empirically calibrated equation, which contains 
many of the same terms as some other previously published deposit velocity models, particular-
ly that of Wasp et al (1977).  The new model calculates the deposition velocity, Vd, as follows: 

Vd =1.48 Cv
0.19(d50/4RH)0.16(8g RH(s/w-1))0.50*-0.12                                   (7) 

Where CV is the volumetric solids concentration (% v/v), d50 is the median particle diameter 
(m), g is the acceleration due to gravity (9.81 m/s2), s is the density of the solids (kg/m3), w is 
the density of the carrier fluid (kg/m3) and * is the applicable viscosity of the carrier fluid 
(Pa.s), which will be one of the following three values: 

 For high concentration slurries with wide particle size distributions (as is commonly the 
case with tailings slurries), the inherent viscosity should be used. 

 For slurries with a clearly identifiable and separable non-Newtonian carrier fluid, the 
Bingham plastic viscosity measured at a tangent of at least 400 s-1 should be used. 

 For dilute slurries with coarse particles and Newtonian carrier fluids, the viscosity of the 
carrier fluid should be used. 

 

The inherent viscosity was proposed by Thomas (2010).  It was developed for high concentra-
tion slurries (>12% w/w) with a wide particle size distribution, as is commonly the case with 
tailings slurries.  In such slurries the finer particles form part of the carrier fluid, but due to the 
difficulty in defining which particles do form the carrier fluid it is not possible to measure the 
rheology of the carrier fluid alone.  Almost all the previously published deposit velocity models 
have been developed based on discrete particles in a known carrier fluid such as water, a vis-
cous Newtonian fluid, or a fine clay slurry.  The problem is that most practical slurries of inter-
est in the mining industry have a wide particle size and possess both non-Newtonian properties 
and settling tendencies.  It is possible to measure the rheology of the slurry but to apply the 
deposition velocity models the properties of the carrier fluid portion are required.  Thomas 
therefore argued that the rheological testing of the whole slurry would result in there being a 
degree of inter-particle mechanical contact that would cause the measured viscosity to be larger 
than the viscosity of the carrier fluid portion.  He presented an equation for correcting the 
measured viscosity to obtain the actual viscosity of the carrier fluid, which he referred to as the 
“inherent  viscosity”.    The  Thomas  (2010)  equation  for  the  inherent  viscosity,  inh, is as follows: 

inh =B/e2.7(Cv / (1-Cv)) (8) 

 

4 APPLICATION OF THE NEW BEACH SLOPE MODEL 

For tailings slurries with yield stresses exceeding 25 Pa, the Fitton and Slatter (2013) plug flow 
model should be applied for predicting the beach slope. 

For all other slurries, the prediction process is as follows: 

1. The channel is assumed to be a half ellipse in cross-section, with a width to depth ratio 
assumed to be equal to 25yB

-0.5, where yB is the y-intercept of a tangent drawn to the 
slurry rheogram at a shear rate of 100 s-1 
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2. A channel depth, d, is assumed 

3. Calculate A, the channel cross sectional area, A = dw/4, where w is the channel width 

4. Calculate P = /2(w/2+d)*(1+3*((w/2-d)/(w/2+d))2/(10+(4-3*((w/2-d)/(w/2+d)0.5)2))) 

5. Calculate RH = A/P 

6. Calculate Vd using equation 7 

7. Calculate V, equal to Q/A  

8. Adjust the assumed depth in step 2 until V is equal to Vd 

9. Calculate fL using equations 2 – 6.  The eqn 5 value overrides the others if it is the larg-
est.  If eqn 6 calculates a smaller fL value than eqn 2, the eqn 6 value is applied.  If the 
eqn 6 value is larger than the eqn 2 value, the eqn 2 value applies. 

10. Calculate the channel slope using the Darcy-Weisbach equation, S=4 fLV2/(8gRH) 

5 TESTING OF THE NEW BEACH SLOPE MODEL 

The new beach slope prediction method has been tested against some relevant data in an effort 
to assess its predictive accuracy.  Three sets of flume data and some real tailings beach slope 
data were used for this testing.  A summary of these four data sets is presented in Table 1: 

 

Table 1. Beach slope data used to test the new beach slope model 

Data set Description  
No. 
Point
s 

SG 
sol-
ids 

SG 
fluid 

d50 Q Cw y B 
Ref mi-

cron l/s 
% 
w/w Pa 

mPa.
s 

Sunrise Dam Gold tailings in brine, 
open channel flume 

41 2.
8 

1.
15 

16 2.
2 - 
24.0 

25.
8-66.8 

0.
01-
21.2 

2.
21-
24.0 

Fitton 
2007 

Peak      
(Cobar)  

Gold tailings, open 
channel flume 

8 2.
8 

1 7.8 1.
9 - 
19.0 

53.
3-57.7 

0.
42-
3.7 

10
.1-
19.6 

Fitton 
2007 

Chu-
quicamata 

Copper tailings, open 
channel flume 

29 2.
75 

1.
01 

80 5.
5 - 
18.1 

56.
1-68.0 

3.
6-
33.2 

7.
90-
53.0 

Pirouz et al 
2013 

Real 
beaches 

Full size tailings 
beaches at various 
mines 

30 2.
6 – 
4.2 

0.
98 – 
1.26 

7.8 
- 70 

4.
6 - 
500 

31 - 
73.5 

0 - 
28 

3 - 
46 

Un-
published 

 

A  fit  plot  of  the  model’s  predictive  performance  against  this  data  is  presented  as  Figure  4. 
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Figure 4. A fit plot showing the predictive performance of the new beach slope model. 

Figure 4 shows that the new model predicts reasonably well against the four sets of data, though 
it is noted that it has over-predicted the beach slopes of about half of the data points in the real 
tailings beach slope data set, with the other half being predicted quite accurately.  It must be 
stated that the corresponding process data for these data points (production rates, thickener un-
derflow concentration, PSD, SG and rheology) has been sourced from the most relevant infor-
mation available, but the flume data was collected under more controlled conditions, where the 
slurry was being measured for these input parameters at the same time that the channel slopes 
were being measured.  It is therefore considered that the reasonably good fit against the flume 
data is of greater value in assessing the predictive performance of the model.  Nevertheless, it is 
acknowledged that a more even scatter of the real beach data would be expected (both above 
and below the ideal prediction line), rather than the general over-prediction that has been found 
here.   

6 DISCUSSION  

With respect to the Fitton (2015a) transition model, it was previously noted that Slatter and 
Wasp (2000) and Wilson and Thomas (2006) presented methods for predicting the onset of ful-
ly turbulent flow in pipe flow.  Both of those models featured the yield stress as a key input pa-
rameter, whilst the Fitton (2015a) transition model features the Bingham plastic viscosity as the 
key input parameter, and not the yield stress.  This is a curious result.  During the empirical cal-
ibration of the Fitton (2015a) model to the Haldenwang (2003) data, it was found that a reason-
ably strong trend was apparent when the plastic viscosity was considered, but essentially no 
trend was observed when the yield stress was tested, nor was there any trend observed when the 
y-intercept of the Bingham fit was tested.  This is a topic that deserves further research. 
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7 CONCLUSION 

A new beach slope model has been presented, which incorporates some recent advances in 
non-Newtonian slurry hydraulics.  These advances enable the model to be more theoretically 
founded than other more empirically based models.  The predictive performance of the model 
has been found to be reasonably accurate, particularly where the very steep channel slopes ob-
served in the Chuquicamata flume are considered.   
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1 INTRODUCTION 

The KSM project, owned by Seabridge Gold Inc., is a proposed gold-copper mining project in 
the steep, rugged terrain of the Coast Mountains in northwestern British Columbia, Canada. The 
proposed tailings management facility (TMF) site experiences mean annual precipitation of 
1400 mm (820 mm falling as snow) and mean annual evaporation of 350 mm. The mean annual 
temperature is 0°C with temperature extremes ranging from -28°C to +30°C.  

The project received Environmental Assessment approvals from a joint harmonized provin-
cial and federal environmental assessment review in 2014, having undergone a 6.5 year review 
process. The EA-approved TMF consists of compacted cyclone sand dams located in the head-
waters of Teigen Creek and Treaty Creek. 

Recent tailings dam failures have led to a heightened awareness of tailings dam safety in the 
mining industry and the perception that filtered tailings may decrease risk of failure by decreas-
ing both the likelihood and consequence of a hypothetical failure. The likelihood of an overtop-
ping or piping failure could be reduced by removing ponded water from the tailings surface 
which reduces the consequence by negating the chance for a catastrophic release of the pond 
and the driving force of tailings movement.  

Significantly smaller tonnage mines have used filtering to create a tailings deposit that is par-
tially desaturated and does not impound water on the tailings surface. A study was undertaken 
to assess the feasibility of filtered tailings for the KSM project and assess if the current tailings 
management plan should be changed. The study included a review of case histories (precedence 
and lessons learned), tailings solid-liquid separation laboratory testing, tailings compaction la-
boratory testing, conceptual design of filter plant and conveyor, seepage and stability assess-
ments, and a high-level risk review. 

2 PROJECT PLAN 

The proposed project plan estimates that up to 130,000 tonnes per day (tpd) of ore will be pro-
cessed over the 51.5 year project life; the total quantity of tailings is 2.3 billion tonnes. Non-
potentially acid generating (NPAG) flotation tailings comprises 90% of the tailings, while the 
remaining 10% is potentially acid generating (PAG) carbon-in-leachate (CIL) residue. Tailings 
properties are summarized in Table 1. 

Are Filter Tailings Practical for a High Production Mine in a 
Cold, Wet Climate? 

Kate Patterson, Harvey McLeod, Drew Hegadoren & Graham Parkinson 
Klohn Crippen Berger Ltd., Vancouver, British Columbia, Canada 

Peter Williams & Brent Murphy 
Seabridge Gold Inc., Toronto, Ontario, Canada 

 
 ABSTRACT: This paper describes a study to assess feasibility of filtering tailings for the pro-
posed KSM project, which has high tailings production (130,000 tpd) in a cold, high precipita-
tion climate. Recent tailings dam failures have led to a heightened awareness of tailings dam 
safety in the mining industry and suggestion that filtered tailings may decrease risk of failure by 
decreasing both likelihood and consequence of a hypothetical failure. This study included a re-
view of case histories, design of a conceptual filter plant and conveyor placement system, de-
velopment of a water management strategy and seepage and stability assessments of the filtered 
tailings facility. The study concluded that filtered tailings is not suitable for the KSM project; 
there is no precedence for a filtered tailings facility at a similar scale in a similar climate, and 
the risks associated with dewatering, placing and maintaining stability of the filtered tailings 
facility outweigh the perceived benefits. 
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Table 1. KSM Tailings Properties 

Tailings 
Stream 

P80 
(μm) 

Fines  
Content 

(< 75 μm) 
(%) 

Specific 
Gravity 

Optimum  
Moisture  
Content(1) 
(Ww/Ws) 

(%) 

Dry Density 
at 

Optimum 
Moisture 
(kg/m3) 

Sulphides 
Content 

by Weight 
(%) 

Flotation 120 – 150 ~50% 2.75 – 2.90 13.8% 1860 < 0.3% 
CIL Residue 15 ~98% 3.45 – 3.54 17.4% 2040 40 – 45% 

1. The optimum moisture content is the moisture content at which the tailings can be compacted to achieve maximum density. 
Compaction tests in a laboratory are completed to estimate the optimum moisture content of tailings (i.e. the Standard Proctor 
test). 

3 PROJECT SETTING 

Teigen-Treaty Valley is a gently sloping U-shaped glacial valley at the headwaters of the Teig-
en Creek and Treaty Creek drainages. This location was found to be the most suitable location 
for a tailings storage facility for both conventional and filtered tailings. 

The elevation of the valley base ranges from 840 m to 900 m, and the valley slopes rise up to 
a maximum elevation of 1900 m. The TMF footprint avoids a significant catchment draining in-
to the middle of the valley from the east, which contains a glacier and ice field situated on a 
north facing slope and is diverted around the TMF via a tunnel. The east side of the valley is 
sloped at 3H:1V to 1.5H:1V, while the west side is flatter, at 5H:1V to 3H:1V. Landslide geo-
hazards include a few debris chutes. Snow avalanches are common along the east side of the 
Teigen-Treaty Valley.  

The site contains streams, swamps and marsh wetlands. Runoff and meltwater contributing to 
downstream flows are seasonal with lows in the winter and peaks during freshet; fall rainstorms 
often create secondary peak flows. Snow at higher elevations contributes significantly to runoff 
during the spring freshet and into late summer. The high terrain on either side of the TMF con-
tributes to a hydrogeological setting which results in artesian conditions near the valley bottom. 
Dolly Varden is the only species of fish in the TMF footprint area (Rescan 2013). Other species 
of fish, including salmon, exist downstream of the TMF in Teigen Creek and in Treaty Creek. 
Fisheries values are lower in Treaty Creek and the project is permitted for seasonal discharge to 
this drainage. 

4 PROPOSED CYCLONE SAND TAILINGS MANAGEMENT FACILITY 

Tailings would be  stored  in  three  “cells”  staged  over  the  mine  life, shown in Figure 1. NPAG 
flotation tailings would be deposited in the North Cell from Year 0 to Year 25, and in the South 
Cell from Year 26 to Year 51.5. The PAG sulphide-rich CIL residue will be in contact with cy-
anide during processing and will be stored in a separate, fully lined CIL Residue Cell located 
between the North and South flotation cells. The CIL Residue Cell will be operated during fill-
ing of both the North and South cells. At the end of operations, this scheme results in the CIL 
residue being contained in a lined, saturated cell located in the center of the facility, far from 
the outer embankment slopes. The CIL residue will be kept saturated during operation and clo-
sure to limit oxidation.  

The cells will be contained by four cyclone sand dams. The North Dam (containing the North 
Cell), the Splitter Dam (dividing the North Cell and CIL Residue Cell), the Saddle Dam (divid-
ing the CIL Residue Cell and South Cell), and the Southeast Dam (containing the South Cell). 

Flotation tailings will be dual stage cycloned during the summer months to produce sand for 
dam construction. Cyclone sand for dam construction will be compacted to meet stability crite-
ria. Cyclone overflow (fines) will be deposited in the flotation cells from the dam crests at ei-
ther end of each cell resulting in long tailings beaches and a reclaim pond at the center of the 
cell. 

During operations, water will be discharged from the facility on an annual basis. TMF dis-
charge will coincide with the natural high flow period which occurs annually between May and 

Mill Tailings

360



November, requiring the TMF to seasonally store water in the tailings cells when it cannot be 
discharged. 

The proposed TMF will be progressively reclaimed. After the North Cell is full and flotation 
tailings are directed to the South Cell, the North Cell will be closed and reclaimed. On final clo-
sure, flows will be routed in spillways, both north and south, to restore natural drainage pat-
terns. The sloped surfaces of the two outer tailings dams will be armored with a layer of rockfill 
to resist erosion and a layer of soil to promote vegetation. Tailings beaches will be protected 
from erosion with gravels at the pond perimeter; areas above the pond will have a closure cover 
of loose soil and will be re-vegetated. 

 
Figure 1. Proposed Cyclone Sand TMF 
 

 
Figure 2. Proposed Cyclone Sand TMF Section 

5 FILTERED TAILINGS CASE HISTORY REVIEW 

A case history review of existing and proposed projects using filtered tailings for surface dis-
posal was conducted to assess the benefits and lessons learned. Figure 3 shows the net precipi-
tation (mean annual precipitation minus mean annual evaporation) versus the daily tailings pro-
duction rate for several filtered tailings projects, compared to the KSM project. The primary 
findings of the case history review are: 
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 Filtered tailings projects up to 35,000 tpd are under construction or operating, however, they 
are primarily in hot, arid climates (low precipitation and high evaporation). 

 Filtered tailings projects using surface disposal in wet climates (>1300 mm/yr precipitation) 
are few and operate at tonnages less than 4000 tpd. These projects often have alternate stor-
age options during wet or cold periods. Alternate storage options may include underground 
backfill, covered sheds or placement in non-structural areas of the pile.  

 Pressure filtration is typically required to reach optimum moisture content for compaction to 
meet stability requirements. Projects using vacuum filtration are typically in arid climates 
and rely on air drying of tailings after placement to reach the required moisture content for 
compaction, if required for stability. 

 Reasons projects have adopted filtered tailings include: 
 water recovery in regions where water is scarce; 
 providing backfill in underground mines; 
 steep topography requiring large dam volume to tailings volume ratios for conventional 

TMFs; 
 no locally available borrow material for dam construction; 
 large capital costs for conventional TMFs for smaller projects; 
 difficulty handling slurry tailings at low tonnages in cold climates (pipelines prone to 

freezing, etc.); 
 reducing tailings footprint in a sensitive environment; and 
 expanding an existing facility by stacking filtered tailings over conventional tailings. 

 Many filtered tailings projects had initial difficulties achieving target moisture content and 
throughput. Mitigation measures have included operating at lower production rates, adding 
filters, adding cement or lime to the filtered tailings, allowing greater time for air drying the 
tailings, and/or constructing a temporary or back-up conventional tailings facility. 

 Erosion of sloped filtered tailings surfaces and sediment control during rainfall requires 
management. 

 External water storage ponds are required for collection and treatment of seepage and runoff. 
The size of the pond required is dependent on the facility footprint, catchment area, climate, 
pond water quality and discharge limits of the receiving environment. 
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Figure 3. Case Histories Mean Annual Precipitation minus Evaporation vs. Daily Tonnage Rate 
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6 CONCEPTUAL FILTERED TAILINGS MANAGEMENT FACILITY 

6.1 TMF Pile Layout 
A conceptual design was completed to assess the feasibility of a filtered TMF. The conceptual 
layout for the filtered TMF is located at the same site as the cyclone sand TMF and is shown on 
Figure 4 and Figure 5. The design consists of a cross-valley fill with 3H:1V outer slopes ex-
ceeding 300 m in height.  

The two tailings streams will be separately thickened, filtered and conveyed to the TMF. The 
exterior slopes (structural zones) made of flotation tailings will be compacted to meet stability 
requirements. CIL residue will be placed in a lined cell in the center of the facility. A zone of 
non-structural flotation tailings will be placed in the interior of the pile between the structural 
zones and CIL residue zone. 

A uniform starter pad (~4.0 Mm3 of cut/fill) for mobile stacking conveyors would be estab-
lished in the valley bottom. The pile would be raised in horizontal lifts to create a single place-
ment elevation allowing mobile conveyors to traverse the entire placement area. This staging 
sequence also allows for progressive reclamation of the outer pile slopes as the pile is raised.  

Diversions on the hillsides above the pile would route runoff from the valley sides around the 
facility. The top of the pile will be raised with a gradual 2% slope towards the west for surface 
drainage and collection. The collection ditches would route TMF surface runoff to water collec-
tion ponds at the toes of the facility. The larger primary water collection pond will be at the 
north end of the facility and will collect and attenuate all the contact water seasonally. 

 

 
Figure 4. Filtered TMF Layout 
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Figure 5. Filtered TMF Section 

6.2 Filter Plant 
Filter plant design including the equipment size and capacity, the filter medium, the cake thick-
ness and the cycle time is primarily dependent on: throughput, tailings properties (particle size 
distribution, clay content and type, inflow solids content), target moisture content, and water 
chemistry. 

Filtered tailings piles in seismic areas and/or with high rates of rise require structural zones. 
Structural zones consist of compacted filtered tailings that act like a containment dam and have 
similar stability requirements to dams. Tailings must be placed and compacted in structural 
zones at, or close, to the optimum moisture content. The target moisture contents for a filter 
plant in a wet climate should generally be 1%-2% below the optimum moisture content to leave 
some allowance for fluctuations in plant performance and the accumulation of moisture from 
precipitation during transportation, placement and compaction.  

The optimum moisture content for compaction of flotation tailings structural fill is 13.8%. 
The filter plant design target would be 13% but the plant would not meet this target consistently 
due to tailings property variability and operational complexity. Several of the filtered tailings 
case studies reported challenges with filter plants achieving target moisture contents and main-
taining consistent moisture contents. 

The flotation tailings filter plant target moisture content and expected operating range is 
shown in Figure 6. The figure illustrates how filter plant performance variability and precipita-
tion affect the moisture content of tailings, both of which impact the ability to compact the flo-
tation tailings adequately for stability. The conceptual filter plant designed for the KSM project 
was estimated to achieve the target moisture content 70% to 80% of the time based on ore vari-
ability alone.  

 

 
Figure 6. Flotation Tailings Moisture Contents 

 
The target moisture contents (WW/WS) for filtering the flotation tailings and CIL residue are 

13% and 16.5%, respectively. To achieve these low target moisture contents, pressure filters are 
required; vacuum filters cannot reliably achieve these moisture contents.  
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The equipment required to filter the KSM  project’s tailings to the target moisture contents 
based on laboratory testing is summarized in Table 2. The quantities include 25% contingency 
for machine maintenance and downtime, however, they do not include additional contingency 
for variability in the tailings properties. To achieve the target moisture contents, the filtration 
plates will be equipped with squeezing membranes and the squeezed cakes from each filter will 
be further dried by blowing air through the cake prior to being discharged onto the collection 
conveyors. Pressure filters operate using a batch process; therefore, agitated surge tanks are re-
quired before the filters for flexibility with batch timing. 

 
Table 2. Summary of Filter Plant Equipment 

Tailings Stream Thickeners Filters 

Flotation 2 x 70 m diameter high rate thickeners 
and flocculants  

100 x 2.5 m by 2.5 m filter presses, 
each filter with 101 membrane plates 

(includes 27 filters on standby) 

CIL Residue 1 x 70 m diameter high rate thickener and 
flocculants  

30 x 2.5 m by 2.5 m filter presses, each 
filter with 101 membrane plates  
(includes 9 filters on standby) 

 
A large filter plant is complex because of operation and maintenance required for the equip-

ment, particularly managing the pipelines transporting thickened tailings, filter cloths, air blow-
ing, batch processing, conveyor management and ore/tailings properties variability.  

When the required moisture content is not achieved, flotation tailings would need to be 
placed in non-structural areas. Due to the structural fill requirements for the pile, if these peri-
ods persist, the tailings production rate (and therefore ore processing rate) would need to be re-
duced to allow a longer filtration cycle time unless a secondary TMF for unfiltered tailings is 
provided. 

6.3 Conveyor Delivery 
At the proposed production rate, conveyors are more favorable than trucks for transporting fil-
tered tailings. The filters in the plant would be arranged in groups of five. Each group would 
have a dedicated conveyor to collect the filter cake and feed it to one of three overland belt 
conveyors; two dedicated to conveying flotation tailings to the exterior zones of the pile; the 
third will convey CIL residue to the center of the pile. Due to the filter plant batch processing, 
the conveyors are required to be oversized to manage surge loads from multiple filters discharg-
ing simultaneously.  

The overland conveyors will discharge onto a transfer conveyor and then onto mobile stack-
ing tripper conveyors running across the tailings pile. The mobile stacking conveyors would be 
equipped   with   stackers   that   travel   along   the   conveyors’   length.   Tailings would be placed in 
windrows onto the pile by the stackers, spread with dozers and compacted with large padfoot 
and smooth drum roller compactors. Sufficient compaction would be provided for stability in 
the structural zones and to create a trafficable surface for the conveyors and stackers in the non-
structural zones. A standby stacking tripper conveyor has been provided for each zone to pro-
vide redundancy because of the importance of continuous placement.  

There has not been a conveyor operation at the KSM project scale for tailings (or similar ma-
terial) placement in a similar environment. The wet, cold climate will cause belt and steel strain 
and potentially blockages due to frozen tailings. The operational complexity and wet, cold cli-
mate increase the likelihood of a conveyor system shut-down and therefore an entire mine oper-
ation shut-down if no alternative, temporary ore or tailings storage could be provided. 

6.4 TMF Construction 
The total volume of filtered flotation tailings in the structural zones would be 380 Mm3, or ap-
proximately 30% of the total pile volume. The structural zones extend 200 m upstream of the 
ultimate crest to provide a non-liquefiable buffer zone for stability. Flotation tailings would be 
placed in outer, structural zones during the summer months (mid-April to mid-October) when 
weather conditions are more favorable for achieving the required compaction. Tailings would 
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be placed by the conveyor in a 1.5 m high windrow. Dozers and compactors would level the 
windrow into a 300 mm high lift and compact to 98% of the standard Proctor maximum dry 
density. During storm events above 10 mm/hr, it is anticipated that flotation tailings cannot be 
placed in structural zones due to the potential increase in moisture content. Due to the time and 
effort it takes to switch between conveyors and move equipment, forecasted storm intensity of 
5 mm/hr would be used as a trigger to switch placement to non-structural zones. This would be 
a frequent occurrence in shoulder seasons (late April, May, early June, September and early Oc-
tober), adding to the operational complexity. Flotation tailings would be placed in the interior 
non-structural zones during the winter months (mid-October to mid-April) and during weather 
conditions that are not suitable for placement in the structural zones. Tailings would be placed 
by the conveyor in 4 m high windrows. Dozers and compactors would level the windrow into a 
2 m high lift and compact to a less stringent specification than the structural zones.  

Internal pile access roads for the tracks of the conveyors are required when the filter plant 
doesn’t  meet  target  moisture content for the tailings or after long-periods of rain or in areas of 
poor drainage and ponding. The access roads will require external borrow. 

The CIL residue would be placed in a lined central zone. The tailings would be placed by the 
conveyor in 2.2 m high windrows. Dozers and compactors would level the windrow into 1 m 
high lifts and compact to less stringent specification than the structural zone. The area around 
the liner would be compacted to the same specifications as the structural zones. The CIL resi-
due zone has surplus capacity; this allows the same rate of rise to be maintained in the flotation 
tailings zones and CIL residue zone by placing flotation tailing in the CIL residue zone as re-
quired.  

If the filter plant is shut down, there are several options for tailing management, all with chal-
lenges and potential fatal flaws: 
1. Stockpile the ore, and stop processing until the filter plant is operational. This is not a fa-

vorable option and it would only be a short-term solution due to lack of stockpile space. 
Mining operations would likely have to halt in this scenario. 

2. Deposition of thickened tailings in the CIL residue zone. This would require additional 
storage capacity in the CIL residue zone, because of considerable water management, traf-
ficability and operability concerns. 

3. Storage of thickened tailings in the North Collection Dam. The dam could realistically 
store 40 to 80 days of tailings production but would impinge on required flood freeboard. 
The tailings would subsequently need to be dredged and filtered before placing in the pile. 
This may result in significant challenges with dredging tailings and overloading the filter 
plant. 

6.5 Stability and Drainage 
Constructing a filtered tailings pile to the required height and the operational rate of rise re-
quirements for the KSM project introduce significant concerns regarding the stability of the ex-
ternal pile slopes.  

Factors that would influence pile phreatic surface and stability, and the mitigation measures 
and construction procedures that may be necessary to meet stability criteria were assessed.  

Post-earthquake seismic stability was the primary concern for pile stability (assuming surface 
and internal drainage would mitigate the risk of static liquefaction). Tailings placed in structural 
zones must be adequately compacted to create dilatant conditions at the stress levels that would 
be experienced within the pile. To achieve dilatant conditions, the moisture content of tailings 
placed in structural zones must be controlled and any frozen or soft, saturated tailings on the 
surface must be removed before placement of subsequent lifts. During periods of rainfall, con-
trolling moisture content would require rapid compaction of tailings after placement to limit 
rewetting of the tailings. As a single continuous weak layer could reduce the stability of the tail-
ings below an acceptable level, good construction and quality control practices throughout the 
life of the pile would be integral to pile stability. 

The stability design relies on a low phreatic surface and pore water pressures within structur-
al portions of the tailings pile. Maintaining a low phreatic surface also reduces potential for 
strength loss during seismic events as compacted, non-saturated materials are typically not 
prone to liquefaction; although, with the high degree of saturation in the tailings pile above the 
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phreatic surface, strength loss within the unsaturated tailings under seismic conditions is still a 
significant concern. As the low hydraulic conductivity of the fine grained flotation tailings (as 
compared to cyclone sand) would result in slow drainage, lowering the phreatic surface in struc-
tural zones of the pile would require substantial underdrains and potentially internal drains. In 
addition to infiltration though the filtered tailings, the underdrains would also need to collect 
upwelling groundwater to limit artesian pressures, and therefore pore pressures, in the pile 
foundation. As it is not realistic to install drainage elements in an existing pile, they would have 
to be constructed as the pile in constructed and oversized to account for uncertainties in the de-
sign and potential long-term plugging, degradation and settlement. 

6.6 Water Management 
During the filtering process, water is recovered and re-used in the mill. However, this does pro-
vide a significant water management challenge as the site has a positive water balance, there-
fore seasonal storage of water is required and additional water storage facilities are necessary. 
Two collection ponds are required to collect pile runoff and seepage water at either toe of the 
pile. As was evaluated during the Environmental Assessment process, water is to be stored sea-
sonally and released during freshet to coincide with natural seasonal high flows. To meet this 
water management objective, a 135 m high main runoff collection and seepage control dam 
would be required for the TMF, with capacity to store 10.8 Mm3 of water. A conventional facil-
ity would have the capacity to internally attenuate the seasonal runoff flows, minimizing the 
size of the downstream seepage dams (20 m to 40 m high) that are required. 

Conventional tailings facilities have reclaim water ponds within the tailings impoundment 
where fine tailings particles settle. During storm events runoff from the beach will collect in the 
reclaim water pond and tailings particles brought into suspension will settle. Filtered facilities 
do not have this feature. Runoff from a filtered pile will be high in suspended tailings particles 
that will settle out in the external water collection pond. During review of the filtered tailings 
facility case histories, erosion control was noted as challenging during rain events and sediment 
control in collection ponds requires dredging and constant maintenance into closure unless the 
entire facility is capped with an erosion control layer. 

Managing high intensity storm events on large filtered tailings facilities is difficult as filtered 
tailings facilities, by design, typically do not have substantial flood storage capacity. The objec-
tive during high intensity storms would be to prevent runoff on the top surface of the pile from 
flowing over the outer embankment crests and eroding the steeper sloped, structural zones of 
the pile. This would be achieved by sloping the pile near the embankments towards the interior 
of the pile. The interior of the pile would be sloped to direct runoff towards a collection ditch at 
the west side of the pile, which would route runoff to the toe of the pile via a spillway portion 
of the collection ditch. As the collection ditch would not realistically be able to pass peak flows 
from high intensity storm events, the pile surface would have to be graded in such a way that a 
significant volume of water could be attenuated on top of the pile without overtopping the struc-
tural zones. This storage would only be used when the capacity of the collection ditch is ex-
ceeded, and would attenuate high intensity peak flows. During extreme precipitation events wa-
ter temporarily will be ponded on the surface of the tailings impoundment. The placement 
scheme would need to be carefully managed to maintain this capacity throughout the life of the 
facility. 

6.7 Geochemistry 
CIL residue is considered PAG; if filtered and stored in a filter pile, CILresidue will not be sat-
urated and will be exposed to oxidation. Management to avoid oxidation of the CIL residue and 
therefore generation of acid would be challenging and would require more frequent, thinner lifts 
to bury the CIL residue quickly. If roads are constructed within the CIL residue area they would 
act as a conduit for water and oxygen, increasing the likelihood of acid generation. The genera-
tion of acidic drainage would likely be unavoidable. 

The flotation tailings contains less than 0.3% sulphides by weight (Rescan 2013, Chapter 
10). Although the flotation tailings are considered NPAG, they have the potential to generate 
sulphate when exposed to oxygen. Filtered flotation tailings will be unsaturated when placed 
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and the large volume of unsaturated material within the filter pile would generate high sulphate 
loadings to the seepage water and the collection ponds. 

7 RISK REVIEW AND TMF COMPARISON 

For comparison, a summary of the key features associated with a cyclone sand TMF and a fil-
tered TMF for the KSM project is presented in Table 3. The key risks associated with both are 
presented in Table 4. There are more significant risks with a filtered TMF, which may not have 
suitable mitigation measures. Risks associated with cyclone sand facilities are well known and 
have mitigation strategies that have been successful in the past. 
 
Table 3. Key Features Associated with a Cyclone Sand TMF and a Filtered TMF for the KSM Project 

Feature Cyclone Sand TMF Filtered TMF 
Footprint (km2) 13.5 8.8 
Maximum Dam/Embankment Height (m) 239 301 
Fraction of Flotation Tailings Required for Structural Fill 12% 30% 
Maximum Seepage or Water Collection Dam Height (m) 35 135 

8 CONCLUSIONS 

The success of filtered tailings facilities depend on site conditions (climate, topography and re-
ceiving environment limitations), the scale of the operation, and the tailings geotechnical and 
geochemical properties. This study concluded that filter technology is not practical for the pur-
poses of storing tailings at the KSM Project because: 
 Scale of filter plant required is unprecedented. 
 Filter plant complexity will result in significant unscheduled downtime which would result 

in frequent shut-down of mining and milling. 
 Target moisture content for the tailings will not always be achieved in the filter plant due to 

ore variability and operational difficulty, causing significant placement challenges and poten-
tial pile stability concerns. 

 Conveyor placement of the KSM tailings production rate in a wet, cold climate is unprece-
dented and will present significant challenges. Topography of the region is mountainous re-
quiring complex conveyor arrangements. 

 Placement and compaction of tailings in a wet, cold climate will be challenging. Strict quali-
ty control and potential re-handling of tailings will be required.  

 During extreme precipitation events water will pond temporarily on the surface which in-
creases the risk of failure. 

 Drainage of the facility is critical to stability and will require significant underdrains and po-
tential internal slope drains. The higher level of drainage required for stability of a filter pile 
compared to a conventional tailings facility impoundment will be more challenging in areas 
of upwelling groundwater. 

 De-saturated CIL residue will generate acid. Surface runoff and seepage will have poor wa-
ter quality and may require long term water treatment. 

 Small percentage of sulphides in de-saturated flotation tailings will cause elevated sulphate 
loadings and require management. 

 A 135 m high external collection dam with the capacity of 10.8 Mm3 will be required for 
collection of runoff and seepage water from the facility to store for mill reclaim and seasonal 
release. Water quality in this facility is expected to be poor due to the oxidation of tailings. 
This facility would need to be located further downstream than a conventional TMF seepage 
dam in Teigen Creek, where there is less hydrogeological containment, creating a larger 
overall disturbance area of the TMF and resulting in poor quality seepage. 

 Perpetual post-closure water treatment of seepage water will likely be required because of 
the long term oxidation of tailings. 
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Table 4. Key Differentiating Risks Associated with a Cyclone Sand TMF and a Filtered TMF for the KSM Project 
 Cyclone Sand TMF Filtered TMF 
 Risks Potential Mitigation Risks Potential Mitigation 

Operational 
Physical Risk 

 Impounded water on the tail-
ings surface during opera-
tions increases the conse-
quence of a hypothetical 
tailings dam overtopping 
failure 

 Minimize the water ponded on 
the tailings surface and have 
Quantitative Performance Ob-
jectives (QPOs) for water bal-
ance, beach length, etc. 

 Substantial drainage requirements and 
the likelihood of drainage failure in-
creases the likelihood of slumping 
failure of tailings facility 

 Risk of piping or overtopping failure 
of the water collection dam 

 Oversize pile drains and moni-
tor phreatic surface within the 
pile 

 Robust design of water collec-
tion dam zoning and spillway 

Operational  
Geochemical 

Risk 

 Potential for water quality in 
the CIL residue pond to not 
be suitable for use in the mill 

 Water treatment, if required 

 De-saturated CIL residue will gener-
ate acid 

 De-saturated 2.1 Bt of flotation tail-
ings (that  contain  ≈0.3%  sulphides)  
will generate high sulphate loadings 

 The water quality in the collection 
ponds will not be suitable for dis-
charge 

 Minimize seepage from the col-
lection dams with impermeable 
cores, cut-offs, pump-back 
wells and downstream seepage 
dams 

 Water treatment required 

Post-Closure 
Physical Risk 

 Impounded water on the tail-
ings surface post closure in-
creases the consequence of 
hypothetical tailings dam 
failure 

 Erosion of cyclone sand dam 

 Design the closed tailings dam 
as a landform with robust and 
redundant water management 
structures 

 Rockfill cover and long-term 
monitoring and maintenance 

 Substantial drainage requirements and 
the likelihood of drainage failure in-
creases the likelihood of slumping 
failure of tailings facility 

 Erosion of filtered tailings slopes 

 Oversize pile drains and moni-
tor phreatic surface within the 
pile post-closure 

 Progressive reclamation with 
rockfill cover and long-term 
monitoring and maintenance 

Post-Closure 
Geochemical 

Risk 

 Closure cover and water 
management strategy may 
not be sufficient to keep CIL 
residue saturated, CIL resi-
due could oxidize and gen-
erate acid 

 Low potential of closure 
pond water quality not meet-
ing discharge criteria 

 Design closure cover to keep 
CIL residue saturated 

 Limit seepage from the CIL 
residue pond (liner and cut-
offs) 

 Water treatment, if required 

 De-saturated CIL residue will gener-
ate acidic seepage. De-saturated flota-
tion tailings will generate seepage 
with high sulphate concentrations 

 The likelihood of the seepage water 
quality in the collection ponds will 
not be suitable for discharge is in-
creased 

 Long-term water treatment, 
likely required 
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1 INTRODUCTION 
 
The Guanacevi mine area in Durango, Mexico consists of three underground silver-gold mines, 
a cyanide leach plant, mining camp, a tailings storage facility (TSF), and administration and 
housing buildings. The mine is operated by Mina Guanacevi, a wholly owned subsidiary of En-
deavour Silver Corp (EDR), which acquired the mine in May 2004.  The area has a mining his-
tory dating back at least to the 16th century.  The mine area is mountainous with moderate to 
steep relief.  Climate is relatively arid with sporadic and potentially intense monsoon precipita-
tion events.  The site is affected by a relatively dry period from November through April and 
the monsoon period from May through October. Average annual precipitation is approximately 
600 mm. The ore is processed using agitated tank cyanide leaching at a throughput of approxi-
mately 1,300 tons per day (tpd). The original Guanacevi tailings impoundment consisted of a 
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ABSTRACT: The Guanacevi mine area in Durango, Mexico has a mining history that dates 
back at least to the 16th century, where silver has been the resource predominantly mined. The 
original Guanacevi tailings impoundment consisted of a lined, cross valley, slurried tailings fa-
cility, overlying historic cycloned tailings and native alluvial deposits, constructed with a start-
er dike composed of cycloned sand and borrowed coarse aggregate material. In 2009, Endeav-
our Silver Corp requested an evaluation of tailings storage alternatives to increase storage 
capacity within the existing facility permitted limits, while complying with international safety 
standards. This evaluation resulted in the recommendation for stacking filtered tailings over the 
previously deposited slurry tailings as a technically and financially viable solution to increase 
storage, and defer the permitting and construction of a new facility. Identified stability and liq-
uefaction risks required mitigating measures such as the need for dewatering previously placed 
slurried tailings, annual characterization of tailings strength and pore pressure conditions, as-
sessments of bearing capacity, and the development of a flexible staking plan for the filtered 
tailings that provided enough time for the slurried tailings to dewater and consolidate. Given 
the cyanide leaching processing method used, an added value from the dewatering system, be-
sides lowering pore pressures, was the ability to reprocess tailings pore water and recover silver 
from the solution. The dewatering system, composed of extraction wells has recovered approx-
imately 170,000 silver ounces to date, which has generated value for the client of approximate-
ly ten times the cost of the solution recovery infrastructure. Some of the benefits from the tran-
sition from a slurried to a filtered TSF included: a) increase in storage capacity by dry stacking 
filtered tailings over consolidated slurried tailings; b) increase in metals recovery by repro-
cessing the tailings pore water; c) mitigation of geotechnical stability risks by dewatering slurry 
tailings and switching to unsaturated filtered tailings technology; and d) mitigation of environ-
mental risks by reducing tailings water as a source of cyanide and heavy metals, and a net re-
duction in process make-up water demand.  
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lined, cross valley, slurried TSF, built on old deposits of unsaturated cycloned tailings and allu-
vial deposits that had a starter dike composed of cycloned sand and coarse borrow material.  
 

In 2009, EDR requested an evaluation of tailings storage alternatives to increase storage ca-
pacity within the existing facility permitted limits while complying with international safety 
standards. This evaluation resulted in the recommendation for stacking filtered tailings over de-
posited slurry tailings as an economic solution to maximize storage, reduce make-up process 
water demand, and defer the construction of a new TSF outside of the permitted surface limits. 
However, technical challenges for its implementation included stability and liquefaction risks, 
which would require mitigating measures such as dewatering of previously placed slurried tail-
ings, which are contained above a geomembrane lined slurry TSF, regular (bi-annual) character-
ization of tailings strength and pore pressure conditions, assessments of bearing capacity, and 
the development of a flexible stacking plan for the filtered tailings that provided enough time 
for the slurried tailings to dewater and consolidate.  

 
There are relatively few facilities that have been transformed from slurried, saturated tailings 

impoundments to filtered tailings dry stack storage facilities. Veillete et al. (2009) discussed the 
conversion of an upstream tailings dam into a filtered tailings facility also in Durango, Mexico, 
where filtered tailings were used to build phased stabilization berms to mitigate the existing 
slurried tailings dam stability issues. Finger and chimney drains were proposed as part of the 
design of the stabilizing berms. However, the original slurried tailings impoundment, unlike the 
Guanacevi TSF, was not geomembrane lined and had a decant system that allowed drainage of 
the saturated tailings. Additionally, in that case study, there was enough available land down-
stream so the filtered tailings could be placed and stacked as buttress material to the existing 
conventional tailings dam without a need to immediately load the slurried tailings. Meyer and 
Williams (2014) discussed the successful stacking of dewatered tailings on a lined conventional 
slurry impoundment for a mine in Arizona, USA with a production rate of 500 tpd, which had 
been under care and maintenance for about 10 years allowing tailings desiccation, self-weight 
consolidation and drainage during that period. Lupo and Mussée (2014) discussed the original 
subsurface conditions, tailings characterization work, and the general conversion design ap-
proach adopted for the Guanacevi TSF. However, due to requirement to load the slurried tail-
ings shortly after the general conversion design concept had been crafted, the designers relied 
predominantly on an observational approach to determine the feasibility of the conversion. 
Most of the literature on tailings placement over slurry deposits addresses deposition of thick-
ened tailings on conventional slurry impoundments rather than filtered drystack tailings. The 
geotechnical challenges derived from the loading of slurry impoundments either by thickened or 
filtered tailings are similar. However, filtered tailings placement tends to require conveyors, 
trucks and personnel that have to operate on top of and load the weak tailings deposits as they 
are being covered. These requirements pose additional risks and challenges that need to be 
properly addressed.  

 
This paper builds upon information previously published, in reference to the Guanacevi 

mine, by Lupo and Mussée (2014) and discusses the original conditions of the Guanacevi slur-
ried TSF, the projected conditions as the facility is loaded with the filtered tailings dry stack, 
the implementation of mitigating measures to address stability and liquefaction issues as the fa-
cility expands, the filtered TSF design and proposed stacking plan, and the benefits associated 
with the conversion of the slurried to filtered tailings facility. 

2 ORIGINAL CONDITIONS OF THE SLURRIED TSF 

2.1 Slurried TSF Configuration 
Anecdotal information about the Guanacevi TSF and geotechnical site investigations indicate, 
like many historical or legacy mines in the Americas, that it originally consisted of an upstream 
tailings impoundment that would not store significant amounts of water due to its relatively 
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small size, minimal process rates, climatic conditions, and the need to reuse process water. In 
the  early  2000’s,  when  formal  management  of  the  TSF was implemented and the mineral pro-
cessing changed from flotation to cyanide leaching, it was decided to line the TSF with a high 
density polyethylene (HDPE) geomembrane on top of the historical tailings deposits that at the 
time filled the valley to a thickness of approximately 10 m. A starter buttress was constructed 
from coarse aggregate borrow material and subsequent upstream dam raises were built with a 
combination of cycloned tailings as well as borrow material. 
 

This initial lined slurried facility occupied the southeastern portion of the valley and was des-
ignated  as  the  “Presa  Vieja”  or  old  dam.  The  slurried  TSF was eventually expanded to cover the 
north and western portions of the valley and this impoundment was designated  as  “Presa  Nue-
va”  or  new  dam.  Details  regarding  the  slurried  and  filtered  tailings  properties as well as filtra-
tion tests can be found in Lupo and Mussée (2014). Figure 1 shows the approximate outline of 
the  former  “old”  and  “new”  slurried  tailings  deposits  as  of  2010.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1.  Approximate  footprint  of  the  old  “Presa  Vieja”  and  new  “Presa  Nueva”  tailings  dam  that  com-
pose the Guanacevi TSF. 
 
The  “old”  (Presa  Vieja)  slurried  tailings  deposit  had  a  thickness  of  about  18  m,  whereas  the  

“new”  (Nueva)  deposit  was  about  30  m  deep.  Due  to  the  irregular  foundation  conditions,  which  
consisted of old cycloned tailings and native alluvial deposits, the construction of additional 
buttressing material was recommended on the northern and deepest portion of the impound-
ment, as well as the addition of a retaining wall at the downstream toe to provide both addition-
al support and prevent the buttress from encroaching into the river flow path downstream of the 
facility. Figure 2 shows a photo of the lined slurried TSF from the eastern portion of the facility 
(looking west) prior to the conversion to a filtered drystack facility. Figure 3 shows a cross sec-
tion (Section A) through the northern most portion of the facility, which displays the main ma-
terial types and structures that composed the original slurried TSF. 
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Figure 2. View from the northeastern portion of the Guanacevi TSF (looking west) prior to the conversion. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Cross section of the northern most portion of the Guanacevi TSF.  

2.2 TSF Materials Characterization 
The cross section shown in Figure 3 was modeled using the material properties shown in Table 
1. Material properties were estimated based upon laboratory and field testing, as well as general 
experience in similar projects. Laboratory and field testing included: index, triaxial and direct 
shear tests, flexible wall permeameter tests, consolidation tests, in situ CPTu, SPT, and pump-
ing tests from subsurface site investigations. 
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Table 1. Assumed Material Properties used for stability analyses. 

2.3 Stability Criteria 
Table  2  summarizes  the criteria  assumed  for  the stability  evaluation of  the Presa  Nueva /  
Vieja TSF. Federal regulations covering mine tailings facilities in the Republic of Mexico do 
not stipulate construction standards or specify minimum factors of safety for stability of tailings 
structures, other than stability analyses must be done to account for static and dynamic condi-
tions (Semarnat, 2003).  In the absence of in-country Mexico quantified guidelines for tailings 
dam stability, and given that the client, Endeavour Silver Corp, is a Canadian corporation, the 
recommended minimum factors of safety were adopted from the Canadian Dam Association 
Guidelines (CDA, 2007-revised 2013).  
 

 
 
 
 
 
 
 

Material 

Shear Strength Average 
Unit Weight  

 
(kN/m3) 

Vertical  
Hydraulic 

Conductivity 
(m/s) 

Horizontal to 
Vertical Hy-
draulic Con-

ductivity Ratio 

Effective  
Friction Angle 

(degrees) 

Effective 
Cohesion 

(kPa) 
Bedrock 40 5 19.5 1x10-9 1 

 
Rockfill  
Buttress 

36 0 19.5 1x10-7 1 

Existing Fill 32 1 15.5 1x10-7 1 

Cycloned 
Tailings 34 0 18 1x10-8 1 

Unconsolidated 
 Tailings Su/p’=  0.15  to  0.20 15.3 1x10-8 1 

Semi- 
Consolidated 
Tailings 
 

Su/p’=  0.30 18 1x10-7 1 

Dry Stack  
Filtered  
Tailings 
 

34 0 18 1x10-8 1 

HDPE Liner 
 Interface 14 0 15.5 1x10-13 1 

Drain Material 34 0 20 1x10-2 1 

Concrete  = 20,000 kPa 20 1x10-12 1 

Old Tailings 34 1 18.5 1x10-8 1 

Native Soils 28 5 17.5 1x10-7 1 

Starter Dam 32 5 17.5 1x10-8 1 
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Table 2. Presa Nueva / Vieja Stability Design Basis 

Design Concept Design Basis 
Dry Stack Slope Face of each Raise (Upstream and 
Downstream) 

2H : 1V 

Estimated Peak Ground Acceleration  (PGA) 0.08g (AMEC, 2013)* 
Slope stability analysis method Limit equilibrium using Spencer’s (1967) method 
Seismic coefficient for pseudo-static analysis kh = 80%PGA = 0.065g 
Minimum Safety Factor, static long-term (i.e.,  
post operation) condition 

1.5 

Minimum Safety Factor, static short-term (i.e.,  
operation) condition 

1.3** 

Minimum Safety Factor, pseudo-static loading  
condition 

1.0 

*Based on a site-specific seismic hazard assessment 
**The minimum factor of safety for operation is being reconsidered based on clarifications and recom-
mended guidelines from the Mining Dams Committee of the Canadian Dam Association (CDA, 2015). 

2.4 Stability Conditions of the Slurried TSF and Conversion Design Concept 
The stability condition of the slurried TSF in its original form, and prior to the proposed filtered 
tailings dry stack loading, is shown in Figure 4. This section, located at the northern portion of 
the TSF, represented the most critical stability section of the impoundment under operating 
conditions, where the estimated factors of safety (FS) for static and pseudo-static conditions 
were 1.36 and 1.04, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Critical section through the northern portion of the Guanacevi TSF showing initial 
stability conditions prior to conversion. 

 
Conceptually, the original condition of the slurried TSF allowed a maximum placement of 

just a few meters of filtered tailings before the FS dropped below the minimum design criteria 
or potentially triggered instability of the facility due to static liquefaction. Further analyses in-
dicated that piezometric pressure conditions of the slurried tailings had to be lowered consist-
ently as the dry stack was being raised until they could be depressed from 2076 masl to a mini-
mum piezometric level of about 2065 masl prior to reaching the proposed maximum dry stack 
elevation of 2105 masl (Figure 5).  
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Figure 5. Static stability conditions for the ultimate TSF configuration, when depressing the piezometric 
head to 2065 masl. 

 
Additionally, the underlying slurried tailings undrained shear strength characteristics as de-

fined  by  the  undrained  strength  ratio  (Su/p’)  would  need  to  increase  from  0.15  at  the  beginning  
of filtered tailings placement to at least 0.30 at the time of reaching the ultimate dry stack eleva-
tion. The anticipated piezometric surface and required minimum undrained strength ratios for 
different filtered stacking elevations or loading conditions are presented in Table 3. 
 
Table 3. Piezometric and strength properties required for filtered tailings stacking over slurried tailings 
deposits 

Case Scenario 

Approximate Pie-
zometric Head  

Elevation (masl) 

Factor of Safety (FS) for 
Critical Section 

Slurried Tail-
ings Strength 

Ratio Static Pseudo-Static 
Original Slurried TSF 
Elev. 2077 2076 1.36 1.04 0.15 

Dry Stack Raise to Elev. 
2082 2070 1.43 1.07 0.18 

Dry Stack Raise to Elev. 
2087 2065 1.44 1.10 0.20 

Dry Stack Raise to Elev. 
2098 2065 1.45 1.14 0.25 

Dry Stack Raise to Elev. 
2105 2065 1.43 1.15 0.28 

 
Given the importance of drainage for this conversion, various passive and active dewatering 

options were considered to drop the tailings pore water pressure conditions and allow for the 
loading of the slurried tailings deposits. The passive options included vertical wick drains and 
horizontal drains. Active options included the removal or dredging of the slurried tailings, and 
the construction of an extraction pumping well network. Passive options did not require an ac-
tive pumping system and associated larger investment, however it was estimated that the drains 
would need to be installed too close together to provide enough drainage, based upon prior ap-
plications in slurry tailings dewatering trial installations, and that this could still not be ade-
quate to allow for the placement of filtered tailings within the necessary stacking schedule. Due 
to the need to load the existing slurried tailings as soon as feasible, the decision favored the in-
stallation of a network of extraction wells early in the filtered tailings placement phase as soon 
as a thin cap of drain material or filtered tailings would facilitate equipment access. 
 

Once the feasibility of the conversion was determined, a practical conversion design ap-
proach was adopted as reported by Lupo and Mussée (2014). This approach consisted of: a) the 
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construction of a test fill to assess the in situ loading and performance of the filtered fill over 
slurried tailings; b) construction of a lined pond to manage the process water and promote the 
desiccation of the slurried tailings; c) moving active tailings deposition spigots away from the 
beach to push the reclaim pool toward the lined pond; d) installing dewatering wells; and e) de-
veloping a stacking plan that could adjust to the observed performance of the facility. After the 
successful implementation of the test fill and the first phases of the conversion, and review of 
regular in situ geotechnical site characterizations as well as monitoring data, it was recognized 
that at the ongoing rate of filtered tailings placement, the slurried tailings would require the in-
stallation of additional extraction wells to achieve the projected strength ratios and to mitigate 
static and dynamic liquefaction potential. 

 
Since trial in situ pumping tests and chemical analyses indicated that the collected leaching 

solution had enough silver content to make reprocessing of the pore water economically attrac-
tive, it was determined that this economic value would cover the CAPEX and OPEX costs of 
the extraction wells network, while increasing the net operating revenue at the mine well be-
yond these costs. Figure 6 shows the basic extraction well design. Each well has been equipped 
with a submersible pump ½ horsepower connected to a network of solution piping and recov-
ered solution storage containers. To date, about 100 extraction wells have been installed and 
75,000 m3 of process solution (and thus pore water) have been pumped from the slurried tail-
ings and sent to the process plant for silver recovery. Figure 7 shows the location of the existing 
network of extraction wells and the current stacking plan. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Extraction well design for removal of pore water in slurried tailings deposited below the filtered 
drystack 
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Figure 7. Location of the existing network of extraction wells and the current stacking plan configuration 
avoiding the area where underlying weak slurried tailings persist. 

 
During the initial conversion of the facility, an observational approach was implemented with 

the filtered tailings placed by end dumping using haul trucks.   When a mud wave was noted in 
an area, placement would shift to a different section to allow pore pressures to dissipate and 
mitigate the risks to machine and truck operators working in the area. Additionally, filtered tail-
ings stacking would take place in an advancing arc across the impoundment to enhance con-
finement of the in-place slurried tailings and contain a potential local failure (Lupo and Mussé, 
2014). Figure 8 shows the placement of filtered tailings over slurried tailings along with the set-
tlement and mud wave that developed in some areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Filtered tailings drystack construction over previously deposited slurried tailings. 
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Despite the installation of the extraction network and significant progress in terms of the water 
removed and strength gained, there are pockets of underlying slurried tailings, where water has 
been removed at a much smaller rate and the materials are consolidating much slower than in 
other areas. Frequent in situ site characterization and a flexible filtered tailings stacking plan 
help to address these observed conditions. As seen in Figure 7, the stacking currently is avoid-
ing an area in the northeastern portion of the TSF, where some weak tailings persist until 
enough strength gain is achieved for the safe placement of fill. 

3 BENEFITS OF THE CONVERSION FROM SLURRIED TO A DRY STACK TSF 

The technical feasibility of conversion from a slurried to a filtered TSF depends on the initial 
pore water conditions of the previously deposited slurried tailings, their drainage properties, the 
speed at which the tailings can to be loaded, the geographical, climatological and seismic condi-
tions of the site, and potentially other site-specific conditions. Once these challenges have been 
addressed and the conversion is deemed feasible, multiple benefits may result from the future 
use of the TSF.   Some of the benefits from the transition from a slurried to a filtered TSF at the 
Guanacevi mine are listed in this section. 

3.1 Increase in Storage Capacity 
The slurried TSF in its original upstream design concept was becoming increasingly inefficient 
as the geometry of the impounding basin was steepening and required more frequent upstream 
dam raises and substantial stabilizing buttresses to keep stability within acceptable levels. Addi-
tionally, land downstream of the existing facility was not available to continue expanding the 
facility and building the necessary stabilizing structures. This condition would have required 
the mine operator to design and permit a new TSF at another more distant location with its as-
sociated increase in construction and transport costs. The ability to stack filtered tailings at 
steeper angles on top of the already permitted facility allowed the extension of the original TSF 
storage life and reduced the costs for the TSF expansion by not increasing the TSF footprint and 
by using most of the infrastructure already in place. It is estimated that the conversion from a 
slurried to a filtered tailings facility has resulted in approximately 30 to 50% increase in storage 
capacity within the historic storage footprint versus the original upstream dam raise design. 

3.2 Increase in Metals Recovery 
As mentioned earlier, the feasible placement of filtered tailings over slurried tailings at the rate 
that was required by the mine production and available impoundment area resulted in the need 
to dewater the slurried tailings using vertical extraction wells.  Given the cyanide leaching pro-
cessing method of the former slurried tailings, an added value from the dewatering system, be-
sides lowering pore pressures, was the ability to reprocess tailings pore water and recover silver 
from the solution. Independent of mill capacity, the ability to reprocess tailings pore water has 
thus far increased silver production approximately an additional 170,000 ounces, which typical-
ly covers for the materials, equipment and installation of extraction wells in less than a couple 
of months of tailings pore water pumping.  

3.3 Mitigation of Geotechnical Stability Risks 

Geotechnical issues, associated with the conversion from a slurried to a filtered TSF, have been 
mitigated at the Guanacevi mine by implementing a network of tailings pore water extraction 
wells. The well network has been combined with a flexible filtered tailings stacking plan that 
can be adjusted based on the progress made by dewatering and inducing consolidation of the 
underlying slurried tailings deposits. This has required frequent, semi-annual, in situ site char-
acterization of the slurried tailings to evaluate the progression of the slurried tailings strength 
and pore water conditions. Where the underlying slurried tailings properties have allowed fil-
tered tailings stacking, the facility has already become in essence a tailings dry stack with un-
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saturated strength properties allowing the construction of steeper fill benches, which maximize 
storage capacity and progressive reclamation implementation.  

3.4 Mitigation of Environmental Risks 
Despite the previous phase slurried tailings being lined and having contact water management 
systems in place, there are environmental risks associated with the storage of cyanide solution 
rich in heavy metals and other constituents. An environmental benefit, from the operation of the 
extraction wells removing pore water from the former slurried tailings impoundment, was the 
reduction of tailings water as a source of cyanide and heavy metals in solution. Additionally, 
the dry stack design has significantly facilitated the progressive reclamation of the tailings facil-
ity and it is anticipated that it will significantly simplify its eventual closure. Figure 9 shows the 
view of the eastern portion of the TSF (looking west) in its current configuration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Current configuration of the converted filtered TSF at the Guanacevi mine. 

4 CONCLUSIONS 

There are geotechnical benefits associated with handling filtered tailings compared to slurried 
tailings since slurried tailings deposits are much weaker than unsaturated, compacted, filtered 
tailings. However, the conversion of a slurried to a filtered TSF typically will pose a range of 
technical issues, including: the initial pore water conditions of the previously deposited slurried 
tailings, their drainage properties, the speed at which the tailings need to be loaded, and the ge-
ographical, climatological and seismic conditions of the site. The case presented in this paper 
provided particularly unique conditions in that the prior phase of the facility was lined and had 
to be converted and loaded almost immediately as there was no land available downstream for 
additional expansion or the construction of stabilizing structures. These challenges were ad-
dressed firstly by properly characterizing the original geotechnical conditions of the Guanacevi 
slurried TSF, and by implementing risk mitigating measures to address stability and liquefac-
tion issues. In this case, given that the slurried tailings were produced using a cyanide leaching 
process, extraction wells resulted in a cost-effective solution to reduce tailings pore water pres-
sures, induce consolidation, gain strength, and produce an additional 170,000 ounces of silver.  
 

Filtered tailings are not a panacea for mine waste management. Each project needs to assess 
the potential applicability for filtered tailings based upon technical, economical and regulatory 
constraints (Davies et al., 2011). Besides technical challenges, the proposed solution presented 
in this paper required the education, understanding and commitment from the mine personnel at 
various levels from operations and construction to be able to implement a dry stack construction 
plan that was not prescriptive, but dependent on the evolution of site conditions and the level of 
dewatering achieved. This level of interaction is key in the successful conversion of a slurried 
to filtered tailings facility as well as a conventional one. 
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1 INTRODUCTION 

Creation of streams on disturbed lands is difficult. The common methods utilized for stream 
restoration (e.g. natural channel design) are used to restore existing streams rather to create new 
channels (USEPA 2011). Therefore, filled channels are mitigated nearby, or degraded streams 
in the watershed are restored. An alternative reclamation method, geomorphic landform design, 
may allow the creation of streams on site, replacing the buried channels.    

The geomorphic approach attempts to approximate the long-term, steady state landform con-
dition, leading to reduced erosional adjustment as compared to standard engineered designs 
(Toy and Chuse 2005). This technique has been utilized for reclamation in Spain, Australia, 
Canada and the USA (mainly semi-arid regions).  However, a full-scale geomorphic landform 
design has not yet been implemented within the Appalachian region and thus West Virginia. 

Through this work, we demonstrate the use of geomorphic landform design as applied to a 
coarse coal refuse site in West Virginia. The intent is to alter the hydrology at the site to reduce 
the capacity of treatment at the current treatment ponds.  This location provides a unique oppor-
tunity to test this reclamation technique as a tool to help improve water quality. If proven suc-
cessful, the technique can be part of a cost-effective solution to improve water quality at aban-
doned mine lands, bond forfeiture sites, coal refuse sites, and landfills in the region. 

Applying Landforming to Mine Reclamation: A Case Study in 
Central Appalachia 

J. Lorimer, J. D. Quaranta, & L. C. Hopkinson
West Virginia University, West Virginia, USA 

ABSTRACT: This work describes a case study where landforming techniques are being applied 
to a coarse coal refuse pile in West Virginia.  The reclamation design includes four geomorphic 
watersheds that radially drain the pile. Each watershed has one central draining channel and 
compound slope profiles. The watersheds are connected by conventional bench slopes that also 
have surface drains. The intent is to reduce infiltration rates which will decrease water quality 
treatment costs at the site.  Cut and fill volumes are comparable to those of more conventional 
designs, and all slopes are at 2:1 (H:V) or less. If proven successful, the technique can be part 
of a cost-effective solution to improve water quality at active and future refuse facilities, aban-
doned mine lands, bond forfeiture sites, landfills, and major earthmoving activities within the 
region.  
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2 METHODS 

2.1 Site description
Geomorphic design principles are being applied to a coal refuse pile in West Virginia (Figure 
1). The field site (0.4 ha) is a bond forfeiture site.  The current condition of the site is exposed 
refuse with no vegetation cover.  Locations of rill and gully erosion are evident. Most of the 
precipitation at the site infiltrates, exits the piles in a series of seeps, and is eventually treated at 
a series of water treatment ponds.  The main goal of this work is to minimize the amount of wa-
ter treatment needed on site.  

Figure 1. Coarse coal refuse pile, location of demonstration site 

2.2 Landforming methods
Carlson Natural Regrade with GeoFluvTM was used to create a geomorphic reclamation design 
using geomorphic principles. The design followed the procedure reported by Sears et al. (2014). 
A series of geomorphic watersheds were connected with 2H:1V or less benched slopes, typical 
of conventional designs. The watersheds each had a center draining channel with compound 
slopes. Drainage features were included on the conventional slopes. All slopes were 2:1 or less 
and cut and fill was balanced. A soil amendment, MGroTM, was included to aide in vegetation 
germination and persistence. 

2.3 Site hydrology and channel design
Site hydrology was designed to manage the 100-yr, 24-hr storm. The Simons/OSM (1982) 
method was primarily used to design the channels and ditches within the design area. This 
method was used because most of the channels have slopes in excess of 10% and are considered 
steep.   
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3 RESULTS AND DISCUSSION 

3.1 Geomorphic landform 
The design is radially draining with four geomorphic watersheds (i.e. GLD A, B, C and D, Fig-
ure 2). As stated, the geomorphic watersheds connected by benched slopes with slopes ranging 
from 2.5:1 to 2:1. The landform will be covered with 30.5 cm of MGroTM combined with the re-
fuse at a ratio of 60% refuse to 40% MGroTM. MGroTM is a soil amendment to help with grass 
seed germination and persistence.  

All slopes meet the design criteria of 2:1 or less. Benched 2:1 slopes connect GLD C to GLD 
D; the steep connection was required to efficiently balance the cut and fill. Within the geo-
morphic landforms, the steep slopes are located in the headwater area of the watersheds, similar 
to what would be found in natural topography (Figure 3). 

 

 
Figure 2. Final site design 
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Figure 3. Slope distribution 
 

3.2 Channels 
Center draining, rip-rap lined channels were designed within each geomorphic watershed: GLD 
A, GLD B, GLD C, and GLD D. Rip-rap lining was required due to the steep slopes. Surface 
drains were incorporated into the benched slopes (Ditch F, Ditch G, and Ditch H). All surface 
channels and drains discharge into perimeter channels (Perimeter Ditch West and Perimeter 
Ditch East) that flow into a pond designed to capture the 100-yr, 24-hr storm. When practical, 
vegetated channels are included as the perimeter ditches. Basic channel design properties are 
presented in Table 1. 
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Table 1. Channel characteristics 

Channel Type Depth (with F.B.)** Bottom Width Side Slope D50 of 
Riprap 

  (m) (m) (_H:1V) (cm) 

GLD A Rip rap 0.18-0.24 0.91-1.83 2 22.7-30.5 
GLD B Vegetated 0.58-0.70 0.61-0.84 2 - 
GLD B Rip rap 0.21-0.27 0.69-1.14 2 22.7 
GLD C Rip rap 0.18-0.24 0.15-1.82 2 22.7-30.5 
GLD D Rip rap 0.18-0.24 0.61-1.60 2 30.5 
P. Ditch West Vegetated 0.73-0.76 3.66-6.71 2 - 
P. Ditch West Rip rap 0.37 1.83 2 22.7 
P. Ditch East Rip rap 0.41-0.55 2.13-2.44 2 22.7-30.5 
Ditch F Rip rap 0.34 1.22 2 45.7 
Ditch G Rip rap 0.34 0.61 2 45.7 
Ditch H Rip rap 0.34 1.07 2 38.1 

*P. Ditch=perimeter ditch 
**F.B.=free board 

 

4 CONCLUSIONS 

This work details the first application of geomorphic landform design in Central Appalachia.  A 
design was presented for a coarse coal refuse site in need of reclamation. Landforming was 
used with the intent to alter the hydrology to reduce the amount of infiltration into the pile. Both 
the topography and channels incorporated in the design are used to quickly move storm flow off 
of the site.  If proven successful, the technique can be part of a cost-effective solution to im-
prove water quality at active and future refuse facilities, abandoned mine lands, bond forfeiture 
sites, landfills, and major earthmoving activities within the region.  
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1 INTRODUCTION AND BACKGROUND 

The Royal Scot coal refuse disposal site is located in Greenbrier County, West Virginia, USA. 
Figure 1 shows the location of the site and other coal refuse disposal sites in West Virginia. 
 

 
Figure 1: Location of Royal Scot field site  

Finite Element Modeling of Cover System Including Paper Mill 
Residuals on Geomorphic and Conventional Slope Profiles 
 

Jeffrey Stevens, John Quaranta, and Leslie Hopkinson 
WVU Department of Civil and Environmental Engineering, Morgantown, WV, USA 

ABSTRACT: The Royal Scot coal refuse disposal site in Greenbrier County, West Virginia, USA 
presents numerous problems including geotechnical instability and acid-mine drainage. A 
reclamation plan incorporating geomorphic landform design and a multi-layer cap and cover 
system has been devised. Finite Element computer models were constructed for representative 
geomorphic and conventional slopes to evaluate seepage performance and stability as guidance 
for design recommendations. Slopes were evaluated under both average climatic conditions and 
after a 100-year, 24-hour design storm. Results indicated a recommended cap and cover design 
with a 0.3 m growth layer of blended coal refuse and paper mill residuals and a compacted coal 
refuse hydraulic barrier. The barrier thickness will be 0.6 m for geomorphic slopes and 0.3 m for 
conventional slopes. Infiltration is reduced to 44% on the geomorphic slope and 55% on the 
conventional slope. A geotechnical factor of safety of 1.5 was maintained for the design. 
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Over 0.18 km2 (45 acres) of land at the site is covered by coarse coal refuse and little to no 

reclamation has been undertaken. In its un-reclaimed state, the Royal Scot site poses several 
environmental problems as evidenced by: 

 
1. Geotechnical and erosive instability: Slope mass wasting evidenced by formation of rills 

and gullies and large amounts of sediment transport from existing coarse coal refuse 
2. Acid mine drainage: Infiltration from precipitation is exposed to acid-forming materials 

in the coal refuse leading to a discharge of water with a low pH 
 
The West Virginia Department of Environmental Protection (DEP) maintains a water treatment 

system at Royal Scot to prevent major reduction in water quality in streams nearby due to acid-
mine drainage from the site.  In 2001, the material costs for water treatment exceeded $220,000 
(Ward, 2001) and the total annual treatment costs have been estimated to exceed $1 million (Parks, 
2016). 

Due to the environmental problems and annual cost of water treatment at the Royal Scot coal 
refuse site, the West Virginia DEP approached the West Virginia University (WVU) Department 
of Civil and Environmental Engineering to explore incorporating principles of geomorphic 
landform design (GLD) in the reclamation of the site. This reclamation technique proposes 
construction of engineered landforms that replicate mature natural landforms which have reached 
equilibrium. GLD reduces natural geomorphic processes, such as erosion and mass wasting, 
which can significantly affect engineered landforms (Toy and Chuse, 2005). Research by WVU 
has indicated that GLD has the potential to provide benefits such as increased geotechnical slope 
stability, decreased erosion, and improved management of water and groundwater when compared 
to   conventional   engineered   landforms.   However,   challenges   due   to   Appalachia’s   steep  
topography have led to the technique not being implemented yet in the region (Michael et al., 
2010; Sears et al., 2013; Russell et al., 2014; Sears et al., 2014; DePriest et al., 2015). 

Implementation of geomorphic landform design at the Royal Scot site presented several unique 
challenges. First, the site is located along a ridgetop at an elevation over 1130 m (3700 feet) rather 
than within a valley as is common in Appalachia. Additionally, minimizing infiltration into the 
acid-generating coarse coal refuse fill placed an emphasis on design of a cap and cover system 
which would maximize run-off and allow water to quickly flow to the channels created in the 
geomorphic reclamation plan. 

2 RESEARCH OBJECTIVES 

 
The purpose of this research was to develop and analyze alternative cap and cover designs for 

placement on the Royal Scot geomorphic reclamation plan. Computer models using the Finite 
Element method were developed to evaluate the performance of the cover system on both 
geomorphic and conventional slopes of the reclamation plan. Objectives of the research included: 

 Compare the performance of the cover system design on geomorphic and conventional 
slopes 

 Compare the cover system performance for both long-term climatic average conditions 
and a rapid precipitation event (100-year, 24-hour design storm) 

 Identify and investigate factors that affect the performance of the cover system 
 Provide design recommendations for the cover system for both the geomorphic and 

conventionally-designed slopes on the Royal Scot site. 

3 GEOTECHNICAL MATERIAL PROPERTIES 

Three materials were proposed for use in the cap and cover system to be used at the Royal Scot 
site.  

 
1. The coarse coal refuse (CCR) found at the Royal Scot site 
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2. Short  paper  fiber  produced  by  WestRock’s  Covington  paper  mill  (marketed  as  MGro™) 
3. A  60%  CCR/  40%  MGro™  volumetric  blend 

 
Geotechnical testing, which was completed in the WVU geotechnical soils laboratory, 

indicated that the coarse coal refuse was strong, with a high internal angle of friction, and capable 
of achieving low hydraulic conductivities when compacted to at least standard Proctor energy. It 
could serve as a suitable base and hydraulic barrier for the cap and cover system. Combining the 
coal  refuse  with  the  MGro™  short  paper  fiber  in  a  60%  CCR/  40%  paper  fiber  volumetric  ratio  
produced a material with favorable characteristics for plant growth, acid-neutralization potential 
and suitable strength (internal angle of friction of approximately 30°). This material was 
determined to have beneficial characteristics for the growth layer of a cap and cover system. 

The geotechnical properties needed for stability modeling were collected from laboratory 
testing.  Several of the laboratory testing averages for strength testing fell outside of literature 
norms and adjustments were applied to account for uncertainty and place the tested values within 
boundaries established by literature. Table 1 gives a summary of laboratory testing results and the 
adjusted values for slope stability models. 
 

Table 1. Summary of strength-related geotechnical properties for modeling (Stevens, 2016) 

Material 

Moist Unit Weight 
 
 

Lab average 
(adjusted value) 

Internal Angle of 
Friction 

 
Lab average 

(adjusted value) 

Cohesion (kPa) 
 
 

Lab average 
(adjusted value) 

 kN/m3 degrees kPa 
Loose CCR (~11% 

Proctor, 67.85 KJ/m3) 
 

17.16 
(18.02) 

43.83 
(40.54) 

14.46 
(2.00) 

Compacted CCR 
(std. proctor) 

 

18.80 
(19.74) 

41.40 
(38.30) 

25.60 
(2.00) 

60% CCR/ 40% 
MGro™  blend 

12.72 
(13.36) 

31.98 
(27.90) 

1.92 
(1.00) 

 

Adjustment One standard 
deviation above mean 

One standard 
deviation below mean 

Lowest values 
literature established 

range 
 
 
Laboratory testing also gave a basis for hydraulic properties for the materials used in the Royal 

Scot reclamation. Table 2 gives a summary of hydraulic conductivity properties derived from the 
laboratory testing and applied to the modeling. 

 
 
Table 2. Summary of hydraulic properties used in modeling (Stevens, 2016) 
Material Hydraulic Conductivity (cm/s) Porosity 

Loose CCR (~11% Proctor) 4 x 10-4 0.45 
Compacted CCR (std. proctor) 2 x 10-5 0.27 
60%  CCR/  40%  MGro™  blend 1 x 10-3 0.52 

 
 
The hydraulic conductivity used for the compacted coarse coal refuse in the modeling of 2x10-

5 cm/s was raised two orders of magnitude laboratory average value of 2x10-7 cm/s. This 
adjustment was made due to differences between the laboratory tested gradation and the actual 
filed grain size distribution. All particles larger than 4.76 mm were removed from laboratory 
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samples and field grain size distribution had particles larger than 50 mm (2 inches). A higher 
number of larger-sized particles would be expected to lead to a higher hydraulic conductivity. 

4 MODEL SET-UP 

A regrading plan for the Royal Scot site was developed by Lorimer (2016). The primary 
objective of this design was to capture precipitation falling on to the site, and quickly route it off 
of the coal refuse fill slope faces into stream channels and ditches. The design regrades the site 
and creates four geomorphic steam channels interconnected by conventional bench-slopes. Each 
of the geomorphic channels and ditches drain into one of two perimeter channels, then discharge 
into an interception pond, which serves as a potential treatment location should surface water 
quality remediation be required. All slopes on the reclamation plan were kept below a 2H: 1V 
ratio (26.6°) for stability purposes.  Many of the slopes, especially in areas where geomorphic 
landform design was applied are significantly less than 2H: 1V.  

The cap and cover system was to be applied to the entire affected area of the reclamation plan 
(0.18 km2). The objective of the two-layer system is to decrease infiltration and facilitate growth 
of vegetation. The top layer of the system is a growth layer composed of the 60% coal refuse/ 
40% short paper fiber volumetric blend and the bottom layer is a hydraulic barrier constructed 
from compacted coarse coal refuse. Due to a combination of material limitations for acquiring the 
MGro™  paper  fiber  and  minimum  depth  for  plant  growth,  the  thickness  of  the  growth layer was 
set to 0.305 m (12 inches). The thickness of the hydraulic barrier was set to between 0-0.914 m 
(0-3 feet) with the final recommended thickness to be set by computer modeling. A cross-section 
of the proposed cover system is shown in Figure 2. 

 

 
Figure 2: Cap and Cover System 
 
Two slopes within the Royal Scot reclamation plan were selected for modeling. One slope was 

selected as a representative of geomorphic surfaces in the area and the other was selected to 
represent the  conventional  ‘bench-slope’  surfaces  in  the  design.  The  locations  of  the  selected  slope  
cross-sections in the design are shown in Figure 3. 
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Figure 3. Location of modeled slope cross-sections (adapted from Lorimer, 2016) 
 
Numerical   computer  modeling   for   the   slopes  was   completed   in   the   SoilVision   Systems  ™  

modeling suite (SVOffice), a program based on the Finite Element Method (FEM). The program 
allowed for construction of conceptual slopes whose geometry, properties, and other features 
could  be  easily  altered  for  analysis.  The  SVSlope®  and  SVFlux  ™  modules  of  SVOffice  were  
used to complete the slope stability and seepage modeling, respectively. The results from the 
SVFlux  ™  seepage  model  could  be  coupled  to  the  SVSlope®  stability model so that the impacts 
of groundwater seepage and pore pressure could be accounted for in geotechnical stability 
analysis.  

Two distinct boundary conditions for climatic inputs were used for the models. The first 
boundary conditions simulated a 4-year period where climate inputs for precipitation and 
evaporation were averaged on a monthly basis. These models served as the base analysis for 
analyzing the performance of the cap and cover system. The second boundary conditions 
simulated a 100-year, 24-hour design storm (13.82 cm in 24 hour time period) applied to a 
partially  saturated  slope.  These  conditions  simulated  a  ‘worst-case’  scenario  for  the  performance  
and stability of the designs.  

For both of the slopes, four cover designs were modeled. These designs had a varying hydraulic 
barrier layer thickness (0, 0.3, 0.6, and 0.9 m) and constant growth layer thickness.  

5 COVER PERFORMANCE: GEOMORPHIC SLOPES 

The representative slope matching the geomorphic profile was selected in the western portion 
of the property (see Figure 3). The slope has a length of 106.7 m (350 feet) and an average slope 
of 25.7% (14.41 degrees). The steepest portion of the profile is sloped at 31.45% (17.46 degrees). 
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Cover systems were applied to the slope with hydraulic barrier layer thicknesses set at 0, 0.3, 
0.6,  and  0.9  m  and  both  boundary  conditions  were  applied.  SVFlux™  seepage  models  provided  
the total precipitation, runoff, evaporation, and infiltration. The percentage of total infiltration was 
calculated. Upon completion of the seepage modeling, the model was coupled to SVSlope® for 
slope stability modeling and the lowest factor of safety for each design was determined. The 
results for both the 4-year average models and 100-year design storm models are given in Table 
3. 

 
 
Table 3: Summary of modeling results for geomorphic slope 

Cover 
Thickness 

Volume of  
Precipitation 

Runoff + 
Evaporation Infiltration Infiltration Stability 

m (feet) m3 m3 m3  Lowest 
FOS 

4-year model 
0 594.03 309.12 330.63 56% 2.8 
1 593.78 309.10 319.83 54% 2.8 
2 594.17 309.22 271.55 46% 2.8 
3 594.10 308.93 276.77 47% 2.8 

100-year design storm models 
0 16.08 2.69 13.44 84% 2.8 
1 15.71 7.46 8.40 53% 1.8 
2 15.57 8.64 6.92 44% 1.7 
3 15.54 9.17 6.51 42% 1.6 

 
The addition of a hydraulic barrier leads to decrease in infiltration over the 4-year model results. 

The infiltration decreases 10% from 56% to 46% as the barrier is increased from 0 to 0.6 m. No 
further decrease was noted for increasing the barrier to 0.9 m. Each of the cover designs obtained 
a stability value over the minimum 1.5 factor of safety required by the West Virginia DEP. 

Infiltration is projected to be greatest at 60-70% in the winter and spring months when 
precipitation is at its highest and evaporation is lower. The lowest expected infiltration (less than 
25%) is in the late summer and early fall when precipitation is at its lowest and evaporation 
potential is high. Figure 4 shows the infiltration over time for the geomorphic slope. 
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Figure 4: Infiltration over time for 4-year model of geomorphic slope 
 
 The saturation of the hydraulic barrier correlates to the infiltration. Figure 5 shows a section 

of the slope in April (model time= 810 days). The barrier saturation is near its maximum at this 
time and as a result there is breakthrough of the layer as indicated by flowlines passing through. 
Figure 6 illustrates the same section of the slope in October (model time=990 days) when the 
saturation is the lowest. At this time, the flowlines pass through only the growth layer and no 
breakthrough of the barrier layer is indicated.  

 
 

 
Figure 5: Section of geomorphic slope at time=810 days (maximum saturation) 
 

Flowlines through hydraulic barrier 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

397



 
Figure 6. Section of geomorphic slope at time=990 days (minimum saturation) 
 
The addition of the cover system provides a significant reduction of infiltration for a 100-year, 

24-hour storm event. Increasing the cover thickness from 0 to 0.6 m decreases the infiltration by 
40% from 84% to 44%. There is a decreasing rate of return for infiltration reduction. Reduction 
is most significant for the increase from 0 to 0.3 m at 31% (84% to 53%). Increasing the barrier 
to 0.6 m offers an additional reduction of 9% and further increasing the barrier to 0.9 m only 
provides an additional reduction of 2%. 

 
A reduction in stability is observed as the barrier layer thickness is increased. The geotechnical 

factor of safety decreases from 2.8 to 1.6 as the thickness is increased from 0 to 0.9 m. Despite 
the stability decrease, each of the cover designs exceeds the minimum 1.5 factor of safety required 
by the West Virginia DEP. 

 
Based on the modeling results for seepage and geotechnical stability, a cover system with a 0.6 

m hydraulic barrier layer is recommended for geomorphic slopes. This design reduces infiltration 
to approximately 45% for both the long-term simulation and within a rapid rainfall event as 
illustrated by a 100-year, 24-hour design storm. The design also maintains a factor of safety of 
greater than 1.5 during each modeled situation. 

6 COVER PERFORMANCE: CONVENTIONAL SLOPES 

 
The representative slope matching the conventional engineered profile was selected in the 

western portion of the property (see Figure 3). The slope has a length of 121.9 m (400 feet) and 
an average slope of 25.8% (14.44 degrees). The steepest portion of the profile is sloped at 43.9% 
(23.2 degrees). 

 
Cover systems were applied to the slope with hydraulic barrier layer thicknesses set at 0, 0.3, 

0.6,  and  0.9  m  and  both  boundary  conditions  were  applied.  SVFlux™  seepage  models  provided  
the total precipitation, runoff, evaporation, and infiltration. The percentage of total infiltration was 
calculated. Upon completion of the seepage modeling, the model was coupled to SVSlope® for 
slope stability modeling and the lowest factor of safety for each design was determined. The 
results for both the 4-year average models and 100-year design storm models are given in Table 
4. 

 
 

No flowlines through hydraulic 
barrier 
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Table 4. Modeling results for conventional slope profile 

Cover 
Thickness 

Volume 
of  

Precipitation 

Runoff + 
Evaporation Infiltration Infiltration Stability 

m (feet) m3 m3 m3  Lowest 
FOS 

4- year models 
0 686.45 365.95 330.63 48% 2.1 

0.3 (1) 686.44 366.11 319.83 47% 2.1 
0.6 (2) 686.67 365.57 309.90 45% 2.0 
0.9 (3) 686.16 365.86 312.00 45% 2.0 

100-year design storm models 
0 18.16 3.29 15.28 84% 2.1 

0.3 (1) 17.99 8.45 9.91 55% 1.5 
0.6 (2) 18.11 10.05 8.25 46% 1.3 
0.9 (3) 18.02 10.24 8.01 44% 1.2 

 
For the 4-year average boundary conditions, little change in the infiltration percentage was 

noted as the hydraulic barrier layer thickness was increased from 0 to 0.9 m (48% to 45%). The 
stability of the slope was stable between 2.0 and 2.1, which is above the minimum 1.5 factor of 
safety required by the West Virginia DEP. 

Infiltration is projected to be greatest (60-70%) in the winter and spring months when 
precipitation is at its highest and evaporation is lower. The lowest expected infiltration (less than 
25%) is in the late summer and early fall when precipitation is at its lowest and evaporation 
potential is high. This is a result of the hydraulic barrier layer becoming saturated during times of 
high precipitation and low runoff allowing more water flow paths through than during times where 
it has a low saturation. Figure 7 shows the infiltration over time for the conventional slope. 

 

 
Figure 7. Infiltration percentage over time for conventional slope 
 
 
The impact of the hydraulic barrier on the cover system was much more pronounced for the 

100-year, 24-hour design storm models which simulated the application of a 13.82 cm rainfall to 
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a partially saturated slope. In this case, the percent infiltration dropped by 40% from 84% to 44% 
when the barrier layer thickness was increased from 0 m to 0.9 m. However, there was a 
diminishing rate of return. The decrease in infiltration was 29% as the barrier was increased from 
0 to 0.3 m, 9% when the barrier was increased to 0.6 m and only 2% when the barrier was 
increased from 0.6 to 0.9 m.  

When the cover system is designed with a hydraulic barrier thickness of 0.6 or 0.9 m, the slope 
does not meet the minimum required 1.5 factor of safety. Figure 8 shows the failure surfaces with 
a factor of safety less than 1.5 for the slope and a hydraulic barrier thickness of 0.6 m immediately 
after the storm event. The failure planes are confined to the growth layer on the steep faces of the 
slope profile indicating that this is the critical zone. 

 
 

 
Figure 8: Failure plane locations for conventional slope and 0.6 m barrier 
 
Examining the seepage model results for the slope at this time step shows that the growth and 

hydraulic barrier layers have become saturated. This leads to a pore pressure accumulation in the 
growth layer and decreases the stability of the slope. Figure 9 shows the saturation of the slope at 
the critical locations. 

 

 
Figure 9: Saturation of slope at failure plane locations 
 
 
Based on the modeling results, a cover system with a 0.3 m hydraulic barrier is proposed for 

the conventional engineered slope design. This design decreases infiltration during rapid rainfall 
events as illustrated by the 100-year, 24-hour design storm models and meets the minimum factor 
of safety of 1.5 required by the West Virginia DEP. Covers with a thicker barrier layer are more 
effective in reducing infiltration, but lead to a greater accumulation of pore water pressure in the 
growth and barrier layers leading to decreased stability. 

Failure Planes (FOS<1.5) 
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7 CONCLUSIONS AND RECOMMENDATIONS 

Finite element computer modeling was completed for the analysis of a two-layer cap and cover 
system on two different profiles on the Royal Scot regrading plan: a geomorphic slope and a 
conventional ‘bench-slope’.   The cap and cover system consisted of a 0.3 m growth layer 
consisting of a loose 60% coarse coal refuse/ 40% paper mill residuals volumetric blend and a 
hydraulic barrier layer consisting of compacted coarse coal refuse in thicknesses ranging between 
0 and 0.9 m. 

Modeling was completed on a basis of long-term climatic inputs as well as a sudden application 
of a large amount of precipitation that occurs in a 100-year, 24-hour design storm. Upon 
completion of modeling, the best cover system for each slope was identified to both minimize 
infiltration and maintain geotechnical stability. The designs were then compared to make 
recommendations for the design of the Royal Scot reclamation. 

 Important findings of this study included: 
 

 A 10% reduction in seepage was noted for the geomorphic slope profile with the 
addition of a hydraulic barrier at least 0.6 (2 feet) thick for the 4-year climatic average 
models. 

 When subjected to average climatic boundary conditions for a period of four years, 
little decrease in infiltration was noted on the conventional slope with the addition of a 
hydraulic barrier of any thickness. This is likely due to open pore space in the 
partiallysaturated growth and hydraulic barrier layers.  

 Over the course of the year, infiltration is expected to be greatest in the winter-early 
spring months (60-70%) and lowest in the summer-early fall (<25%). 

 Breakthrough the hydraulic barrier layer was indicated when saturation reached 50-
60% in that layer. 

 When subjected to a 100-year, 24-hour design storm, the addition of a 0.3 m (1 foot) 
hydraulic barrier made of compacted coarse coal refuse to the cover system was shown 
to decrease infiltration approximately 30% from 84% to 54% on both slope profiles. 

 Adding an additional 0.3 m to a total barrier thickness of 0.6 m further decreases 
infiltration by an additional 9% to near 45% for the storm event. 

 Increasing the total barrier layer thickness to 0.9 m results in further reduction of 
infiltration by 2-3% 

 There is a diminishing rate of return of infiltration reduction as the barrier layer 
thickness is increased beyond 0.3 m. 

 As the barrier layer thickness is increased, and infiltration is reduced, the geotechnical 
stability of the design decreases. 

 Stability requirements (FS>1.5) are met for all tested cover designs on the geomorphic 
slope. 

 Stability requirements are not met for cover designs with a barrier thickness greater 
than 0.3m for the conventional slope profile.  

 
The recommended cap and cover system design for the slopes to be constructed at the Royal 

Scot site is based on the findings of the study and is summarized in Table 5. 
 
 
Table 5: Summary of recommended design and modeled performance parameters 

Slope Type Hydraulic 
barrier 
thickness 

Infiltration 
(average 
conditions) 

Infiltration 
(100-yr, 
24-hr 
design 
storm) 

Geotechnical 
factor of safety 
(average 
conditions) 

Geotechnical factor 
of safety (100-yr, 24-
hr design storm) 

Geomorphic 0.6 m 46% 44% 2.8 1.7 
Conventional 0.3 m 47% 55% 2.1 1.5 
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Performance of the geomorphic slopes is anticipated to be better than the conventional design. 
Due  to  the  slope’s  lower  grade,  a  design  with  a  thicker  hydraulic  barrier  design  can  be  constructed.  
While the difference in barrier layer construction was not predicted to have a significant benefit 
for average conditions with both slopes showing infiltration of 46-47%, the geomorphic slope 
performed significantly better in a rapid rainfall event as modeled by a 100-year, 24-hour design 
storm. The 0.6 m barrier on the geomorphic slope was modeled to reduce infiltration to 44% for 
the 100-year design storm. This is 11% more infiltration reduction than the conventional design 
for the same storm event. 

Additionally, the geomorphic slope maintains a higher geotechnical factor of safety for both 
the average and 100-year design storm boundary conditions. Both slopes meet or exceed the 1.5 
minimum factor required by the West Virginia DEP for the project. 
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1 INTRODUCTION 

1.1 Background 
The bacterial component of acid rock drainage (ARD) formation was first recognized in the early 
1950s by Leathen et al. (1953) and subsequent research that appears to peak in the 1980s and 
1990s revealed that many common surfactants such as sodium lauryl sulfate (SLS), sodium do-
decylbenzine sulfonate (SDS), alkyl benzene sulfonate (ABS), biosolids, and other organic mate-
rials significantly inhibited bacterial activity with respect to Thiobacillus-ferrooxidans also 
known as Acidithiobacillus-ferrooxidans [ATFO]. 

In particular, Kleinmann and Erickson (1983) published a compendium of research findings on 
this topic in US Bureau of Mines (USBM) Report of Investigation No. 8847.  The authors pro-
vided five conclusions: 
 

1. Thiobacillus ferrooxidans plays an important role in determining the rate of pyrite 
oxidation. Anionic surfactants, applied at concentrations greater than 25 mg/L, re-
duce this bacterial activity and thereby slow acid production.  

2. A laboratory procedure has been developed to determine suitable application rates 
for a specific site. Based on existing field data, the procedure appears to be effec-
tive in preventing overtreatment. Surfactant concentrations have generally been 
less than 0.1 mg/L in the effluent from the treated areas.  

3. Sodium lauryl sulfate was applied to an 11-acre (4.45 ha) inactive coal refuse pile 
in southern West Virginia at a material cost of about $US200 per acre ($US45/ha). 
Acid production fell approximately 60-pct, with an associated 90-pct decrease in 
iron concentration.  

A Pathway to Walk-Away? – 30 Year Old Technology to 
Suppress Acid Rock Drainage Revisited 

J. J. Gusek 
Sovereign Consulting Inc., Lakewood, Colorado, USA 

ABSTRACT: Patented controlled-release bactericide pellets formulated in the 1980s, coupled 
with surface-applied bactericide, were used at dozens of acid rock drainage (ARD) prone sites 
across the USA and internationally.  In the late-1990s, usage of this technology virtually ceased 
when the sole vendor of the bactericide products closed its doors. The primary goal of these prod-
ucts was facilitating revegetation on acid generating mine wastes; decreases in ARD flow, met-
als/acidity loading, and sulfate were secondary benefits.  At the time, state agencies and mining 
companies alike viewed bactericide applications as temporary remedies. In hindsight, were they 
right?  This paper considers available data for selected sites to assess the long-term conditions 
two or more decades after bactericide applications. The paper also examines several promising 
21st century technologies that might capitalize on this earlier work and be combined with bacte-
ricides  to  fashion  a  practical  “Pathway  to  Walk-Away”  for  mining  companies  and  government  
agencies which are saddled with ARD treatment in perpetuity. 
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4. An eight-acre (3.2 ha) active coal refuse area in northern West Virginia was simi-
larly treated. Acid production fell approximately 95-pct, with an associated 95-pct 
decrease in iron concentration.  

5. At sites where water treatment costs are high, application of an anionic surfactant 
should be considered. Surfactant application should be repeated three times a year 
for maximum benefit. 

 
In the mid- to late-1980s and the decade following, bactericide usage focused on facilitating 

revegetation of pyritic coal mine wastes (e.g., coarse coal refuse) and minimizing acidic drainage 
from pyritic shale partings in surface mine backfill.   A summary of the advances and state of the 
art was provided by R. Kleinmann in Brady, Smith, and Schueck, eds., 1998 (Chapter 15).  The 
development of controlled-release pellets containing SLS was one key advance in the ATFO bac-
tericide technology since the publication of USBM RI No.8847 in 1983.  The commercially avail-
able product called “ProMac” which evolved through two formulations (Kleinmann in Brady et 
al., 1998) was typically applied in the following manner: 
 

1. The exposed mine waste surface received agricultural lime or other alkaline amendments 
to neutralize stored acidity; 

2. A 2% solution of SLS was sprayed on exposed pyritic mine waste with a hydroseeder 
unit; 

3. Slow-release ProMac pellets were applied; these dissolved at various rates to basically 
deliver an SLS solution with a steady concentration of about 465 mg/L dissolved in infil-
trating rainfall or snowmelt (Sobek et al., 1990); and 

4. A final lift of topsoil or plant growth media as thin as 100 mm was placed and revegetated. 
 

The revegetation step appeared to be a key step in the success of ATFO suppression process; 
otherwise, SLS reapplications as frequent as three times per year were recommended (Kleinmann, 
op cit.).  Verburg et al. (2003) observed positive results with the application of a 1% SLS solution 
to suppress ARD formation in a metal mine tailing containing 60% by weight pyritic sulfur.  Ver-
burg  et  al.  observed  the  following  trend:    “…the  supernatant  from  the  bactericide-amended sam-
ples without exception has the highest values for pH and lowest values of specific conductance, 
acidity, and sulfate with each material group [tested]”.    After 30 weeks of observation, the positive 
effects of SLS application were still evident but were rightly considered temporary. 

Other non-surfactant organic amendments were found to be effective in suppressing ATFO 
including: 
 

 composted sewage sludge (Pichtel & Dick, 1990), 
 composted paper mill sludge  (Pichtel & Dick, 1990), 
 pyruvic acid (Pichtel & Dick, 1990), 
 a water-soluble extract from composted sewage sludge (Pichtel & Dick, 1990), 
 spent brewery grain (Lindsay et al., 2010), and 
 waste milk/dairy products (Jin et al., 2008). 

 
In theory, any biodegradable organic matter, including biochemical reactor (BCR) effluent 

could be effective in suppressing ATFO (Gusek, 2015). 
When biodegradable organic matter is included in the design, the ATFO suppression effects 

may last longer than SLS, SDS, or ABS alone, but they should still only be considered temporary.  
A robust plant community is recommended to sustainably suppress ATFO in the long term.  

1.2 How Surfactant-Based Bactericides Work 
The ATFO organism functions well in aqueous environments exhibiting pH values <2.0 (Baker 
and Banfield, 2003). To survive in this hostile environment, the microbes cloak themselves in a 
thick oily protein membrane which employs several protective mechanisms, including proton 
“pumps”, that allow the cells to maintain a circumneutral cytoplasmic pH (Goulbourne, et al., 
1998). Surfactants such as SLS and SDS disrupt the protein membrane (Alexander, et al., 1987) 
resulting in the flooding of the cell protoplasm with the surrounding acidic fluid.  In effect, the 
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microbe  “stews  in  its  own  juices”  and  is  destroyed.    Due  to  the  simple  destruction  mechanism  
involved, it is probably impossible for an ATFO cell to develop resistance strategies as do other 
common microbes in response to exposure to antibiotics. 

1.3 Controlled Release Bactericide ProMac Availability 
Kleinmann and Ericson (1983) observed that SLS concentrations on the order of 25 mg/L were 
required to suppress ATFO.  But stored acidity and other factors can negate this effect and higher 
concentrations of SLS were needed to achieve the same antibacterial result.  The authors devel-
oped a simple laboratory procedure to estimate the proper concentration to apply.  However, re-
search revealed that slowly releasing the SLS at an effective concentration of about 465 mg/L 
over a prolonged period of about three years provided significant benefits.   

Controlled release pellets were developed by BF Goodrich (Zaburunov, 1987) and marketed 
under  the  trade  name  of  “ProMac”  for  about  15 years (1985 to 2000) by MV Technologies Inc. 
(MVTI) of Akron, OH.  When the owner of MVTI retired, the availability of ProMac and related 
products ceased.  However, the beneficial effects of their usage appear to have continued well into 
the 21st Century. 

1.4 Probiotic Bacteria Substitution Facilitated by Organic “Bactericides” 
Darwinian forces can also be employed to suppress ATFO activity.  If organic nutrients are avail-
able to a suite of introduced heterotrophic microbes, these microbes can out-complete the ATFO 
consortium for resources (i.e., oxygen and iron) and ATFO populations are thus decimated.  As 
previously cited, common municipal biosolids and organic acids have been shown to suppress 
ATFO activity (Pichtel and Dick, 1990).  The proteins in waste milk can provide a similar effect 
(Jin, et al., 2007).  The EPA has used biosolids on at least five Superfund sites exhibiting acidic 
drainage issues (EPA Clue-In, 2011): 
 

 California Gulch OU-11 (Upper Arkansas River), Lake County, Colorado 
 West Page Swamp (Bunker Hill), Shoshone County, Idaho 
 Palmerton Zinc Pile, Carbon County, Pennsylvania 
 Sharon Steel, Mercer County, Pennsylvania, and 
 Oronogo-Duenweg Mining Site, Jasper County, Missouri 

 
However, while the biosolids may have provided a temporary inhibitory effect, the subsequent 

success of the vegetation on these sites appears to have played a major role in the sustainability 
of the overall process.  That is, the organic acids generated by seasonal plant root degradation 
provide another antibacterial reagent that can suppress ATFO (Tuttle, et al., 1977). 

This  “probiotic”  effect  from  microbial  consortia  that  outcompete  ATFO  may  be  the  key  to  why  
the benefits of some previous SLS and SDS applications appear to persist for decades.     

1.5 A Definition of Success 
It is likely that remediated mining sites will typically be purged from institutional memory as time 
passes. Once an ARD-related problem is fixed, a site’s seepage may no longer be sampled and 
analyzed; Case Closed. Prior to the introduction of the internet, bio-engineered remedies of ARD 
problems were only documented in paper format.  Thus, as a successfully reclaimed mining site 
matures naturally, its engineering history is probably lost to the mists of time as project managers 
retire and old paper reports are tossed into the recycling bin or trash can, or relegated to off-site 
archives, never to be seen again. Fortunately, some agencies such as the USEPA have digitized 
their reports. 

For the purposes of this paper, a long-term success is defined as a site or situation that satisfies 
the following conditions:  
 

 A problematic mine site exhibiting ARD received an engineered dose of bactericide or 
other designed remedy intended to disrupt ATFO activity/pyrite oxidation kinetics; 
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 No evidence of ARD can be currently observed at the site through air photo imagery, 
and/or 

 The site has been completed dropped from regulatory sampling efforts; it is no longer 
monitored or there is nothing to monitor. 

 
One could argue that a particular site was destined to improve on its own eventually and ATFO 

suppression efforts were due more to the effects of alkaline amendments or other factors.  Fortu-
nately, many of the engineers and scientists addressed this issue and they included control plots 
in their projects.     

The case studies that follow satisfy one or more of the success criteria to varying degrees and 
clearly demonstrate the long term sustainability of bactericide applications when coupled with the 
proper follow-up design.    

2 CASE HISTORIES 

Due to space constraints, and/or the relative availability of information and/or the opportunity to 
interview individuals who were either familiar with the site or had personally worked on the pro-
ject, seven sites were selected for detailed discussion.  Of course, the data is skewed toward suc-
cessful sites as authors tend to avoid discussing failure.  

Also, some exact site locations are lost in the mists of time or the wastes have been moved or 
reprocessed.  The two sites cited by Kleinmann and Erickson (1983) fall into this category. Over 
three decades after the projects, R. Kleinmann (2016) could not recall the exact locations of the 
two sites described in USBM RI 8477.  For example: the Raleigh County site is described in the 
following detail by Kleinmann and Ericson (1983):   
 

The pile was formed of Beckley Seam refuse during the late 19th century by dumping from an 
aerial tramway. It is 1,500 ft. [457m] long, 450 ft. [137m] wide, and approximately 130 
ft.[40m]  high at its crest. Quality of the drainage from the pile has been monitored by West-
moreland Coal Co. for over a decade, thus providing a good baseline against which the effec-
tiveness of the [SLS] method could be judged. 

 
The exact location of this site is unknown.  An active coal refuse disposal area under permit by 

the same mining company or affiliate was located (Schaer, 2016).  Interpreting a 1996 black and 
white air photo image (Google EarthTM) showing a forest lineation that could be a remnant of the 
aerial tramway suggests that the pile may have been adjacent to a rail loadout facility about 0.5 
miles (0.8 km) northwest of the town of Eccles, WV (Lat. 37.79°N, Long. 81.26°W).  However, 
a pile as large as the one described by Kleinmann and Erickson is obviously absent in recent 
images.  It is likely that the pile was reprocessed in a co-generation plant and/or moved. 

 In  addition,  Kleinmann  and  Erickson  (1983)  reported  that  “…more  than  50  mining  companies  
are using the technique with varied success  on  “… coal refuse, coal stockpile areas, un-reclaimed 
mine  spoil,  and  waste  sulfide  rock.”    The  opportunity to identify these 50 mining companies and 
their respective bactericide application sites is long past.   

Hopefully, this investigation will preserve the locations and information for at least some of 
the sites where ATFO have been successfully controlled. Details of the case histories considered 
in this investigation follow. 

2.1 Site 1 (1984) Route 43, Jefferson County, OH, USA 

2.1.1 Site Description 
This six-acre (2.4 ha) site  called  “Route  43”  near  East  Springfield  OH  received  “first  generation”  
slow release bactericide products.  Acid-base accounting data for this coarse coal refuse site is not 
available but it assumed that pyritic sulfur content of the refuse material was elevated.  The sloping 
site was divided into two equally-sized parcels; after re-contouring, one parcel received a combi-
nation of liquid spray and controlled-release pellets.  The remaining three-acre (1.2 ha) parcel 
served as a control.  Both parcels received six to eight inches (15 to 20 cm) of topsoil followed by 
fertilizer, agricultural limestone, seed, and hay mulch.  (Maierhofer, 1988). 
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The toe of this sloping site was fitted with two perforated drainage pipes, one for each parcel 
(treated and control).  

2.1.2 Evidence of Success 
Seep chemistry and soil bacteria data collected three years after the treatment are provided in 
Table 1. Vegetation productivity data observed a decade after the bactericide treatment is provided 
in Table 2. 
 
Table 1 - 1987 Route 43 Site Data (Maierhofer, 1988) 
 

Parameter Control Bactericide-
Treated 

pH (S.U.) 2.6 5.9 
Acidity (mg/L) 844 19 
Aluminum (mg/L) 38.7 0.5 
Iron 104 <0.2 
Manganese 6.1 0.3 
Sulfate 2,040 100 
Specific Conductance 2,910 µs 590 

Vegetation health “destroyed  by  
seep” 

“high  quality  
vegetation” 

TBFO populations in 
refuse sample 1.76 x 107 5.61 x 105 

Heterotroph popula-
tions in refuse sample 6.43 x 105 3.47 x 107 

Ratio of TBFO to Het-
erotroph population 1014:1 0.22:1 

 
Table 2 - 1989 & 1994 Route 43 Site Data (Rastogi, 1996) 
 

Parameter Control Bactericide-
Treated 

Biomass Production 
1989 (1,000 kg/ha) 0 to 0.32 2.92 

Biomass Production 
1994 (1,000 kg/ha) 0 to 1.90 4.12 

Aluminum (mg/L) 

No Flow from   
underdrains 

No Flow from 
underdrains 

Iron 
Manganese 
Sulfate 
Specific Conductance 

 
The August, 2015 Google EarthTM image of this site (Lat. 45.45°N, Long. 80.87°W) does not 

exhibit evidence of seepage from either the control (southeast parcel) or the treated area (north-
west parcel).  However, the control parcel exhibits significantly more topsoil erosion than the 
treated parcel with the caveat that both parcels appear to be frequented by all-terrain or other 
similar vehicles, which can exacerbate soil erosion losses on steep slopes. The erosion losses at 
the toe of the control parcel (where the seepage pipe discharged) are especially visible and appear 
to worsen over time as shown in progressively older images of the site.  Recall that the topsoil 
thickness placed over the treated and untreated parcels was only six to eight inches (15 to 20 cm). 

The treated parcel is clearly out-performing the control parcel and the site is no longer moni-
tored.   
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2.2 Site 2 (1990) Branchton Coal Refuse Disposal Area, Butler County, PA, USA 

2.2.1 Site Description 
In the early 1990s, this 39-acre (15.8 ha) actively-managed disposal site (Lat. 41.09°N, Long. 
79.98°W) received coarse and fine-grained coal refuse with an average pyritic sulfur content of 
13.1% with a neutralization deficiency of  444 tons (444  tonnes) per 1,000 tons (1,000 tonnes) of 
CaCO3 equivalent (Parisi, et al. 1994 and Horneman, 2016).  Despite placing a permit-mandated 
one-foot (300 mm) thick layer of 40% to 60% equivalent lime reject at a rate of 3,000 tons/acre 
(6,740 tonnes/ha) applied atop a four-foot (1.22 meter) thick lift of mixed fine and coarse refuse 
and other preventive measures, the facility underdrain seepage exhibited elevated acidity, iron, 
and manganese.  

This situation was remedied with an application of an anionic surfactant solution comprised of: 
 

 200 pounds (91 kg) of 88% strength sodium dodecyl benzene sulfonate, and 
 800 gallons (3,028) liters of water.  

 
This solution volume was applied to each acre (0.40 ha) of exposed refuse on a quarterly sched-

ule.  At closure, controlled release pellets were added at a rate of 600 lbs./ac (674 kg/ha) before 
the two-foot (61 cm) thick alkaline topsoil layer was placed and the area was reseeded.  Spray 
applications commenced in early January 1991 (Parisi et al., 1994); the site was eventually closed 
and revegetated. 

2.2.2 Evidence of Success 
As shown in more detail in Figure 2 in Parisi et al. (1994), the immediate effects of the treatment 
were pronounced. Thirty (30) weeks after the first spray application with three additional subse-
quent applications, seepage acidity dropped 88% from peak values of 2,600 mg/L to steady state 
values of about 300 mg/L.  During the same interval, iron decreased 82% from peak values of 
about 1,000 mg/L to steady state concentrations of about 180 mg/L.  Lastly, manganese dropped 
90% from about 50 mg/L to 5 mg/L.  These improvements were sufficient to meet permit dis-
charge  requirements  with  the  “treatment  ponds”  at  the site (Parisi, et. al., 1994 and Parisi, 2016). 

The reported post-treatment concentration of iron (300 mg/L), in the treatment ponds would 
certainly be evident in air photo imagery and this is indeed the case for Google EarthTM images 
for 2006, 2008, and 2010.  Interestingly, the 2012 air  photo  image  lacks  a  ‘yellowboy”  signature.    
Furthermore, it appears that the Pennsylvania Department of Environmental Protection is no 
longer monitoring the site.   This  would  be  deemed  a  “success”  as  previously  defined. 

2.3 Site 3(1987) North Fork Coal Mine, Wise County, VA USA 

2.3.1 Site Description 
Two coal seams were mined at this 150 ac (60.7 ha) site (Lat. 37.07° N, Long. 82.71 W) in the 
1950s and 1960s using contour and mountain top removal strip mining methods.  The mining pre-
dated the 1977 surface mine reclamation law in the US.  Overburden materials contained pyritic 
shales and weathered coal from cleanings and outcrop areas.  The site was barren of vegetation 
and was found to be a major contributor of acid loading and silt to the North Fork of the Pound 
River Reservoir which was a drinking water supply for 1,700 people in the surrounding commu-
nities.  The reservoir also was a popular recreational destination for about 100,000 annual users 
(Abbott, 1990). 

Pre-reclamation water chemistry exhibited classic ARD characteristics:  
 

 pH <3.4 s.u. 
 acidity – 1,000 mg/L 
 manganese - 125 mg/L 
 iron – 20 mg/L, 
 aluminum – 60 mg/L 
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About 25% of the site area received both ProMac spray and controlled release pellets at a cost 
in 1987 of about $US104,000.  This was about 2.8% of the total cost of reclamation ($US3.7 
million).  About 1.1 million cubic yards (840,000m3) of pyritic overburden were moved. No ap-
plication details are available other than the spray and pellets were applied with hydro-seeding 
equipment. (Abbott, 1990). 

2.3.2 Evidence of Success 
 

This site won the first-place  award  in  Virginia’s  1989  “Take  Pride  in  America”  program  which  
recognized outstanding achievement in the nation’s   public   lands,   and   natural   and   cultural   re-
sources.  An inquiry directed to the Virginia Department of Minerals, Mining and Energy 
(DMME) revealed that details of this site are lost in the mists of time; the only information avail-
able about the project in the digitized archives was a pre-construction map that identified disturbed 
areas and sub-watersheds.  The site does not appear to be monitored.  A review of Google Earth 
images dating back to 1995 (eight years after project completion) reveal a site with little evidence 
of erosion and broad-based reclamation success.  As  of  1990,  “A  good  stand  of  vegetation  was  
achieved after two years, even on difficult steep slopes.  This reclamation project has resulted in 
significant water quality improvement in the [North Fork of the Pound River] reservoir in which 
aquatic populations have recovered.” (Abbott, 1990). More recent Google Earth images (2013) 
did not exhibit any evidence of ARD in ponds or streams immediately down gradient from the 
site. 

2.4 Site 4 (1986) Dawmont Coal Refuse, Harrison County, WV USA 

2.4.1 Site Description 
In 1986, two pyritic (up to 15.6% pyritic sulfur) coarse coal refuse piles comprising about 250,000 
cubic yards (191,000 m3) of material dating from the 1920s to 1960s were un-reclaimed and acidic 
runoff was impacting the nearby West Fork River. In 1987, this 36 ac (14.6 ha) site (Lat. 39.32° 
N, Long. 80.34° W) was regraded and it received  a  “small  quantity”  of  lime  after  an  application  
of ProMac powder and controlled release pellets. A soil cover from 12 to 18 inches (30 to 45 cm) 
thick that followed was fertilized, seeded, and mulched with straw. (Sobek, et al., 1990). 

A one-acre (0.4 ha) portion of the site did not receive the bactericide treatment and served as a 
“control”. 

2.4.2 Evidence of Success 
Within two years of project completion, the soil pH of the treated area was near 5 s.u. while the 
untreated control never exhibited a pH higher than 3 s.u.  In 1988, the site garnered a Reclamation 
Award from the West Virginia Mining and Reclamation Association and the West Virginia De-
partment of Energy.  The  site  was  covered  with  a  “lush  growth  of  birds-foot  trefoil…  and  the  acids  
that  once  found  their  way  into  the  West  Fork  have  been  brought  under  control”.  (Land and Water, 
ND – circa 1989). 

A summary of parameter improvements observed at the Dawmont Site is provided in Table 3. 
 

Table 3 – Dawmont Site Data (Sobek et al., 1990) 
 
Parameter Background 

Ranges 
Year  
1988 

Year  
1989 

Year  
1990 

pH 2.1 – 2.5    
Acidity 2.8 to 20 gr/L 95.8% 95.7% 95.8% 
Specific Conduct-
ance  

4650 to 18500 
µmhos/cm 89.9% 86.5% 91.2% 

Sulfate 2.4 to 3.1 gr/L 90.5% 90.1% 90.8% 
Total Iron 161 to 3,600 mg/L 96.1% 93.8% 97.3% 
Manganese 8.5 to 290 mg/L 74.8% 61.1% 85.6% 
Aluminum (mg/L) 418 to 1,300 mg/L 85.4% 82.2% 88.5% 
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A review of Google Earth images dating back to 1995 (eight years after project completion) 
reveal a site with little evidence of erosion and broad-based reclamation success. Interestingly, 
the 2013 image suggests a fracking operation was underway on the site. 

2.5 Site 5 (1984) Norton Coal Refuse Site, Randolph County, WV USA 

2.5.1 Site Description 
From 1984 to 1985, a  25 acre (10 ha) pyritic coarse coal refuse pile site (Lat. 38.93° N, Long. 
79.96° W) was regraded and treated with bactericide (spray and second-generation pellet form) 
before receiving a soil cover layer only six inches (15 cm) thick (Rastogi & Bohac, 1987). 

A one-acre (0.4 ha) portion of the site did not receive the bactericide treatment and served as a 
“control”.    The  site  was  fitted  with  20  moisture  sampling  lysimeters  to  monitor  the  effects  of  the  
treatment in the vadose zone. 

2.5.2 Evidence of Success 
The results of the vadose zone monitoring as reported by Sobek and Horowitz (1987) were sum-
marized by Rastogi & Bohac (1987). Attempts to procure the original 1987 Sobek and Horowitz 
report from the State of West Virginia were unsuccessful.   The verbatim summary results reported 
by Rastogi & Bohac (1987) follow. 

 Microbiology: The acid producing bacterial population averaged 200 time greater in 
the control area than in the treated areas. 

 Water Quality:  All parameters in the treated areas were better than those in the control 
area. Of particular significance are over 75% decrease in sulphates, 94% decrease in 
manganese, and 76% decrease in aluminum in the treated areas, compared to 38% de-
crease in sulphates and slight increase in aluminum in the control. 

 Refuse: Refuse pH in the treated area was 6, compared to 4.4 in the control. 
 Vegetation: The site shows excellent dense vegetation in its second year of growth.  

Long-acting controlled release bactericide systems greatly reduce the population of the 
acid-producing bacteria causing a large decrease in acidity and metals solubilization. 
This promotes the growth of heterotrophs necessary for establishing healthy revegeta-
tion. The Norton site has been stabilized with a luxuriant growth of vegetation, indi-
cating the ProMac Systems treatment has already started the site back on its road to 
full recovery. 

 
A review of Google Earth color images revealed an orange plume of suspected iron oxyhydrox-

ide in the Tygart Valley River down gradient from where the drainage from the Norton site wa-
tershed enters in 2003.  It is unknown whether the Norton site or a nearby site was the source of 
the plume.  Subsequent images (2007, 2009, 2010, 2011, and 2013) do not suggest the presence/in-
fluence of acidic drainage.  

2.6 Site 6 (2004) California Gulch Superfund Site, Lake County, CO USA 

2.6.1 Site Description 
Metal mining in Lake County, Colorado (Lat. 39.2° N, Long. 106.4° W) over a 130 year period 
in the late 1800s to 1900s resulted in the release of pyritic tailings and water with high metals 
concentrations via California Gulch into the Upper Arkansas River (UAR). The tailings deposits 
(up to about four feet [1.2 m] thick) resulted in a ten mile (15) km long barren reach of the UAR 
that exhibited continuous erosion and re-deposition of tailings and the generation of acid salts that 
were chronically washed into the river, especially in response to storm events.  The site was added 
to the Superfund list in the US in 1983; the UAR was designated Operable Unit 11 (OU-11).  
 Vegetation and the soil community were limited  by  “high  metals  concentrations,  low  pH [1.5 
to 4.5 s.u.], insufficient macro- and micro-nutrients, poor physical properties, and reduced water 
holding capacity”  (EPA,  2011).  Clearly, pyrite oxidation in the metal mine tailings was the source 
of the problem.  Removal and capping of the tailings in an off-site repository was considered and 
rejected as being too disruptive and expensive.  In situ stabilization was the preferred alternative. 
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The subsequent research focused on developing a revegetation strategy that repopulated the 
flood plain with a sustainable plant community that reduced erosion and allowed the bottom land 
to return to its historic land use, livestock grazing. 

Vegetative test plots using various soil amendments were assessed (Maxemchuk, 2002).  Based 
on two years of test plot observations, a remedy was selected that utilized lime neutralization and 
municipal biosolids as the primary soil amendments.  Remarkably, microbiological studies of the 
soils in the test plots did not include assessments for ATFO populations even though the pyrite 
content of the soils was elevated (USEPA, 2011). 

The OU-11 remediation effort commenced at a demonstration level in 2008 on about 20 acres 
(8 ha) of fluvial deposits and 160 acres (65 ha) of irrigated meadowland.  Other OU-11 remedia-
tion efforts followed. 

2.6.2 Evidence of Success 
In 2014, the 102 mi. (164 km) long Arkansas River was classified as a Gold Medal Trout Fishery 
by the Colorado Division of Wildlife (Willoughby, 2014). This included the mining impacted 
headwaters around Leadville; i.e., OU-11.  In 2016, this condition appears to remain sustainable; 
there is no visual evidence of iron contamination in the UAR which was the focus of the remedi-
ation efforts described above. 

2.7 Site 7 (1995) – Fisher Coal Mine, Indiana County, Pennsylvania, USA 

2.7.1 Site Description 
Plocus & Rastogi (1997) sequentially injected solutions of caustic soda (NaOH) and sodium lauryl 
sulfate at the Fisher Coal Mine in Pennsylvania USA in 1995.  The potentially acid generating 
(PAG) rock zone in a backfilled coal pit had been identified using geophysical techniques.  The 
site was fully revegetated at the time of the two-step caustic/bactericide application through a 
network of shallow and deep injection boreholes that mimicked the pattern typically found in a 
heap leach pad.   

2.7.2 Evidence of Success 
The effects of the injection process in the PAG zone were dramatic.  Chemistry of a toe seep at 
the site improved enough within 30 days that chemical treatment of the ARD was no longer re-
quired.  In 2016, two decades later, this is still the case.  In fact, the seepage chemistry is suitable 
enough to be discharged as-is without constructed wetland polishing and it meets the permit re-
quirements (Gusek and Plocus, 2016).  Bond release for the site is pending. 

If the effects of the bactericide are supposed to be temporary, what can explain the persistence 
of the beneficial effects of the two-stage application of caustic and bactericide? Gusek and Plocus 
advanced the following explanations: 
 

1) The  initial  “flooding”  injection  of  caustic  neutralized  the  residual  acidity  in  the  PAG mine 
waste so that the subsequent  application  of  bactericide  was  “protected”  from  chemical  
attack; 

2) The bactericide solution (2% sodium lauryl sulfate) would have followed the preferential 
pathways established during the stage 1 injection of caustic to inhibit the activity of the 
acidophilic community; and 

3) The well-established revegetated surface of the site provided a steady supply of bacteria 
inhibiting organic acids (and continues to do so) which appears to have suppressed the 
“reinfection”  of  the  site  that  would  have  otherwise  occurred. 

3  A PATHWAY TO WALK AWAY 
A  “Walk-Away”  mine  land  reclamation/remediation  scenario  is  the  holy grail of any mining com-
pany or government agency.  To achieve this status, a site must involve: 

 Little to no maintenance,  
 Infrequent inspection,  
 Little or no long-term monitoring, and  
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 Return to a land use that is a benefit to society. 
 
The seven case histories previously discussed demonstrate that walk-away successes are pos-

sible even in situations where pyritic waste has already been intensely involved in micro-
bial/ATFO  activity.    However,  a  “silver  bullet”,  one  size fits all approach will not be successful 
unless it is followed by the development of a robust vegetative cover that delivers a steady dosage 
of antibacterial organic acids.  The science and engineering behind revegetation of disturbed mine 
land is well documented in three-decades of the proceedings of the American Society of Mining 
and Reclamation (see www.asmr.us).  However, the sequential applications of organic and inor-
ganic amendments that suppress ATFO activity have yet to be combined in a manner that precon-
ditions a problematic site to reap the benefits subsequent vegetation. Design considerations for 
site  “preconditioning”  follow.    

3.1 Controlled Application of Antibacterial Reagents 
With the lack of ProMac or similar controlled release technologies, alternative SLS delivery meth-
ods are required.  Fortunately, heap leaching practices for gold and silver ore matured in the west-
ern USA in the early 1970s and are now used world-wide.  This concept was described by Gusek 
(2015) for the application of biochemical reactor effluent or waste milk (organic bactericides) but 
it might also be used for the controlled delivery of inorganic/surfactant bactericides such as SLS. 
 Antibacterial reagents can also be delivered using temporarily stable foams as described by 
Gusek et al. (2012).  The reagents can be solid, liquid, or gaseous.  As SLS is a common foaming 
agent, the foam itself is antibacterial.   

However, one must consider the strength of the bactericide solution in any controlled delivery 
design.  Elevated concentrations of SLS, for example, may adversely affect desirable hetero-
trophic bacterial communities as well as ATFO (Clark, 2015).  This design consideration supports 
the concept of prolonged application of low dosage bactericides; it is probably another reason that 
the ProMac slow release pellets worked as well as they did. 

3.2 Advances in Revegetation Technology 
While much has been accomplished with regard to revegetating drastically disturbed lands, ad-
vancements continue.  Examples could include genetically-modified plants that might capitalize 
on soil characteristics that are typically toxic to natural plant species to gain a vegetative foothold 
in challenging environments.  Also, the use of biochar (Harley, 2011) as a soil amendment has 
potential to increase soil cover production by sequestering plant nutrients/fertilizers in a way that 
is not easily rinsed out by precipitation events but is still extractable by plants. Establishing a 
robust vegetative cover should accelerate site recovery and suppress ARD more quickly than wait-
ing for natural plant community succession.  

3.3 Merging of Different Technologies 
The engineer’s  toolbox  of  ARD  suppressing  technologies  has  increased  in  breadth since the in-
troduction of bactericides about three decades ago. Unfortunately during this period, the ARD 
suppression  “industry”  per  se  appears  to  have  acquired  a  “vendor”  perception  where a specific 
product is advocated for nearly every situation.  As ARD has been termed a worldwide bacterial 
infection (Gusek 2012), it seems that another medical analogue is appropriate:  some ARD sup-
pression practitioners might be analogous to medical doctor specialists who are proficient at heal-
ing patients with a specific malady rather than primary care physicians who view a patient holis-
tically.  From an engineering perspective, remediation of ARD requires a 21st century “general 
practitioner” who can merge the available technologies into a coordinated assault on the ATFO 
community at a given site or in a given situation.  
 This assault might include: 

 a primary application of SLS bactericide to decimate the ATFO community followed by 
 an application of waste milk or other organic amendment (with inoculant) to establish a 

competing heterotrophic bacterial community finally followed by 
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 the establishment of a vibrant and sustainable vegetative cover to maintain the hetero-
trophs.   

  If  properly  designed  and  engineered,  this  could  be  a  promising  “Pathway  to Walk-Away”  
for sites plagued with chronic ARD. 
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1 OVERVIEW OF TAILINGS IN SOFT, SATURATED CONDITIONS 

Mine waste tailings stored in surface impoundments exist in a variety of forms, dependent on 
many factors, including the particle size, mineralogy, and water content of the materials; the pro-
cesses by which they were produced and transported; and the length of time and conditions under 
which they have been stored. Tailings derived from slurry suspensions pumped into a tailings 
storage facility (TSF) are frequently characterized by a significant proportion of fine-grained ma-
terial which spends much or all of its storage time with a high water content and in a state of 
frequent (or permanent) submergence, and with a correspondingly low strength. Even in cases 
where standing water has been removed and the surface allowed to dry, much of the underlying 
fine tailings may remain soft and saturated (EC 2009).  

Formulation of tailings in the form of pastes, installing overdrains, and the use of dry stacking 
techniques avoid many of the difficulties associated with handling and covering low-strength de-
posits. In some cases, however, environmental, operational, or closure considerations require sur-
face management or placement of cover layers over soft, saturated, and partially (or permanently) 
submerged tailings. The following scenarios are examples: 
� During operations and discharge of tailings to a TSF, it can be desirable to place successive 

material layers evenly across the underlying materials in order to maintain a stable placement 
surface and avoid displacement or “mud waves” that can occur in materials below if the over-
lying material is piled too high in one place 

� A surface cover is a common element of TSF closure and site reclamation, often followed by 
landscaping, plantings, or preparation for other site uses. Cover placement may need to con-
tend with soft or displaceable materials if it is applied before there has been sufficient oppor-
tunity for underlying materials to dewater, dry, and/or fully stabilize. 

Covers, Caps, and Treatments over Soft, Saturated Materials: 
Industrial Case Studies  

Michael Whelan, P.E.  
Anchor QEA, LLC, Lakewood, Colorado 

John R. Verduin III, P.E., & Rebecca Gardner, P.E. 
Anchor QEA, LLC, Seattle, Washington 

Eric Schwarz, P.E., & Dimitri Vlassopoulos, Ph.D. 
Anchor QEA, LLC, Portland, Oregon 

ABSTRACT: Mine waste tailings—particularly mature fine tailings and materials deposited from 
slurry suspensions—can take the form of fine-grained, low-strength materials with high water 
content. When in-place management techniques such as covering or stabilization are necessary or 
desirable for environmental or operational reasons, tailings that remain in a soft or near-fluid state 
pose unique challenges.  

Many industrial operations face the need to manage, cover, or stabilize soft in-water materials, 
whether they exist in constructed impoundments or natural waterbodies. This presentation dis-
cusses considerations and strategies for the evaluation, design, and implementation of cover in-
stallations and stabilizing measures for soft sediments that are saturated or submerged, and the 
relevance of such approaches to management of mine waste tailings.  

Project case histories are presented in which different specialized designs and techniques—
placement of sand or aggregate covers and application of stabilizing agents—were successfully 
implemented through the use of unique design and construction approaches. 
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� Placement of surface cover over tailings and mine wastes may also be desirable for the pur-
poses of environmental isolation, erosion prevention, and/or sequestration from atmospheric 
oxygen for the prevention of acid-rock drainage.  

2 COMPARISON TO CONDITIONS FACED IN OTHER INDUSTRIES 

The need for covering or managing the surface of fine-grained sediments is frequently encoun-
tered in other, non-tailings-related industrial and environmental settings. Environmental or oper-
ational considerations can warrant placement of cover materials or stabilizing agents over soft and 
submerged materials, whether they be industrial waste processes in constructed confinement fa-
cilities or affected sediments in natural water bodies.  

Material placement episodes are often described as covers or caps. The two terms are often 
viewed as interchangeable, but in the sediment remediation industry they are distinct. For con-
taminated sediments, the term “cap” refers to an instance where the primary goal is permanent 
physical isolation and chemical confinement of chemical constituents such as metals, organic 
compounds, acidity, and alkalinity (and so forth) from the environment and from surface water. 
A “cover,” on the other hand, refers to material added to the sediment surface to mix into the 
existing sediment and reduce contaminant concentrations in the biologically active surface layer.  

In evaluating any specific project, or the applicability of past project examples, it is first essen-
tial to understand the overall purpose and intents of the work, as they relate to the site and region. 
Key questions include: 
� Does material being placed in an operational process need to maintain a level surface free of 

bearing capacity failures or dislocation of underlying materials? 
� Is there a need to cap or cover the materials, for the purposes of confinement, site closure, or 

reclamation?  
� If environmental confinement is needed, are the underlying contaminants mobile in water, such 

that reactive components or impermeable elements need to be integrated into the cap or cover? 
� Given these needs, what are the essential performance metrics and their priority? Are there 

requirements for achieving or maintaining certain grades, slopes, elevations, and/or amount of 
freeboard? Is there a specific end use? Do consistent coverage thicknesses need to be achieved? 
Will long-term settlement be an issue? Is chemical or physical isolation a key component? 

For sediments, shorelines, and fine and soft tailings, low strengths and high water contents of 
materials on the existing surface and underneath require careful selection of cap materials and 
placement procedures to accomplish the following design and performance goals: 
� Maintain consistent height and thickness of placed cap or cover layer 
� Avoid instability or undesired displacement of underlying materials 
� Avoid detrimental gaps in coverage of the placed cover or stabilizing agents 
� Physically and/or chemically isolate the underlying contaminants 

Techniques that have been successfully designed and deployed for soft sediment materials with 
high water contents and varying degrees of submergence can be applicable to similar situations 
occasionally encountered while managing or restoring tailings deposits and TSFs.  

3 KEY DESIGN AND CONSTRUCTION FACTORS 

Design and construction techniques used for management and remediation of soft, saturated, and 
submerged materials require understanding several key design factors, whether the materials be-
ing addressed are mine tailings or naturally deposited sediments. That said, mine- and materials-
processing-derived tailings have some important characteristic differences from submerged soft 
sediments, which can affect the selection and application of cover methodologies. The following 
is an overview of key design factors and how they can be manifested for tailings and mine waste.  

The strength and compressibility of existing material deposits, and the vertical and lateral var-
iability to these properties, is determined not only by their physical composition but also their 
distribution and the means by which the materials were deposited in the first place. Sediments that 
are deposited naturally accumulate via a slow and gradual process, often with episodic high-dep-
osition or erosive events of limited duration occurring in response to environmental conditions. 
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Material deposits formed by anthropogenic industrial processes, such as mine tailings, can build 
up in similar ways. 

The specific depositional placement mechanism and history have significant impacts on mate-
rial strength, heterogeneity, and physical properties. From a given discharge point, coarser mate-
rials settle quickest and accumulate closer to the discharge point, while the finer fraction is carried 
farther. Thus, the finer, more compressible deposits would be found farthest from discharge 
points, and differential settlement amounts would likely result across the area. If the discharge 
point is regularly relocated, a more consistent gradation can be achieved throughout the deposi-
tional area, with more consistent settlement amounts. 

The sequence of submergence and atmospheric exposure (and drying) in a TSF also has a pro-
nounced effect on the distribution of material strength properties. The prevalence and sequence 
of drying and desiccation episodes is generally dictated by operational parameters and production 
schedules. The presence of dried or desiccated layers separated by wetter and therefore softer 
deposit layers will affect the overall settlement that the material mass will undergo.  

Offshore natural sediments, on the other hand, often remain submerged if they are sufficiently 
far from shore, or they may be regularly exposed and submerged by water level fluctuations or 
daily tides.  

Mineral-processing waste has unique geochemical characteristics, with elevated acidity com-
monly present owing to the prevalence of mineral sulfides. Sediments deposited naturally in fresh-
water or marine environments, meanwhile, are generally inert from a geochemical perspective, 
aside from chemical contaminants that may be present (e.g. metals or organic compounds). 

Tailings of the same type may possess different mineralogy and therefore have different phys-
ical and chemical characteristics. Incorporation of processing chemicals in processing operations 
can have further effects on the chemical and physical behavior of mine wastes. 

4 EXAMPLES OF SAND CAP APPLICATIONS FROM VARIOUS INDUSTRIAL SITES 

There are numerous examples of caps comprising granular materials—sand, gravel, and, in some 
cases, chemical amendments and/or coarser stone for erosion resistance—being successfully de-
signed and placed over fine-grained, weak sediments in submerged and exposed, saturated condi-
tions. Successful placement typically entails attaining consistent coverage thicknesses, with a 
minimum of environmental impacts to water quality and surrounding areas, with well-defined 
transitions indicating that there was little mixing of the cap material with the native sediment 
(Verduin et al. 2001, 2002, Houck et al. 2001, Sumeri 1996). 

Cap designs typically feature different layers with distinct material types and functions. Figure 
1 shows an example of a multi-layered sediment cap which incorporates such elements as an 
amendment layer (for enhanced chemical isolation, pH buffering, or similar considerations),  pre-
dominant sand layer intended to provide the main capping and chemical isolation function, an 
erosion resistant layer, and a final surface designed to allow for successful establishment of habitat 
for site restoration purposes. Cap materials can be placed using mechanical (Fig. 2) or hydraulic 
placement techniques (Fig. 3).  
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Figure 1. Example schematic of multi-layer cap (with amendment layer). 

 
 

 
Figure 2. Example of mechanical cap material placement. 
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Figure 3. Example of hydraulic cap material placement using spreader barge. 

 
 
The following sections of the paper present an overview of different design concepts developed 

and successfully implemented for saturated or submerged sediments at industrially-impacted sites, 
for a variety of end-uses, and each requiring some form of specialized equipment and construction 
techniques for unique and challenging site conditions.  

4.1 Offshore cap placement using “grid” placement from Bellingham, Washington 
A cap was constructed at a pulp and paper facility to confine and isolate contaminated sediments 
and debris from the environment and benthic community. Subsurface conditions consisted of 5 to 
8 feet of very soft recent deposits over 16 to 22 feet of fluvial medium dense to dense non-silty to 
silty sand. Soft sediments contained elevated levels of total mercury and phenols, and greater than 
50% wood by volume, as remnants from historical log rafting, log haul-out, and other related 
industrial operations. 

Clean sediment dredged from a navigational channel and waterway adjoining the site was used 
to create a cap ranging from 6 inches along the cap perimeter (e.g. adjacent to structures) to up to 
10 feet within the interior of the project area (Fig. 4). The surface of the cap was constructed using 
substrates and elevations to create beneficial habitat from unproductive water bottoms. 

Bearing analysis of the cap indicated that the existing sediments were capable of supporting the 
cap, also minimizing the risk of mixing the clean cap with underlying sediments, assuming slow, 
even placement of the initial cap lifts. The design required the first three lifts to be 6-, 12-, and 
18-inches thick to allow the sediment to gain strength before placing subsequent lifts. 

The contractor developed a 25- by 50-foot grid system to facilitate precise placement quality 
control during placement. Direct measurement methods (surveys and leadline depth measure-
ments) were used to monitor and verify the volume and thickness of cap material placed, and 
placed material tonnages were closely tracked to supplement the survey data.  
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Figure 4.  Cross-section through capped area. 

 
 

4.2 Intertidal cap placement using conveyor in Puget Sound, Washington 
Soft materials in exposed or shallow water conditions require different placement methods than 
the vessel-based cap placement episodes described above. At an example project site on Puget 
Sound in western Washington, sand and habitat-suitable materials were placed in shallow-water 
and intertidal areas of a historic and publicly accessible waterfront site to attain desired grades 
and isolate underlying sediments, ultimately leading to the site’s usage as a historic waterfront 
park. The work was accomplished in collaboration with the Washington State Department of 
Ecology. 

A mechanical telescoping conveyor system was used to reach over soft intertidal mudflats and 
transport sand materials from on-shore stockpiles to the desired application points (Whelan et al. 
2009). 

Upland and nearshore areas were reachable by land-based equipment (such as a backhoe or 
trackhoe with articulating bucket). In intertidal areas, in order to reach locations farther out from 
shore, equipment would have to travel over the soft sediment surface while avoiding the saltmarsh 
vegetation. Furthermore, the contractor needed to determine the best way to approach dredging 
and materials placement in the tidally influenced zone. Land-based equipment would require 
scheduling work around periods of tidal inundation, while water-based equipment would be sim-
ilarly constrained to high tides. In either case, the use of long-reach equipment (such as a conveyor 
or a maneuverable spreader system on floats) was an alternative that could reduce the need to 
schedule work around high-tide or low-tide events. 

Access to landside and intertidal areas was further complicated by the need to work around and 
preserve the property’s historic boathouse, an adjacent historic home, selected mature trees, and 
a prominent shoreline patch of saltmarsh vegetation (protection of this vegetation via an “exclu-
sion zone” was a key permit requirement). 

Capping material was placed using a land-based, long-reach, telescoping conveyor belt (Fig. 
5). A majority of the capping activities were conducted during late-night hours and at low tide in 
order to precisely place and control the depth of sand and habitat mix and to ensure quick, traffic-
free transport of the sand and rock from the off-site staging area. Grades and layer thicknesses 
were controlled through the use of interim land surveys and grade control survey stakes laid out 
on a grid and visible during low tides.  
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Figure 5. Placement of sand cap using telescoping conveyor belt during night-time low tide. 

 
 

4.3 Offshore cap placement using geotextile from San Diego, California 
In another example, a former shipyard site on San Diego Bay with known on-land and offshore 
sediment contamination, was required by the State of California to be remediated. The project 
proponent elected to design and install a permanent cap over existing soft sediments in order to 
achieve the required degree of long-term chemical isolation. 

The cap was designed per established industry design guidelines (Palermo et al. 1998, DOER 
2000), with porewater flux analyses used to determine the appropriate cap material gradation and 
thickness necessary to achieve long-term goals and prevention of contaminant breakthrough. Ul-
timately, a minimum thickness of approximately 60 cm of sand cap was selected. Owing to sig-
nificant erosional forces in the area (from ships berthing at a nearby terminal), the sand layer was 
overlain by 1- to 2-foot diameter armor stone, separated from the sand cap by an intervening layer 
of filtering gravel (Anchor QEA 2004).  

Shear strengths of underlying sediments ranged from 10 to 100 pounds per square foot (psf) 
and therefore were subject to bearing capacity failure if loaded too quickly or in an irregular fash-
ion. To make sure that a continuous, consistent sand cap could be successfully placed over soft, 
submerged, and heterogeneous sediments, various mitigation strategies were implemented 
(Whelan et al. 2007): 
� “Foundation rock” was placed into the soft sediments along the edges of the cap area to in-

crease bearing capacity against unbalanced loads at the cap edge. 
� A maximum allowable cap lift thickness was specified, so as to restrict variations in place layer 

thickness and thereby reduce the potential for bearing capacity failure of underlying materials.  
� A maximum fall height was specified for the materials being placed. 
� A layer of geofabric was laid down over the exposed sediment prior to cap layer placement. 

The geofabric provided a nominal increase in bearing capacity, helped to prevent intermixing 
of the sand materials into underlying sediments, and proved useful during construction by act-
ing as a clear bottom point of the cap while probing its thickness for quality assurance pur-
poses. 

Cap materials (sand, gravel, and armor stone) were placed mechanically using a cable-sup-
ported clamshell bucket and “skip box,” both used to control the fall height and placement rates 
of the material. Placement was controlled throughout via real GPS positioning, with progress 
bathymetric surveys performed at regular intervals to delineate the total range of thicknesses 
placed (Fig. 6). 
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Figure 6. Progress survey showing cap layer thickness during construction. 

 
 

4.4 Construction of confined sediment disposal facility in Tacoma, Washington 
Design and construction of a confined disposal facility (CDF) for contaminated sediments in Ta-
coma, Washington (Carroll et al. 2004), demonstrated the special concerns associated with placing 
a stable fill over existing soft sediments, with the added design element of predicting fill properties 
during the depositional sequence, which progressed episodically with significant material consol-
idation throughout.  

Chemically impacted dredge materials can be contained in a stable and environmentally pro-
tective manner in a properly designed and constructed CDF. As a frequently beneficial side effect, 
the final post-fill surface of the CDF can provide usable upland property space, with future uses 
ranging from habitat enhancement, waterside use, industrial operations, and/or public access. 

In the Tacoma example, as for many others of a similar nature, understanding the settlement 
rates as fill progressed was critical in ensuring the capacity of the facility and the final surface 
elevations, since new upland area was intended for site development plans. Considering the thick-
ness of the dredged fill along with the low permeability of the fine-grained sediment underlying 
and within the fill, primary consolidation could require several years. 

The time rate of settlement, and the progressive build-up of the fill surface in the CDF, were 
predicted using the Primary Consolidation, Secondary Compression, and Desiccation of Dredged 
Fill (PSDDF) model developed by the U.S. Army Corps of Engineers (Stark, 1996) which evalu-
ates progressive filling of facilities subject to episodic fill events and potential drying/desiccation. 
The model simulated the process of filling and sediment consolidation over time. Figure 7 shows 
the results of progressive settlement analysis for the CDF, indicating that 5 to 5.5 feet of settlement 
would occur after filling was complete, over a period of 3,000 days (8 years). (In this case, wick 
drains were considered to accelerate the consolidation and settlement process, a common tech-
nique for similar industrial fills in saturated conditions).  
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Figure 7. Predicted progressive elevation of dredged fill surface within CDF.  

 
 

5 ALTERNATIVE MEASURES USED FOR SURFACE TREATMENTS 

Granular cover materials (i.e. sand, gravel, and rock) may be difficult or undesirable in areas 
subject to high surface-water velocities or other constraints. Further, for some types of end use, a 
more structurally robust cover installation may be desirable. The following examples from indus-
trial sites are included to provide a wider overview of possible techniques. They may not be suited 
to large areas (such as large TSFs) but could be applicable for limited or localized use at portions 
of tailings or mine waste sites.  

5.1 Installation of solid structural cover at industrial canal in Louisiana 
An in- situ-formed concrete cap can be composed of two layers of woven geotextile that are 
stitched together in a pattern such that a desired thickness and configuration of concrete cap is 
formed when the space between the layers of geotextile is filled with a concrete grout. Various 
types and dimensions of cap may be formed using this product, including rigid mats of fairly 
uniform thickness and articulated individual concrete blocks interconnected with synthetic rein-
forcing cables. 

In this case study (Schwarz & Laplante 2009), the remedial objective was to eliminate erosion 
of the soft, contaminated sediment. To accomplish this, a 4-inch-thick articulated block mat 
(ABM) was installed as a cover in a particularly challenging environment: an industrial canal 
subject to high water flow-through velocities. ABM was selected in preference to uniform section 
mat because of its flexibility to conform to changes in the channel profile as native sediment and 
underlying soil consolidate. 

The high-flow conditions complicated the installation process because the flow of water had 
the potential to catch the geotextile before it settled to the mudline.  

Winches were used to pull the panels across the channel. In this application, the bedding geo-
textile was initially installed separately from the fabric form geotextile. However, because of the 
high-flow conditions, the contractor determined that installation would be aided if the bedding 
geotextile was field stitched to the fabric form prior to deploying the panels. Once this field mod-
ification was made, panels of the bedding geotextile and the fabric form were pulled across the 
channel as complete units and could be pulled across the canal without contacting or dragging the 
sediment surface. 
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Panel deployment was achieved in a downstream to upstream sequence (Fig. 8) which provided 
a “shingle” effect between overlapping panels. A minimum overlap of 5 feet was required, with 
the most downstream panel placed first and each subsequent upstream panel lapping over the 
leading edge of the downstream panel. This provided resistance against the potential for water 
flow to undermine the overlap area. The leading edge of the fabric was weighted with sand bags 
to help hold the geotextile bedding layer and fabric form at the mudline until concrete grout is 
pumped into the fabric form. 

 
 

 
Figure 8. ABM cap installation with bedding geotextile. 

 
 
The fabric form was gently lowered to the sediment surface and held in place with sand bags 

until the form was filled with concrete grout, minimizing resuspension of contaminated sediment. 
As the mat was placed as a continuous layer of geotextile, rather than as aggregate, there was no 
mixing of the cap with the native sediment and no turbidity from the capping material itself, other 
than minor losses of fines through the geotextile. Figure 9 shows the installation in progress, with 
a panel of fabric form being pulled across the canal with cables. Immediately to the left, a previ-
ously placed panel is being pumped full of concrete, and further right is a fully installed panel 
with anchor trench waiting to be filled and seeded. 
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Figure 9. Installation of ABM fabric form in industrial canal. 

 
 
A structural cover such as ABM is suitable for unique applications but does not create a surface 

that is compatible with natural habitat conditions. For the reference project, this was not an issue 
because the cap was placed within an industrial effluent canal where the maintenance or restora-
tion of aquatic and benthic habitat was not an objective or desirable. However, in a natural setting, 
the use of in situ-formed concrete caps would likely require additional measures to restore habitat, 
such as placing a surface overlay of appropriately sized material to address the needs of locally 
significant aquatic and benthic species. Vegetated mats— another in situ-formed product—with 
openings to allow plantings within areas of the cap can be used, if required to meet reclamation 
needs. 

It is important to note that an ABM cap does not provide a barrier to the movement of dissolved 
contaminants. If controlling diffusion or advection of dissolved contaminants is a remedial action 
objective, then the use of an ABM cap may be inappropriate unless an adsorptive or treatment 
layer is incorporated into the cap. For the reference project, dissolved contaminants were insig-
nificant and the objective of capping was limited to controlling the movement of contaminated 
sediment. 

5.2 Solidification and stabilization of contaminated sediments in industrial waste pond 
Sediment treatment measures have been evaluated for a number of industrial sites as part of de-
signing corrective action for low-strength waste materials in a stagnant waterbody on an industrial 
facility. A variety of solidification reagents can be used, subject to treatability testing. On a recent 
example project involving an industrial waste pond, solidification agents were tested for treata-
bility at a bench-scale level to determine the effectiveness of treating sediment contaminated with 
high concentrations of chlorinated hydrocarbons. In this case, as in others, the purposes of treat-
ment were to accomplish not only increased material strength but also reduction of contaminant 
leaching potential and its hydraulic conductivity, so as to isolate the underlying materials.  

In one case study—also in Louisiana, like the previous project example—the treatability test 
was performed to support the selection and design of a treatment agent (Schwarz 2010). Portland 
cement, cement kiln dust, lime kiln dust, fly ash, and a combination of silica and lime were eval-
uated. The sediment tested was predominantly fine grained, high in organic content and moisture, 
and containing significant concentrations of the aforementioned chlorinated hydrocarbons. 

Preliminary testing identified that Portland cement and a mixture of silica and lime were the 
best candidates for treatment, as they were more successful at achieving the desired strength, re-
sistance to leaching, and reduction in hydraulic conductivity. 
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Construction required solidification of more than 11,000 cubic yards of sediment using a mix-
ture of two fly ashes. The results of the full-scale solidification surpassed the performance stand-
ards for strength (500 psf) and hydraulic conductivity (10-2 feet/day).  

After initial testing of the treated sediment, the contractor was required to mix additional fly 
ash into a portion of the sediment that did not meet strength requirements. The area that required 
additional treatment had the highest water content and may have had some of the highest concen-
trations of chlorinated hydrocarbons. The cause of the unsuccessful treatment was not definitively 
established, but all of the treated sediment successfully passed the strength tests after retreatment.  

Appropriateness of stabilizing/solidifying techniques on mine tailings is dependent in large part 
on the geochemical considerations. The strength gain achieved by treating the sediment was rapid 
enough to allow the contractor to place equipment on the treated sediment and work his way 
across the area to be treated. 

At most sites where surface solidification is used, the standing water is removed first because 
solidification of submerged unconsolidated materials is hindered by the fact that excess water 
prevents the necessary pozzolanic reaction. This effect can also occur if the treated material has 
too high of a water content after standing water has been removed.  

6 SUMMARY AND CONCLUSIONS 

There are a variety of occasions when operational or environmental realities require installation 
of covering materials, or other stabilizing measures, over soft materials in a submerged or satu-
rated state. This paper has reviewed a number of examples of such instances from various indus-
trial and shoreline sites, focusing on unique design and construction challenges, which have rele-
vance to occasions where tailings or mine-derived wastes also require covering and/or 
stabilization.  

Whether the site is an industrially-affected shoreline or impoundment, a tailings storage facility, 
or a natural sediment deposit, the design of the covering or stabilizing measures must consider 
many site-specific conditions and objectives in the proper selection of the capping technology and 
the specification of the details of construction. There are a number of established design ap-
proaches and construction technologies available, although there is still room for innovative ap-
proaches for challenging site conditions. Some of the approaches included here—placement of a 
concrete mat and surface stabilization—are likely best applied to localized areas of limited size, 
rather than to large acreage sites. 
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1 INTRODUCTION 

1.1 Anvil Points Facility 
The APF is located within Naval Oil Shale Reserve (NOSR) Number 3, approximately 7 miles 
west of Rifle, Colorado. The APF was designed to pioneer oil shale mining, processing, and 
development by government and private industry. Development of the site was initiated in the 
spring of 1945 by the US Bureau of Mines. A number of different oil shale processing 
techniques were utilized at the site from 1947, to July 1955, when development was suspended 
due to the expiration of the Synthetic Fuels Act. Experimental operations were conducted 
between 1964 and 1968. Development Engineering, Inc., a subsidiary of Paraho Corporation, 
leased and operated the facility intermittently from 1972 until their lease expired in 1982.  

Spent (retorted) shale and raw shale fines (excluded from the retorting process) were 
removed from the plant site at the top of a bench west of West Sharrard Gulch to the steep slope 
descending into the gulch. This waste shale pile extended for approximately 900 feet along the 
terrace bench slope above the gulch, and reached a height of 150 feet. The surface of the shale 
pile had a slope of approximately 1.4:1 and was exhibiting material sloughing in several areas. 
Water and wastewater flowing through the pile likely leached soluble salts and organic 
compounds from the spent shale, which may have entered ground water or seeped into West 
Sharrard Gulch (NEESA 1985). A naturally caused fire (in-situ combustion) was observed in 
the pile of raw shale fines in 1978, later attributed to residual heat from the retorted shale 
(Lavery 1985). High temperatures (approaching 500 degrees Celsius) and cracking and venting 
of hot gases were observed for several years. The shale pile reportedly burned until the late 
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ABSTRACT: Experimental retorting of oil shale was conducted for 30 years at the Anvil Points 
Facility (APF) near Rifle, Colorado. All APF locations were constructed on lands currently 
managed by the Bureau of Land Management (BLM), who funded and oversaw the site 
characterization and clean up. Approximately 100,000 yard3 of spent shale (containing 
hydrocarbons and metals, particularly arsenic) originally placed along a steep slope above West 
Sharrard Creek, a tributary to the Colorado River, was removed to three on-site repositories 
with vegetated covers. We have conducted five years of vegetation maintenance and monitoring 
of the covers. We will present the results as a case study, with specific focus on repository 
cover revegetation. Challenges include an unpredictable and arid precipitation regime; lack of 
control regarding soil cover; and soil and mulch seed contaminants. We conclude with 
discussion of site-specific conditions when designing waste repositories with vegetated covers 
versus other structural covers. 
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1980s or early 1990s. The fire and leaching have made the spent shale pile and the raw shale 
pile virtually indistinguishable.  
 

 
Figure 1. Anvil Points Facility. Town site in center, road to right leads to shale retort site. 
 
 

 

 

Figure 2. Oil shale retort facility on natural bench above waste shale pile. 
 

 
Figure 3. Shale retort facility at full build-out. Anvil Points cliffs to the north of the facility. Dark-stained 
waste shale slope above West Sharrard Creek. 
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1.2 Post-mining 
Twelve inorganic compounds, numerous hydrocarbons, and pyridine isomers were detected 

in ground water at the APF at concentrations that exceeded background levels. These findings 
could be considered an observed release under the Hazardous Ranking System criteria 
established under the Comprehensive Environmental Response, Compensation, and Liability 
Act. The Colorado Department of Public Health and Environment (CDPHE) concluded that 
iron, manganese, and sulfate were leaching from the spent shale pile into ground water in 
concentrations exceeding Colorado Primary or Secondary Ground Water Standards in one or 
more of the ground water monitoring wells sampled. The CDPHE also noted that arsenic 
concentrations in ground water due to leaching from the pile did not exceed standards in effect 
in 2000, but could exceed proposed new standards. 

Remediation actions included removal of the spent shale to three on-site repositories; demoli-
tion and revegetation of the former water treatment plant site on the Colorado River; and mound 
cover and revegetation of the former lysimeter experiment site. Additional actions included the 
closure of the Anvil Points Mine adits, removal of former munitions bunkers and the mine 
access road, and removal of additional remaining on-site features such as a water tower. 

 

  
Figure 4. Waste shale removal action. Figure 5. Filling primary repository. 

 
 

A number of the removal actions were conducted in 2009, following the APF Removal 
Action Design (Golder Associates 2010). Removal of the spent shale pile encountered 
unexpected conditions, which delayed filling the repository. During this time, it became evident 
that the capacity of the planned repository was insufficient to hold the volume of spent shale to 
be removed. The primary repository was excavated, lined, filled, covered, and the surface was 
seeded late in 2009. A second repository was built adjacent to, and south of, the primary 
repository. This was filled, and covered in late 2010. A third repository to store the remaining 
waste was constructed approximately 2 miles west for the first two repositories. This was 
completed the summer of 2012. 

2 MONITORING AND MAINTENANCE 

2.1 Tasks 
Ecology and Environment, Inc. was tasked with implementing the monitoring and maintenance 
(M&M) for the Removal Action and began this work in 2011. The general objectives are to 
maintain the effectiveness of waste containment in the three on-site repositories and to maintain 
stabilization and reclamation effectiveness in other APF disturbed areas. This is intended to 
occur over a 6-year monitoring period. 
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Tasks include: 
x Inspection and repair of soil covers 
x Vegetation monitoring and weed control 
x Revegetation 
x Surface and sump water quality monitoring 
x Reporting 

 
This paper primarily addresses revegetation, which is intertwined with vegetation monitoring 

and weed control. 

2.2 General revegetation objectives 
The following general revegetation objectives were established by the BLM for the repository 
surfaces: 

x Within one year following seeding, viable, desirable seedling density or cover will be 
established on all three repository surfaces. Seedling density or cover shall consist of a 
vigorous, diverse, native plant community as approved by the BLM Project Inspector. 
Seeded vegetation will be of sufficient density or cover to ensure soil stability and 
minimize erosion. 

x By the fifth growing season, all three repository surfaces will support a self-sustaining, 
vigorous, diverse, native (or otherwise approved) plant community with a density 
sufficient to control erosion and non-native plant invasion. 

x Specific revegetation objectives for repository surfaces relative to weed cover and 
native vegetation diversity are summarized in Table 1. 

 
Table 1. Specific revegetation objectives for repository surfaces. 

Parameter Cover Objective (%) Work Plan Year 
Colorado-listed noxious weeds  
(except cheatgrass, filaree) 0 1-5 

Cover: cheatgrass, filaree <50 1 
Cover: cheatgrass, filaree <25 3 
Total cover desired species 50 2 
Total cover desired species 65 3 

Native vegetation diversity 3 species minimum; 
(>5% cover, each) 3 

3 METHODS 

3.1 Primary repository: construction 
According to the as-built documentation (Golder Associates 2010), topsoil was stripped from 
the primary repository footprint and stockpiled on site in September 2008. In June 2009, 
additional topsoil was imported and placed on the repository cover, along with the stockpiled 
topsoil. The imported soil was necessary to achieve the 3-foot thickness required by the 
remediation design. The location of the source of the imported topsoil was not described in the 
as-built report, nor were the locations where soil from each source was placed on the repository 
cover. Soil testing results were reported for grain size distribution and moisture-density 
relationship, but not for agricultural nutrient analysis. The topsoil was amended with a 
commercial fertilizer. The as-built report does not provide the seeding date, but states that the 
installation of seed had not been confirmed as of the date of the report. The seed mix as listed 
on seed tags copied in the as-built report contained seven native grass species, three native 
shrub species, and alfalfa. The seeded area was reported to have been mulched with certified 
weed-free wheat straw and crimped. The site was irrigated for several weeks following seeding. 

Although not yet the subject of M&M activities, it was noted that a solid cover of wheat 
established on the primary repository during the summer of 2010. This crop fruited, but did not 
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drop much seed, as heavy grazing by deer removed the majority of seed heads prior to 
shattering.  

3.2 Primary repository: monitoring and maintenance 
A heavy cover by agricultural weeds was noted in the summer of 2011, presumably from seeds 
contained in the imported topsoil. This vegetation was mown on the primary repository in 
September 2011. Where thatch was heavy, it was raked and removed. The entire repository was 
re-seeded with desirable vegetation using a no-till drill in the fall of 2011. The seed mix 
consisted of seven native grass species and the seeded area was mulched with certified, weed-
free straw. 

The primary repository was mown in April of 2012 to remove the tops of annual weeds 
before they set seed. Herbicide was applied in April 2013 to control cool-season annual weeds. 
The primary repository was mown in April 2014 to control cool-season annual weeds. In early 
October 2014 and in early September 2015, a pre-emergent herbicide was applied for control of 
cheatgrass (Anisantha tectorum).  

Soil nutrient analyses on samples collected in 2012 were compared with results from soil 
samples taken from nearby undisturbed native soils with native vegetation cover. The nutrient 
analysis of primary repository soils was similar to that of the undisturbed native soils.  

3.3 Second repository: construction 
According to the as-built documentation (North Wind Services 2011), topsoil was placed on the 
second repository in September and October 2010. All of the topsoil was imported; however, 
the as-built report does not provide information about the location of the source of the topsoil. 
Soil testing results were reported for grain size distribution and moisture-density relationship, 
but not for agricultural nutrient analysis. The topsoil was amended with an organic, slow-
release fertilizer. The repository surface was drill seeded, and half the repository was mulched 
with crimped straw before inclement weather halted the mulching process in November 2010. 
The seed mix, as listed on seed tags copied in the as-built report, contained five native grass 
species, three native shrub species, and one native legume. Accumulated snow precluded 
completion of straw placement and crimping. The as-built report did not document whether the 
straw was certified weed-free. 
 
3.4   Second repository: monitoring and maintenance 
The 2011 growing season yielded a high cover by agricultural weeds. In September 2011, the 
entire surface was mown for weed control. Where thatch was heavy, it was raked and removed. 
The entire repository was re-seeded using a no-till drill in the fall of 2011 to reduce competition 
from non-native vegetation that had grown, presumably, from seeds in the imported topsoil. The 
seed mix consisted of seven native grass species and the seeded area was mulched with certified 
weed-free straw. The site was irrigated in May/June 2012. The timing of the irrigation was 
intended to get the newly establishing seedlings through what is typically a hot, dry period in-
between late spring and the mid-summer monsoon rain season. 

The entire surface of the second repository was mown in mid-April of 2012 to remove annual 
weeds before they set seed. A mixture of the herbicides Dicamba and 2,4-D was applied to the 
second repository in May for control of the noxious weed hoary cress (Cardaria draba).  

There were no revegetation activities on the second repository in 2013. 
Due to extremely low cover by desirable vegetation, a temporary cover seed mix consisting 

of three aggressive native grass species was drilled onto the second repository in March 2014. 
Certified weed-free wheat straw mulch was applied and crimped after seeding. Grazing by goats 
was employed in April and May 2014 for control of cool-season annual weeds. Cool-season 
annual weeds that emerged in the fall were mown in November 2014, and following that, a 
permanent cover mix was drill-seeded. After this seeding, certified weed-free blue grama straw 
mulch was applied and crimped.  

In May, Dicamba and 2,4-D were applied to the second repository to control kochia (Bassia 
sieversiana) and this herbicide mixture was re-applied in late July to small patches of kochia 
that remained. 
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Due to concerns about the lack of vegetation establishment on the second repository, soil 
nutrient analysis was performed on a composite sample in June 2012. The soil was reported to 
have higher-than-average percent organic matter, organic nitrogen, nitrate nitrogen, phosphorus, 
and other nutrients such as iron and manganese. Subsequent soil tests were conducted to 
analyze for pesticides, herbicides, heavy metals, texture, and sodium adsorption ratio. As results 
from re-seeding efforts proved unsuccessful, even though the seeding occurred during periods 
of optimal precipitation, we continued to explore possible reasons for the disappointing results 
by trying to understand more about the characteristics of the imported topsoil. With the 
exception of the high nitrogen and nutrient levels and a slightly elevated level of the herbicide 
Picloram, no clues for diagnosing the lack of seed germination and establishment were found in 
the soil analyses. The soil was low in salts and sodium. Although the soil texture analysis was 
similar to that of the other two repositories, we noticed that the soil is notably uniform in 
texture, lacks pebbles or rocks, and has a tendency to become powdery when dry. 

In January of 2016, soil from the second repository was collected and used to conduct 
germination trials. Seed germination trials were conducted with three different seeding 
conditions: 1) the seed mix used on the site; 2) seeded only with native slender wheatgrass 
(Elymus trachycaulus ssp. trachycaulus); and 3) control with no seeds. The seed trays were 
placed outdoors to cold-stratify for three weeks, and then brought inside and placed in an area 
that received natural light. 

3.5 Third repository: construction 
Topsoil cover from the third repository area was salvaged and saved during repository 
construction. Topsoil was re-placed in early June 2012. Due to the weed and undesirable 
vegetation issues that had been observed with the primary and second repositories, no 
additional topsoil was imported for this cover. The repository surface was drill-seeded on June 
14, 2012 with a seed mix that contained seven native grass species and two native shrub 
species. The seeded area was mulched with crimped straw. The type of straw was not noted in 
the as-built report (North Wind Services 2012).  

3.6 3.6   Third repository: monitoring and maintenance 
No weed control or revegetation activities were conducted during 2012. 

A composite soil sample was collected in January of 2013 for a soil nutrient analysis. No 
issues and concerns were raised by the results, and the soil nutrient content was quite similar to 
the undisturbed native soil with which it was compared. 

Areas of soil erosion at the base of the south slope of the third repository were seeded and 
mulched with certified weed-free barley straw in April 2013. The seed mix contained six native 
grass species and one native shrub species. Later, as a precautionary measure to protect the base 
of the repository closest to a seasonably active draw, a riprap-soil structure was installed on the 
lower portions of the south-and north-facing slopes in October 2013. 

In March 2014, the entirety of the third repository was reseeded with a mix containing seven 
native grass species and four native shrub species, and was mulched with crimped certified 
weed-free wheat straw. The third repository was spot-treated with pre-emergent herbicide in 
early October 2014 to control cheatgrass. In November 2014, the bases of the slopes where the 
riprap had been previously placed, as well as the ridge of the repository, were re-seeded with 
the same seed mix and mulched with certified weed-free blue grama straw. 

No re-seeding was conducted during 2015. The third repository was spot-treated with pre-
emergent herbicide in early September 2015 to control cheatgrass.  

4 RESULTS 

All of the repository covers are meeting objectives for soil stability and weed control, but not 
for cover by desired species and plant species diversity. Although the initial seed mixes were 
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very similar, the three repository covers have exhibited a completely different trajectory over 
the course of five years of monitoring.  

Despite the differences in vegetation cover, the covers have remained stable throughout the 
five-year monitoring period. The one exception has been at the base of the third repository, 
where pre-existing dry wash drainages were located. When water flowed in the drainages 
periodically after precipitation events, the drainages began to cut into the base of the repository. 
The erosional forces were greater than what could be controlled with vegetation cover alone, 
and this issue was corrected with riprap placement. 

The descriptions below focus on cover by different categories of desirable and undesirable 
vegetation. Bare ground and litter were also measured as cover categories, but those numbers 
are not detailed here, except in a few cases. 

4.1 Primary repository 
Vegetation cover results across the monitoring period are summarized in Figure 6. In 2011, the 
primary repository surface supported a vegetation community with very high cover values, with 
a mean of 90.3 percent. Twenty-seven different species were observed; 7.9 percent of this 
vegetation cover was contributed by native species. It is assumed that the seed source for these 
was the imported topsoil. Cheatgrass was the most dominant noxious weed, totaling 25.6 
percent of the vegetation cover for the site, and other weeds totaled less than one percent cover. 

 

 
Figure 6. Primary Repository. Mean foliar cover, by vegetation category, over monitoring years.  

 
Footnote: 
Vegetation categories, defined by BLM success criteria: native = native species; desirable = non-native and desirable species; 
undesirable = non-native, undesirable species; and control = noxious weed species, or other, aggressive, non-native species. 
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Figure 7. Primary repository, in foreground. The second repository is visible in the center of the photo, 
and the Colorado River is in the valley bottom. August 8, 2011. 

 
At the end of the 2012 growing season, mean total vegetation cover for the primary 

repository was 49.1 percent, with 5.6 percent cover contributed by native species. Crested 
wheatgrass (Agropyron desertorum), a non-native grass not in the seed mix, was the most 
prevalent species, with 14 percent cover. Crested wheatgrass does not occur in the vicinity of 
the repositories, and it is assumed that it entered the site either as residual seeds in the imported 
topsoil or as a contaminant in the seed mix or straw mulch. Cheatgrass and the cool-season 
weed common blue mustard (Chorispora tenella) contributed 13.7 percent and 10 percent 
cover, respectively. 

 

  
Figure 8. Primary repository, July 31, 2012. Figure 9. Primary repository, August 13, 2013. 

 
Mean total vegetation cover for the primary repository surface in 2013 was 52.7 percent. The 

amount of cover provided by native species increased from 5.6 percent to 8.3 percent. Cover by 
crested wheatgrass doubled from 14 percent to 28 percent, while cheatgrass remained 
approximately the same and common blue mustard reduced. 

In 2014, mean total vegetation cover was 71 percent, and cover by native species decreased 
from 8.3 percent to 4.7 percent. Crested wheatgrass cover increased to 21.3 percent, and 
cheatgrass increased from 13.7 percent to 34.7 percent. High precipitation was received during 
the fall of 2013, and we believe this contributed to the increase in cheatgrass. 

At the end of the 2015 growing season, eight species were represented on the primary 
repository, with a mean total vegetation cover of 68.7 percent. Crested wheatgrass comprised 
44.7 percent of the cover, and cheatgrass contributed 13.3 percent. 
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Figure 10. Primary repository, August 27, 2014. Figure 11. Primary repository, July 28, 2015. 
 
Over a five-year period there has been a reduction of total number of species, an increase of 

crested wheatgrass, and an increase in the amount of bare ground, from 3 to 14 percent. Crested 
wheatgrass is a bunch grass known to out-compete native perennial vegetation, including 
shrubs. As this transition has occurred at the primary repository, the spaces in-between bunches 
of crested wheatgrass are filled with opportunistic cool-season annual weeds.   

4.2 Second repository 
Vegetation cover results across the monitoring period are summarized in Figure 12. In 2011, 
vegetation cover on the second repository was consistent and extremely high, with 22 different 
species contributing to a total mean vegetation cover of 99.5 percent. A mean of 0.6 percent of 
this total vegetation cover was contributed by native grass species. Species comprising the 
majority of the cover included Russian thistle (Salsola tragus) (45 percent), kochia (33 
percent), and nine other agricultural weed species. 

 

 
Figure 12. Second Repository. Mean foliar cover, by vegetation category, over monitoring years.  

 
Footnote: 
Vegetation categories, defined by BLM success criteria: native = native species; desirable = non-native and desirable species; 
undesirable = non-native, undesirable species; and control = noxious weed species, or other, aggressive, non-native species. 
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Figure 13. Second repository, August 9, 2011. Figure 14. Second repository, July 31, 2012. 

 
 
At the end of the 2012 growing season, total mean vegetation cover on the second repository 

was 36 percent, comprising 16 different species. Native grasses accounted for approximately 
16.5 percent cover. The native tansy mustard (Descurainia pinnata) had the greatest single 
contribution, with 10 percent, and cover by cheatgrass was four percent. 

In 2013, total mean vegetation cover on the second repository was 45 percent, with 11 
percent cover by native species that included less than one percent cover by native shrub 
species. 

 

  
Figure 15. Second repository, August 14, 2013. Figure 16. Second repository, August 27, 2014. 

 
 
In 2014, the total mean vegetation cover for the site was 96 percent, with 2 percent cover by 

native species. All vegetation cover was provided by four species, with kochia having the 
largest percent cover at 67.5 percent. 

At the end of the 2015 growing season, total mean vegetation cover on the second repository 
was 70 percent, with 25 percent contributed by native species. The presence of one of the native 
grass species that was seeded in November of 2014 coincides with the location of the majority 
of fixed monitoring transects. Much of the southern part of the repository is devoid of native 
vegetation. Because this southern area does not contain transects, the percent cover by native 
species that is calculated from transect data might be higher than the actual percent cover by 
native species over the entire repository. 

Over a five-year period there has been a reduction of total number of species, from 22 
(including eight native species) in 2011 to six (including two native species) in 2015. Cover by 
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kochia has increased overall, from 33 percent in 2011 to 40.5 percent in 2015. Results are 
summarized in Figure 12. 

4.3 Third repository 
Vegetation cover results across the monitoring period are summarized in Figure 18. During the 
summer of 2012, in the first months after the initial seeding, common barley (Hordeum vulgare) 
shoots were observed to be growing from residual seed contained in the straw mulch. As of 
October, 2012, none of the seeded native species was observed to have emerged. 

 

 
Figure 17. Primary Repository. Mean foliar cover, by vegetation category, over monitoring years.  

 
Footnote: 
Vegetation categories, defined by BLM success criteria: native = native species; desirable = non-native and desirable species; 
undesirable = non-native, undesirable species; and control = noxious weed species, or other, aggressive, non-native species.  

 
In 2013, one year after the initial seeding and three months following a re-seeding at the base 

of the repository, total mean vegetation cover was 42 percent, with six percent cover 
contributed by six native species, including one native shrub. Common barley provided the 
most vegetation cover, with 20.7 percent, followed by kochia at 7.7 percent and Russian thistle 
at 7.0 percent cover. Approximately 36.0 percent of the third repository was un-vegetated bare 
ground. 

At the end of the 2014 growing season, mean total vegetation cover was 71.0 percent. A 
mean of 3.3 percent cover was contributed by six native species, including one shrub. Kochia 
provided the most cover, with 42.7 percent, followed by Russian thistle at 17 percent. Bare 
ground accounted for 7.7 percent cover. 

In 2015, mean total vegetation cover for the site was 39.3 percent, with 8.3 percent 
contributed by 10 native species, including two native shrubs. Kochia was the dominant plant, 
with 14.6 percent cover, followed by both crested wheatgrass and the native western wheatgrass 
(Pascopyrum smithii), each contributing 4.3 percent cover. The total mean cover by litter was 
43.7 percent. 

Over the three-year monitoring period, the total number of species has increased from 19 to 
25, with the number of native species represented increasing from 7 to 10. Results are 
summarized in Figure 17. 
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Figure 19. Third repository, August 13, 2013. Figure 20. Third repository, August 28, 2014. 

5 CONCLUSIONS 

An unpredictable and arid precipitation regime was the primary anticipated challenge to 
successful establishment of desired vegetation on the three repository surfaces. Instead, we 
found other factors appear to have been as important, and that these differed for each 
repository. 

5.1 Primary Repository 
The primary repository was seeded during a year with optimal precipitation, which occurred 
during the anticipated summer monsoon rains. The first emergent cover of wheat was 
undoubtedly from a seed source in the wheat straw mulch. The even germination and 
establishment of wheat across the repository surface area was likely encouraged by the 
irrigation that supplemented the summer rains during the first growing season.  

Domination by agricultural weeds the following season was most likely due to a seed source 
in the imported topsoil, enhanced with fertilizer. Controlling these weed species in order to re-
seed with desired vegetation became a critical strategy. What we did not anticipate was the 
subsequent full expression of crested wheatgrass as weed control and reseeding were 
undertaken. The source of this species is suspected to be the imported topsoil, or possibly a seed 
contaminant from the reseeding effort. It now appears that the domination of the site by crested 
wheatgrass will be a persistent condition. Although this was not the planned final cover, crested 
wheatgrass does provide the sustainable vegetation cover desired for this repository. Future 
actions will include control of the annual weeds that tend to colonize between the crested 
wheatgrass bunches. Additional interseeding with native species will be undertaken in these 
same spaces.  

5.2 Second Repository 
The second repository surface has presented challenges from the first growing season after 
seeding when it was dramatically dominated by agricultural weeds, most of which grew to 
notable sizes from the high annual precipitation as well as the added fertilizer. Reseeding with 
desirable species was repeatedly unsuccessful, with little germination being evident, despite 
good precipitation and temperature conditions. Weed control has been a consistent challenge; 
trying to reduce weed establishment, as well as weed biomass that interrupts seeding efforts. 

Repeated tests on the imported topsoil on the second repository have not indicated any 
obvious factors that would impede seed germination or establishment. Germination tests on this 
soil found all tested species of seed did germinate and begin to establish in numbers similar to 
other soil sources. Therefore, we now hypothesize that the drill-seeding in the notably 
homogenous and powdery topsoil may be burying the seeds too deeply. A broadcast, dormant 
seeding is planned to be conducted this fall, after a growing season of intense weed control. If 
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this does not result in expected germination rates, replacement or cover of the topsoil with a 
new soil layer is being considered.  

5.3 Third Repository 
Because the cover placement and revegetation activities were under our control at this site, we 
were able to apply some lessons learned from the first two repositories. Therefore, no topsoil 
was imported. Only locally salvaged topsoil was used, even though it did not provide the depth 
specified in the project design. Because the native species seeded into this repository cover do 
not require soil amendments, and potential weed species benefit from added fertilizer, none was 
added to the cover soils on this site. The seed mix used on the third repository was reformulated 
to emphasize grass and shrub species that are expected to be favored by this growing regime. 

Although the vegetation cover success criteria have not yet been met for this site, it is 
anticipated that the establishing vegetation appears to be on a trajectory that will eventually 
meet all project success criteria. 

5.4 Recommendations 
x Consider carefully whether topsoil should be imported, or if revegetation goals can be 

reached on native subsoils.  
x When topsoil must be imported, thoroughly research the potential sources, the history of 

each borrow site, and vegetation currently covering the soil. Use this information to 
plan seeding methods, possible soil amendments, and proactive weed control.  

x Check imported topsoil by conducting agricultural nutrient analysis and test the viability 
of the soil by conducting small-scale seed germination trials. 

x When native vegetation cover is the objective, purchase seed and straw mulch only from 
reputable sources to reduce the chances of the seed mix being contaminated with non-
native species such as crested wheatgrass. 

x Installation oversight of the topsoil placement and seeding should be conducted, with an 
emphasis on checking that installation methods and materials are in accordance with 
cover objectives. 

x During the maintenance period, a focus on proactive rather than reactive weed control 
measures will yield better results. 

x Design guidelines for surface grading should be in accordance with cover objectives. 
For example, the grading on each repository created ridges that do not provide adequate 
growing conditions (i.e. they are steep, dry, exposed). 

x Consider whether required percent vegetation cover required for success of repository 
covers is reasonable and achievable considering ambient precipitation and other plant 
growth factors.  
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1. INTRODUCTION 

Bauxite residue, which is also called bauxite tailings or red mud, is a material that is pro-
duced when the Bayer process is applied to bauxite ore in order to obtain aluminium oxide. Ac-
cording to the World Aluminium database, in April 2016 alone 9.2 million tons of alumina 
were produced, which means that approximately 15 to 20 million tons of bauxite tailings were 
added to storage ponds around the world. Such large scale production puts great pressure on the 
storage infrastructure of alumina refineries, which has caused some of the notorious catastro-
phes around the world. For example, in October 2010 the corner of a red mud storage dam in 
western Hungary collapsed and a wave of red mud flooded the streets of a neighbouring city 
causing the deaths of ten people. From an environmental point of view it is important to men-
tion that the spill poured into the Danube and polluted 40 km2 of land, contaminating the soil in 
the region. The two main reasons for treating this accident as an environmental disaster are: the 
high pH of red mud (13), caused by the sodium oxide content; and a seven times higher content 
of heavy metals than in normal soil. In reality the problem is not with red mud itself, but in the 
approach to residue storage. There have been a variety of similar accidents involving different 
types of tailings and mine waste. The most recent incident in November 2015 was a spill of iron 
ore tailings in Mariana, Brazil, which killed 16 people. Described as the worst environmental 
disaster in the country's history, the flood contaminated a large stretch of the Rio Doce River 
and eventually reached the Atlantic Ocean. This proves that, even if advanced techniques are 
applied and storage is properly controlled, there is still a high risk of accidents. The only way to 

Hazardous Bauxite Residue and Blast Furnace Slag Application 
as the Main Components for Environmentally-friendly Red 
Ceramics Production 
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W. Klitzke 
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ABSTRACT: This paper reports on a new method of ceramics development utilizing hazardous 
bauxite tailings, blast furnace slag, foundry sand, wood ash and glass waste. Bauxite tailings 
are also known as red mud or bauxite residue. The purpose of this research was to entirely re-
place the natural raw materials traditionally used in red ceramics manufacture. The study was 
conducted by the XRF, XRD, AAS, SEM with EDS, and LAMMA methods. Changes in flex-
ural strength, linear shrinkage, water absorption, and density were determined during the sinter-
ing process at 1000°, 1050°, 1100°, 1150°, 1200° and 1225°C. Red mud content ranged from 50 
to 100 wt.%, slag between 10 and 50%, foundry sand from 10 to 50%, and both wood ash and 
glass comprised 20% each. The ceramics` flexural strength was between 6.95 and 19.78 MPa 
due to the syntheses of the mainly glass-like structure formation - confirmed by SEM, EDS and 
isotopes LAMMA methods - with the complete binding of the heavy metals. 
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prevent such catastrophes is to stop storing tailings and to start recycling them. This paper will 
demonstrate a practical solution to the problem of red mud storage.     

According to Schwarz et al. (2012), more than 1500 patents relating to red mud have been 
registered in patent databases worldwide. However, Samal et al. (2012) explain that one of the 
problems of red mud recycling is that customers do not accept products made of waste material, 
especially in case of bauxite tailings hazardous waste material. Many articles have been written 
describing the physical and chemical characteristics of red mud (Sushil et al. 2007, Liu 2009) in 
order to find the best way to utilize it. The idea of employing it as a raw material for ceramics 
production is relatively common. It has been presented in different forms by many researchers 
(Dodoo-Arhin et al. (2013)), who have suggested mixtures of clay and red mud, and were re-
searching the optimal proportions. One of the most crucial parts of the ceramics preparation 
process is firing, which is why Pontikes et al. (2007) decided to analyze the thermal behavior of 
red mud. Unfortunately, none of these ideas have been implemented, due to the financial cost. 
A completely different approach to red mud recycling has been presented by Liu et al. (2014), 
where red mud is treated as a valuable material for further extraction of metals and other ele-
ments. The main flaw of this approach is that it is also economically inefficient and leads to the 
generation of larger amounts of residue. The last approach to mention is the potential use of red 
mud in cementitious materials production, presented by Pontikes et al. (2013). These are the 
three main approaches discussed and analyzed by several groups of researchers, who conclude 
that they have high probability of implementation and may solve the problem of risky red mud 
storage.   

Owing to the fact that steel became a popular material much earlier than aluminum, the resi-
due from steel production (blast furnace slag) already has some forms of implementation as a 
raw material. The most common way to recycle the slag is to take advantage of the high content 
of CaO. Lukowski et al. (2015) used it for binding material production. At the same time, 
Mymrin (2003, 2005) found it to be suitable for road base construction, which is a type of con-
struction that involves high consumption of materials via the use of blast furnace slag as a bind-
ing material to strengthen local soils. There have also been many studies, in which blast furnace 
slag was added to ceramic mixtures, for example glass ceramics production as described by 
Ding et al. (2015). Foundry sand tends to be used just like normal sand, which means that it is 
employed in ceramics (Mymrin et al. (2014)), concrete (Siddique et al. (2008)) and cement 
block production (Mastella et al. (2014)).  

Waste glass is a very valuable material in terms of its ability to decrease the firing tempera-
ture of ceramics, as stated by Wei et al. (2016). Similarly, glassy formations can be used for the 
neutralization of potentially toxic elements (Mymrin et al. (2015)), or for the production of 
foam ceramics (Zhu et al. (2016)). In addition, waste wood ash is another material that is usual-
ly considered valuable for its pozzolanic characteristics (Chowdhury et al. (2014)), which are 
useful for mortar or any other binding material production.   

The study had two main objectives. The first was to develop new composites solely from in-
dustrial waste products, with particular emphasis on red mud (RM), ground granulated blast 
furnace slag (BFS), spent foundry sand (FS), wood ash (WA) and automobile glass polishing 
waste (GW). Through this process, we aimed to entirely replace the traditional raw material 
used in red ceramics manufacture (natural clay (NC)) with an environmentally friendly alterna-
tive with suitable mechanical properties. The second aim was to study the structural formation 
processes of new materials to increase the values of their most important properties. 
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2. METHODS  

In order to achieve the before mentioned objectives, all the raw materials and prepared ce-
ramics were analyzed by various complementary methods: XRF, using a Philips/Panalytical, 
model PW 2,400 to conduct chemical analysis; XRD with a Philips, model PW 1830 to identify 
the mineralogical composition; SEM, using a Jeol JSM-6360 LV to determine the morphologi-
cal structure of the particles; EDS with a Jeol JSM-5410 LV to identify the specific chemical 
composition of single particles of material; and LAMMA, using  a LAMMA-1000, model X-
ACT to determine the isotopic composition of samples; solubility and lixiviation of metals from 
liquid acid extracts - by AAS on a Perkin Elmer 4100 spectrometer; granulometric composition 
by a Laser Analyzer, model LA-950 – HORIBA; three points of flexural strength, using an 
EMIC DL-10; water absorption, density and linear shrinkage were also studied. 

 
 

3. EXPERIMENTAL RESULTS 
 

A.  Raw materials characterization 
 All industrial waste used as raw materials in the study was obtained from local plant spe-
cies in Brazil, mainly from Sao Paulo and Parana state. Red mud was provided by a refinery in 
Sao Paulo state. In Parana state, blast furnace slag was obtained from a metallurgical plant, 
foundry sand was provided by a casting plant, wood ash was received from a timber merchant 
and glass waste was provided by a company specializing in glass polishing for the car industry. 
All materials have very different chemical compositions determined by the XRF method (Table 
1).   
 
Table 1 – Chemical composition of the raw materials (%).  

Oxides Red 
Mud 

Blast furnace 
Slag 

Wood 
Ash 

Glass 
Waste 

Foundry 
Sand 

Clay 
(reference) 

Fe2O3 29.9 63.6 0.5 0.8 2.0 6.1 
SiO2 15.5 13.8 1.8 75.2 94.6 53.3 
SO3 0.6 10.0 2.2 0.2 0.7 0.1 
Al2O3 21.2 2.6 1.5 0.8 2.3 24.7 
CaO 4.2 2.5 28.2 8.3 0.1 0.4 
MgO 0.1 0.3 7.8 3.2 0.2 0.7 
Na2O 10.3 0.9 0.6 10.7 0.3 0.1 
K2O 0.4 0.4 22.8 0.3 0.1 1.0 
MnO 0.2 0.6 1.4 0.3 0 0.1 
TiO2 2.4 0.4 0.1 0 0.1 1.4 
P2O5 0.6 3.5 2.0 0.9 0 0.1 
Cr2O3 < 0.1 0.3 0 0 0 < 0.1 
V2O5 0.1 0 0 0 0.1 < 0.1 
BaO 0 0.2 0.2 0 0 0.1 
P2O5 0 0.1 0 0 0 0 
SnO2 0 0.1 0 0 0 0 
ZnO < 0.1 0.1 < 0.1 0 0 < 0.1 
CuO 0 0.1 < 0.1 0 0 0 
ZrO2 0.2 < 0.1 0 0 0 0.1 
MoO3 0 < 0.1 0 0 0 0 
Loss on ignition 14.4 1.7 29.9 0.3 3.7 11.5 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
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The main focus of this research, red mud, consists mainly of Fe2O3 (29.9 %), followed by 
Al2O3 (21.2%), SiO2 (15.5%) and Na2O (10.3%). Its rather high loss on ignition value (14.36%) 
might be explained by the carbonates content, by the hydroxide OH-group and the water con-
tent after undergoing the thermo-chemical Bayer process for bauxite ore treatment. The total 
Na2O can be used as a good flux material, taking into account the low melting point of the ma-
jority of its forms. The presence in red mud of Zn (0.72%), Ni (1.26%), Ba (0.79%), Sn 
(1.18%) and Cr (0.54%) were also measured via the AAS method. These values greatly exceed 
the relevant Brazilian norms and regulations (NBR 15270). It is important not to forget that the 
pH of red mud is equal to 13.5. Taken together, these factors mean that it is classified as a haz-
ardous material. Blast furnace slag (BFS) contains extremely high amounts of ferrous oxides 
(63.6%) in addition to SiO2 (13.8%) and SO3 (10.0%), Al2O3 (2.6%) and CaO (2.5%). Wood ash 
(WA) is rather different from the first two types of waste, consisting of CaO (28.2%), K2O 
(22.8%) and MgO (7.8%). The high level of loss on ignition (29.94%) in the ash may be due to 
a large quantity of organic material wood and high adsorption of water from the air in the tropi-
cal humidity of Brazil. In   this   study,  wood  ash  was  applied  as   the  red  mud’s  moisture  adsor-
bent, not only to avoid costly industrial-scale drying, but also because of its high K2O content. 
Glass waste (GW) mostly contains SiO2 (75.2%), as well as lowers levels of Na2O (10.7%), 
CaO (8.3%) and MgO (3.2%). Foundry sand (FS) comprises mainly SiO2 (94.65%) with small 
amounts of Al2O3 (2.26%) and Fe2O3 (1.96%). Natural clay (NC), which is traditionally used at 
the local brick-making plants, was the only raw material used in the present study and therefore 
used as a reference for industrial ceramics.  

 
Table 2 - Grain size distribution in weight %, tapped density in g/cm3 and humidity of raw ma-
terials (%) 

G
ra

in
 

si
ze

 
di

st
rib

u-
tio

n 

Size (mm) Red mud Blast furnace slag Foundry sand Glass waste Wood ash 
0 - 0.074 0.32 1.35 0.08 18.78 0.63 
0.075 - 0.149 1.08 17.63 0.62 39.38 1.53 
0.15 - 0.29 13.14 66.39 13.86 18.55 21.07 
0.3 - 0.59 46.13 14.63 85.17 23.29 25.39 
0.6 - 1.19 39.33 0.00 0.26 0.00 23.59 
More than 1.2 0.00 0.00 0.00 0.00 27.79 

Tapped density* 0.86 2.75 1.59 0.99 0.56 
Humidity  32.2 3.1 1.3 1.4 4.7 

*tapped density refers to the bulk density of the powder after a specified compaction 
process, involving vibration of the container. 
 
 

The grain size classification (Table 2) shows that mainly fine materials were used in the ex-
periment, which had an impact on reactions on a micro scale. Moreover, only the red mud 
showed high humidity; no other materials tend to absorb water.  

 
 

A - RM 
 

B - BFS 
 

C -WA 
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D - FS 
 

E - GW 
 

F - NC 
Figure 1 – XRD patterns of the raw materials used: A – Red mud, B – Blast furnace slag, 
С  – Wood ash, D – Foundry sand, E – Glass waste, F – Natural clay. 

 
 

The mineral compositions of the raw materials studied by the XRD method (Figure 1 ) are 
also rather different: red mud represented by Magnetite Fe3O4, Hematite Fe2O3, Bauxite 
Al2O3·nH2O and Quartz SiO2; blast furnace slag by Fayalite Fe2·2SiO4 and Troilite FeS; wood 
ash by Afwillite Ca3Si2O6(OH)2(H2O)2(Si5O18), Albite (Na,Ca)Al(Si, Al)3O8, Orthoclase 
K(Al,Fe)Si2O8 and Quartz SiO2; foundry sand and glass waste only consist of Quartz SiO2. All 
of the raw materials have very small crystal peaks and very high X-Ray backgrounds because of 
the very low quantity of crystal structures and the predominance of amorphous structures. The 
mineral composition of the only natural material, natural clay, contains Illite 
KAl(Si,Al)4(OH)2·nH2O and Quartz SiO2, with a relatively small quantity of amorphous phase.  

 
 

 
A - RM 

 
B - BFS C - WA 

 
D - FS 

 
E - GW 

 
F - NC 

Figure 2 – SEM micro images of the raw materials used: A – Red Mud, B - Blast Furnace Slag, C - Wood 
Ash, D - Foundry sand, E - Glass Waste, F - Natural Clay. 

 
Analysis of the particles' morphological structures (Figure 2) suggests a large variety of 

shapes,  sizes  and  forms  of  every  material’s  grains,  which  means  there  is  no  uniform  structure.  
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B. Mechanical properties of the ceramics developed  

According to the Brazilian standard (NBR 15270-3), the flexural strength of solid bricks is 
classified as follows: Class A < 2.5 MPa; Class B from 2.5 to 4.0 MPa; and Class C > 4.0 MPa. 

Red mud is the principal component of this research. It contains the remainder of the alkaline 
reagent of bauxite ore decomposition (hydroxide NaOH) with a melting point of 323°C, and 
sodium  hydroxide’s  reactions  with  ultra-fine particles of bauxite ore and with atmospheric gas-
es  in  industrial  deposits.  This  leads  to  the  formation  of  chemical  compounds,  such  as  NaНСО3 

(270°С),  Na2СО3 (852°) and Na2SО4 (883°С)  etc.  Therefore,  these  chemical  species  can  serve  
as a flux component during the ceramics firing process. 

Furthermore, it is widely recognized that almost all amorphous and glassy substances usually 
have a very low melting temperature (in conventional silicate glass, it is about 425 - 600°C) and 
may play the role of flux during the firing of ceramics. The high content of these substances in 
the majority of the waste materials used in this study is a positive factor for decreasing the fir-
ing temperature of the ceramics developed.  

The prepared compositions (Table 3) could be divided into three blocks: two components 
(red mud and foundry sand or slag); three components (red mud and both foundry sand and 
slag); and mixtures with added flux content (addition of glass or ash). 

 
Table 3 – Flexural strength of ceramics after sintering at different temperatures (°С)  in  MPa. 

n° Compositions, wt.% Flexural strength (МPа)  of  ceramics   
 after  sintering  at  Т°С 

800 900 1000 1050 1100 1150 1200 1225 
0 NC 5.36 5.68 7.09 8.72 10.08 14.65 13.36 6.05 

 RM BFS FS GW WA         
1 40 40 20 0 0 0.38 0.85 1.16 1.76 3.23 5.76 6.20 10.29 
2 50 30 20 0 0 0.67 1.12 1.40 1.84 2.98 4.15 6.09 9.73 
3 60 20 20 0 0 1.00 1.34 1.82 2.22 2.86 5.89 4.51 3.52 
4 70 10 20 0 0 1.08 1.84 2.20 3.38 4.84 5.62 4.25 * 
5 100 0 0 0 0 0 0 0.45 0.93 4.34 6.06 12.17 12.32 
6 90 10 0 0 0 2.21 2.66 3.13 4.24 5.51 7.42 12.27 13.10 
7 90 0 10 0 0 1.83 2.17 3.03 4.37 5.27 8.43 10.54 9.07 
8 80 20 0 0 0 2.27 2.44 2.64 3.62 4.65 7.81 14.28 15.96 
9 80 0 20 0 0 1.48 1.79 2.12 4.61 6.33 8.26 7.51 6.91 
10 70 30 0 0 0 1.26 2.08 2.34 3.15 4.72 8.49 10.65 16.36 
11 70 0 30 0 0 1.80 2.53 3.05 3.67 5.76 8.02 7.90 6.64 
12 60 40 0 0 0 1.21 1.67 2.26 4.30 5.01 8.10 10.11 18.05 
13 60 0 40 0 0 1.25 1.83 2.48 3.47 4.24 7.93 7.70 6.28 
14 50 50 0 0 0 1.59 2.17 3.34 5.39 8.12 13.05 15.55 19.78 
15 50 0 50 0 0 1.03 1.55 2.13 2.79 4.10 6.85 6.13 5.69 
16 50 30 0 20 0 1.26 1.81 2.11 3.56 3.88 6.04 9.83 * 
17 50 30 0 0 20 1.60 2.06 2.99 3.42 4.17 4.76 3.34 * 
18 50 0 30 20 0 3.26 4.40 4.98 3.86 * * * * 
19 50 0 30 0 20 1.91 1.95 2.42 2.91 9.10 * * * 
20 60 20 0 20 0 1.66 2.23 2.94 2.94 6.32 9.67 4.27 * 
21 60 20 0 0 20 1.58 2.12 2.71 3.03 5.96 9.50 2.47 * 
22 60 0 20 20 0 2.98 4.04 5.80 5.93 5.75 * * * 
23 60 0 20 0 20 1.69 3.19 3.25 3.37 5.33 * * * 
24 80 0 0 20 0 1.30 2.18 4.30 5.77 14.07 3.06 * * 
Note: * - melted. 
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Composition 5 presents an increase in flexural strength with the increase of firing tempera-
ture. Due to the fact that it contains only red mud, it not only allows us to analyze the behavior 
of red mud without the interference of other materials, but also to understand the thermal be-
havior of red mud. Comparing strength results, which were obtained at 1200°C (12.17 MPa) 
and 1225°C (12.32 MPa), it can be stated that, by 1225°C, the red mud had no more potential 
for strength increase. 

Taking the two component mixtures into consideration, we compared the influence of found-
ry  sand  and  blast  furnace  slag  on  the  composition’s  strength.  Mixtures  that  contained  blast  fur-
nace slag (6, 8, 10, 12 and 14) increased in strength as the blast furnace slag content increased. 
Comparison at 1225°C of compositions 6 (13.10 MPa) and 14 (19.78 MPa) provided data that 
showed the decrease in red mud content, which has a variety of flux components, and the in-
crease in blast furnace slag content, which has a higher melting point, leads to an increase in 
strength. In contrast to those containing blast furnace slag, compositions containing foundry 
sand showed a decrease in strength when the temperature increased as well as when the foundry 
sand content in the composition was higher. Comparison at 1225°C of compositions 7 (9.07 
MPa) and 15 (5.69 MPa) shows that a decrease in red mud content leads to a decrease in 
strength. This might be caused by the chemical composition of foundry sand that mainly con-
sists of SiO2 (94.65%), which does not take part in the reaction. In summary, we can state that 
the less foundry sand content in composition the higher the flexural strength, and the more blast 
furnace slag there is in the composition, the higher the flexural strength of the samples.  

Taking into account the fact that high-strength results were obtained at high temperature, we 
aimed to decrease the melting point of the best mixtures without strength loss. Powder from 
automobile glass polishing and wood ash were used as flux materials. The reason for choosing 
glass waste is obviously its low melting point. The reason for using wood ash is the high con-
tent of K2O (22.8%), which has a low melting point, equal to 740°C. The content of both fluxes 
was fixed at 20% based on weight. The idea that both materials could work as fluxes was con-
firmed, as none of the compositions reached 1225°C but actually melted at lower temperatures 
with composition 18 even melting at 1100°C. Firstly, the negative impact of wood ash on 
strength was observed. This is because it contained organic mass, which did not burn complete-
ly. Furthermore, when it came to firing the ceramics it created pores. Due to the reaction be-
tween blast furnace slag and waste glass, composition 16 showed a high strength of 9.83 MPa 
at 1200°C. At the same time, composition 17, in which glass waste was substituted by wood 
ash, presented maximal strength at 1150°C, reaching 4.76 MPa. Taking into consideration the 
impact of foundry sand (compositions 18 and 19), it is safe to assume that waste glass takes part 
in the reaction with foundry sand at lower temperatures, reaching 4.98 MPa at 1000°C, while 
wood ash only reaches a maximal strength of 9.10 MPa at 1100°C.  

When higher contents of red mud are applied (compositions 20, 21, 22 and 23), better results 
are obtained in terms of low firing temperature and high strength. The same processes resulting 
in a more active reaction between glass and slag at 1150°C (9.67 Mpa) can be observed in com-
position 20. A lower melting point of glass and sand reaction was noted in composition 22 at 
1050°C (5.93 MPa). In order to be certain about the impact of glass on red mud, we prepared 
composition 24, in which the same amount of glass (20%) reacted with 80% of red mud, result-
ing in a flexural strength of just 14.07 MPa at 1100°C.  

Based on the results obtained, it is important to highlight that: 
 

1. Compositions containing both foundry sand and blast furnace slag did not show any favora-
ble differential compared with two component compositions, which only considered flexur-
al strength.  
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2. The increase in blast furnace slag content, in combination with red mud, leads to an increase 
in flexural strength at higher temperatures, while the increase of foundry sand content leads 
to a decrease in flexural strength. 

3. When choosing between wood ash and glass waste as a flux material for ceramics produc-
tion, preference should be given to glass waste, as the use of wood ash leads to the creation 
of pores, which is acceptable only in the case of porous materials production.  

4. The reaction between glass waste and foundry sand starts at lower temperatures, when com-
pared to the reaction between blast furnace slag and glass waste. However, this is also the 
reason for not reaching maximal strength.  

5. The combination of red mud, blast furnace slag and glass waste seems to be more promising 
in terms of achieving a higher strength at lower firing temperatures. 

The changes in linear shrinkage values were studied by measuring the largest linear dimen-
sions – samples’   length   - after sintering the sample at different temperatures. In many cases, 
sharp changes were strongly linked to the greatest changes in flexural strength. The values of 
linear shrinkage increased up to a temperature of maximum strength. When the melting point of 
a sample has been passed, shrinkage decreases because of the foaming effect. The total shrink-
age values of all compositions at all temperatures ranged from 0.22 to 13.17%. The values of 
standard deviations were between 0.4 and 1.7%.    

The value of water absorption is an indirect indicator of the porosity of the samples, so the 
change in the water absorption is also strongly linked to changes in their flexural strength. The 
values of water absorption decrease with temperature increase due to a more intense process of 
closure  of   the  samples’  open  pores.   Its  values varied between 1.35 and 35.22% with standard 
deviations increasing from 0.07 to 2.1%. 
The   nature   of   the   change   in   the   samples’   density   was   similar   to   the   change   in   the   linear  

shrinkage values: it increases with an increase of temperature between 1.26 and 2.54 g/cm3. 
Such behavior is quite expectative, given the continuing shrinkage of the samples and the re-
duction of water absorption (porosity) as the temperature increases. The values of standard de-
viations are within the limits of 0.09 and 0.4 g/cm3. 

C. Physical-chemical processes of ceramics structure formation 

Composition 14 was seen as the most promising for the study of the physical-chemical pro-
cesses of ceramics structure formation for various reasons. Firstly, for the high content of red 
mud (50%). Secondly, for the simplicity of its composition - only two components in a 50:50 
ratio. Thirdly, due to a very high flexural strength of 8.12 MPa, corresponding to the demands 
of class C NBR (> 4.0 MPa) at the low temperature of 1100°C.  

3.3.1. Changes in the mineral composition during ceramics sintering  

Comparison of the XRD patterns of ceramics composition 14 sintered at 1000° and 1225°C 
(Figure 3 and Table 4) demonstrates the presence of Magnetite Fe3O4, Hematite Fe2O3, Fayalite 
Fe2SiO4, Albite NaAlSi3O8 and Quartz SiO2, with very high content of amorphous materials. 
The vast majority of these peaks overlap with one another. The only mineral peaks that are free 
from these coincidences serve as indicators of growth or reduction of the amount of minerals 
formation during the temperature increase from 1000° to 1225°C. A significant decrease in the 
only free peaks of Fayalite on 2Θ°  = 34.2°, and the almost complete disappearance of Hematite 
on 2Θ°=24.2° were also observed.  

 
 

Remediation & Reclamation

450



 
A - 1000°C B - 1225°C 

Figure 3 – XRD patterns of the ceramics of the composition 14 after sintering at 1000°C (A) and 
1225°C (B). 

 
 
It is well known that during the sintering at high temperatures, Hematite turns into Magnet-

ite. This transformation is invisible in Figure 3 because of the absence of free Magnetite peaks 
and their coincidence with Hematite, Fayalite and Quartz, which had suffered a decrease or 
even disappeared in Figure 3B. The only mineral  free  of  coincidence  with  other  minerals’  peaks  
was Quartz (2Θ°=26.6°), which disappeared after sintering at 1225°C. Albite is the only miner-
al which undoubtedly increased its intensity (2Θ°= 42.2°).  The  growth  of  the  Albite  peaks’  in-
tensity disguises a decrease in the intensity of other minerals. A reduction in the intensity scale 
from 1500 to 1000 counts per second also indicates a decrease in the amount of crystalline 
phases in the ceramic, with its transition to the amorphous state.  

 
 
Table 4 – Changes in position (d, Å) and intensities (I, %) of XRD peaks of Figure 3. 
      2Θ° Composition 14 -1000°C Composition 14 -1225°C 

d, Å I, % Symbol d, Å I, % Symbol 
23.9 3.7 53.74 H; A 3.7 28.46 H; A 
24.2 3.67 36.73 H 3.6 8.37 H 
26.6 3.3 11.57 Q    
33.2 2.69 100.0 H; A 2.69 100.00 H; A 
34.2 2.62 15.53 F 2.62 5.17 F 
35.7 2.51 68.89 M; H; F; A 2.51 76.76 M; H; F; A 
40.9 2.20 21.34 F; A 2.20 21.64 F; A 
42.2 2.14 3.84 A 2.16 7.86 A 
49.6 1.837 28.13 H; F; A 1.838 33.33 H; F; A 
54.2 1.692 33.51 H; F; A 1.691 38.12 H; F; A 
57.6 1.598 6.61 H; F; A; Q 1.599 7.26 H; F; A 
62.5 1.485 19.98 M; H; F; A 1.484 21.97 M; H; F; A 
64.1 1.452 18.89 H; F; A; Q 1.452 20.68 H; F; A 
 
 

3.3.2. Changes in morphological structure during ceramics sintering  

Comparison of the SEM micro images of composition 14 after sintering at 1000°C and 1150° 
at the same magnification (3000 times), shows a transition from the melting process of compo-
nents' micro points (Figure 4A) to the melting of relatively large areas (Figure 4B) with partial 
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formation of a more monolithic structure. As a result, the values of flexural strength increased 
from 3.34 to 13.05 MPa. After sintering at 1225° (Figure 4C), almost all particles in the mixture 
melted and chemically interacted, pores in the ceramic almost entirely disappeared, and the 
sample transformed into a monolithic structure. Flexural strength increased 1.5 times, when 
compared with 1150°C, up to 19.78 MPa with significant improvement in other mechanical 
characteristics. 

 
 

 
A - 1000°C 

 
B - 1150°C 

 
C - 1225°C 

Figure 4 – SEM micro images of composition 14 after sintering at: 1000°C (A), 1150°C (B) and 
1225°C (C). 

 

3.3.3. Results of micro-chemical composition in ceramics' new formations 

The new formations were studied by the EDS method (Figure 4C). Three different areas 
were analyzed and all of them demonstrated high heterogeneity (Table 5). For example, the Na 
content varied from 1.96 to 7.16%, Ca - between 5.48 and 7%, etc.  

 
 

Table 5 – Chemical composition of the points (Figure 4 – C) of EDS analysis by EDS method. 
Spectrum Na Al Si Ca Fe Zr Total 
1 0 0 19.60 0 10.79 69.62 100.00 
2 7.16 9.04 13.23 5.48 65.09 0 100.00 
3 1.96 2.26 4.91 0 4.67 86.20 100.00 
6 0 6.75 11.48 7.00 74.78 0 100.00 
7 0 0 0 0 59.35 40.65 100.00 
12 0 2.76 23.56 0 16.61 57.07 100.00 

 
Similar results were obtained in isotopic compositions by the laser micro-mass analyses 

(LAMMA) method.  The  sets  of  isotopes  (Figure  5)  and  their  percentage  (peaks’  height)  show  a  
significant heterogeneity of their compositions at the comparable points. 
 

Remediation & Reclamation

452



A B 
 

C 
Figure 5 – Isotopes laser micro-mass analysis of new formations of composition 14 after sintering at 
1225°C. 

 
 
3.3.4. Environmental characteristics of the ceramics developed 

The study of the leaching and solubility of the extraction of hazardous red mud showed that 
the content of heavy metals content (Zn, Ni, Ba, Sn and Cr) far exceeded Brazilian toxicity 
norms (NBR 10004). For this reason, the ceramics of composition 14 was studied for leaching 
and solubility by the AAS method (Table 6). Comparison of these values before and after the 
use of red mud for ceramics production shows a strong chemical fixation of heavy metals in red 
mud, resulting in more environmentally-friendly materials when compared with the NBR re-
quirements. 

 
 
Table 6 – Results of leaching and solubility tests on composition 14, sintered at 1225°C. 

Elements Leaching, mg/L Solubility, mg/L 
Red mud Composi-

tion 14 
NBR* Red mud Composi-

tion 14 
NBR* 

As 7.63 0.21 1.0 9.56 < 0.001 0.01 
Ba 94.28 < 0.1 70.0 95.47 <0.1 0.7 
Cd 7.34 < 0.005 0.5 15.41 <0.005 0.005 
Pb 4.43 < 0.01 1.0 7.66 <0.01 0.01 

Cr total 18.46 < 0.05 5.0 22.67 < 0.05 0.05 
Hg 1.47 < 0.001 0.1 3.81 < 0.0002 0.001 
Se 2.75 - 1.0 3.35 - 0.01 
Al 28.76 < 0.10 - 36.44 < 0.10 0.2 
Cu 16.29 < 0.05 - 30.08 < 0.05 2.0 
Fe 98.31 0.07 - 108.75 < 0.05 0.3 
Mn 55.11 - - 69.43 - 0.1 
Zn 68.48 < 0.10 - 84.13 < 0.10 5.0 

Note: * - Brazilian norm 
 
 
According to leaching and solubility tests, the material presented does not tend to react with 

the environment. For this reason, ceramics can be shredded and recycled as an aggregate mate-
rial in concrete production at the end of their life span. 
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4. CONCLUSIONS  

1.  It has been experimentally shown  that bauxite tailings can be used as a principal component 
(up to a content of 80 wt.%) in composites with blast furnace slag, foundry sand, wood ash and 
glass waste. The aim was to replace the traditional raw materials (natural clay) used when envi-
ronmentally-friendly red ceramics are fabricated with a material containing suitable mechanical 
properties. Red mud content ranged in this study between 50 - 100 wt.%, blast furnace slag 10 - 
50%, foundry sand 10 - 50%, and 20% of both ash and glass were used. 

2. The composition with 50% of red mud and 50% of blast furnace slag has almost 20 MPa of 
flexural strength, far exceeding the strength of ceramics made from traditional raw materials. It 
also has low linear shrinkage (11.40%), low water absorption coefficients (1.95%), and rather 
moderate density (2.61g/cm3). 

3. Physicochemical studies by XRD, SEM with EDX and LAMMA microanalysis reveal that new 
ceramics have mainly glassy structures with small crystal inclusions. 

4. Red mud has a high content of heavy metals, far exceeding the recommended levels of Brazili-
an sanitary norms. However, in the ceramics developed, all of them are strongly bounded in 
insoluble vitreous structures and leaching. Furthermore, solubility tests on the new ceramics 
show their complete environmental compatibility. Therefore, the application of the suggested 
method on an industrial scale will have a positive impact on the environment. Firstly, by avoid-
ing hazardous waste disposal. Secondly, by prolonging the service life of industrial landfills. 
Lastly, by avoiding the irreparable impact on traditional natural raw materials exploration. 

5. The materials developed may be highly profitable because the use of common industrial waste 
products will significantly reduce the production cost in comparison to the relatively costly tra-
ditional natural materials. 

6. When the end of the life span of the ceramics presented approaches, they might be shredded 
and used as a filler for the production of concrete, due to the fact that they remain completely 
inert according to lixiviate and solubility tests.   
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1 INTRODUCTION 

Tailings deposited in surface impoundments are often prone to oxidation when they contain 
sulphide minerals and when they are exposed to water infiltration and atmospheric oxygen. In 
many cases, sulphide oxidation reactions lead to the formation of acid mine drainage (AMD), 
when the neutralization potential is insufficient compared to the acid generation potential of a 
given tailings (e.g., Blowes & Ptacek, 1994). Appropriate measures must be taken to avoid en-
vironmental impacts. Oxygen availability is one of the determinant factors in the process of acid 
generation from tailings. Establishing an oxygen barrier is usually considered the most efficient 
approach to control AMD generation (e.g. SRK, 1989; MEND, 2001), particularly in the wet, 
temperate climates that are present in many regions across Canada. 
    Covers with capillary barrier effects (CCBEs) can be used to control oxygen migration (e.g. 
Rasmuson & Erickson, 1986; Akindunni et al., 1991, Morel-Seytoux, 1992; Aubertin et al., 
1995, 1996; Bussière et al., 2003). This type of cover relies on a phenomenon called the capil-
lary barrier effect which can appear when a fine-grained material overlies a coarse-grained ma-
terial. The difference between the unsaturated hydraulic properties of the two materials in con-
tact tends to restrict water flow from the fine-grained layers to the coarse-grained layers, thus 
maintaining a high degree of saturation (Sr) in the fine-grained material. The high water content 
(or degree of saturation) in the fine-grained layer results in a low gas diffusion coefficient, 
which leads to a low gas flux (downward or upward). By limiting gas flux into the reactive tail-
ings, the fine-grained layer called the moisture-retaining layer (MRL) of the cover effectively 
controls the production of AMD (Nicholson et al., 1989; Aachib et al., 1998; Aubertin et al., 
1995,1999; Yanful et al., 1999). A typical CCBE configuration used for prevention and control 
of AMD from tailings contains minimally three layers (Aubertin et al., 1995; Aubertin et al., 
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ABSTRACT: Due to economic and social acceptability constraints and to the environmental 
impact of stripping of natural soil pits, mining companies are increasingly interested in using 
non-acid generating waste rock as a substitute for natural coarse soils to form capillary break 
layers (CBLs) in covers  with capillary barrier effects (CCBEs). In this study, numerical model-
ing is used to evaluate the potential utilization of waste rock in a CCBE to control the genera-
tion of acid mine drainage (AMD). The objective is to assess, by numerical modeling, the per-
formance of CCBEs made entirely of mining materials to limit the oxygen flux through the 
cover system. The prediction results confirmed the effectiveness of covers made with mine 
waste rock as CBLs. The water table depth, the grain size, and the hydraulic contrast between 
the moisture-retaining layer and the bottom CBL proved to be the key parameters influencing 
the oxygen flux in the simulated model.  
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2002). The bottom layer is called the capillary break layer (CBL) and typically consists of a 
fairly coarse-grained material used both for mechanical support and as capillary break. The 
MRL is made of fine-grained material and is placed over the CBL. A second coarse-grained 
layer is placed over the MRL to prevent water loss by evaporation and to help lateral drainage. 
    CCBEs are usually composed of natural materials. Previous laboratory and field studies 
showed that natural non-plastic silt (Bussière et al., 2007, 2009) and desulphurized or low-
sulphide tailings (Aubertin et al., 1995 Bussière et al., 2004) can be successfully used in the 
MRL of a CCBE. The availability of suitable, naturally-occurring materials can be a concern, 
particularly in terms of stripping and transportation costs and required volume. Indeed, con-
struction costs can greatly increase when these materials are not located within close proximity 
to the site to be reclaimed (Bussière et al., 1999). Moreover, concerns related to the social ac-
ceptability and the environmental impact of stripping sites of natural materials put pressure on 
the mining industry to use alternative materials in CCBEs. Consequently, mining companies are 
increasingly interested in using mine waste rocks and tailings in substitution to natural materials 
for CCBEs. The possibility of using waste rock as a top and bottom CBL was evaluated as part 
of preliminary numerical modeling (Pabst, 2011). Under arid conditions, waste rocks were used 
to construct the CBL in a store-and-release cover (e.g., Zhan et al., 2001; 2006). 
    In this study, numerical modeling is used to evaluate the potential utilization of waste rock in 
a CCBE to control the generation of AMD. The case study is inspired by the real case of  the 
LaRonde Mine. The objective is to assess, by numerical modeling, the performance of CCBEs 
made entirely of mining materials to limit the oxygen flux through the cover system. Hydrogeo-
logical characterization of cover materials and results from laboratory physical models of 
CCBEs in instrumented columns were used to validate the numerical model. Then, a variation 
of the water table depth and natural and extreme climatic conditions were considered in a nu-
merical parametric study. The influence of the particle size contrast between the water retention 
layer and the bottom CBL on the oxygen flux was further modelled using relatively fine and 
coarse sand in the coarse bottom layer. 

2 MATERIALS AND METHODS 

2.1  Materials preparation  
Both the waste rock and the tailings used in this study came from the LaRonde mine (Agnico 
Eagle Mines Ltd), which is located approximately 50 km east of Rouyn-Noranda, Québec, Can-
ada. The waste rock was sampled in the Bousquet waste rock pile. Note that the particle size of 
waste rock samples was truncated to 50 mm before being transported to the laboratory. The 
waste rock was sieved at 20 and 50 mm (to produce two different particle size distributions) be-
fore laboratory tests. The desulphurized tailings were produced in a pilot plant by standard froth 
flotation using xanthate as a collector and a methylisobutyl carbinol (MIBC) as the frother 
(more details on desulphurization by flotation can be found in (Benzaazoua et al., 2000a; 
2000b)). The mining materials used were characterized using the methods presented in the fol-
lowing sections to obtain their main physical and hydrogeological properties.  

2.2  Materials characterization 
The particle size distribution of the desulphurized tailings was obtained using a Malvern Mas-
tersizer laser particle size analyser (Lee Black et al., 1996). The waste rock particle size distri-
bution was determined by sieving according to ASTM standard D422 (ASTM, 2007) for the 
coarse fraction, and by a Malvern Mastersizer laser particle size analyser for the fine fraction 
(particles smaller than 0.425 mm). The specific gravity (GS) of each material was determined by 
a helium pycnometer (Micromeritics AccuPyc 1330) according to ASTM standard D854-10 
(ASTM, 2012).  
    Water retention curves (WRC) and saturated hydraulic conductivity (ksat) were determined 
for the tailings and waste rocks. Tailings ksat was evaluated using a flexible wall permeameter 
(triaxial cell) according to ASTM standard D5084-03, which was then compared to values pre-
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dicted by the modified Kozeny-Carman model (KCM) (Mbonimpa et al., 2002). ksat of waste 
rock was evaluated using the constant head permeability test, both in a standard permeameter 
according to ASTM standard D5856 (for the 0-20 mm only) and in large high-density polyeth-
ylene (HDPE) columns (80 cm in height and 30 cm in diameter). On average, five to ten perme-
ability tests were carried out for each specimen of waste rock placed in columns, with hydraulic 
gradients i < 1. The tailings WRC were determined using a pressure cell (Tempe Cell) follow-
ing ASTM standard D3152-72  and  by  simultaneous  measurements  of  ψ  and  θ  in  the  column  ex-
periment. Waste rock WRC were obtained by conducting free drainage test in an HDPE col-
umn, similar to the one used for the permeability test. The tests were performed according to 
the recommendations of Chapuis et al. (2007) and the more recent works of Hernandez (2007) 
and Peregoedova et al. (2013).  

2.3  Numerical modelling description 
The commercial software Vadose/W (2007), developed by GEO-SLOPE International Ltd, was 
used to predict the unsaturated behaviour of the tested CCBEs. Vadose/W models the flow and 
transport of water, heat, and gas in porous materials, both for steady and transient conditions, as 
well as under saturated and unsaturated conditions (GEO-SLOPE, 2007) using the finite ele-
ment  method.  Richards’  equation  (Richards,  1931)  is  used  to  simulate  water  flow,  while  Fick’s  
laws  are  integrated  in  the  software  to  simulate  diffusive  oxygen  transport.  Penman’s  equation, 
modified by Wilson (1990), is used by the software to model soil-atmosphere interactions. 
More information on the mathematical form of these equations can be found in Richards 
(1931), Wilson (1990) and Wilson et al., (1994). Vadose/W was previously used by several au-
thors to simulate fluid flow through reactive mine wastes and through engineered covers used to 
control AMD generation (e.g., Gosselin et al 2007; Demers et al., 2009; Pabst 2011). 
    Results from laboratory physical models of CCBEs in instrumented columns (Fig. 1) were 
used to validate the numerical model. The waste rock material used for the top CBL was identi-
cal for all columns (0-50 mm), while the bottom CBL material was different depending on the 
column; the 0-20 mm fraction was used for column 1, and the 0-50 mm fraction was used for 
columns 2. Instruments were installed throughout the experimental columns as shown in Figure 
1. The EC-5 and GS-3 probes were used to measure after each one hour the volumetric water 
content in the tailings and waste rock layers respectively. 
 

The analysis of each column configuration was first performed in steady state to obtain ini-
tial conditions for the transient state simulations of field conditions. The boundary conditions 
for the steady state conditions were an oxygen concentration of 280 mg/L and a small hydraulic 
gradient between the top and the bottom of the column to favour saturated conditions. A coeffi-
cient Kr of 31.9/year was used for the tailings reactivity placed below the CCBE for field condi-
tion simulations. Constant temperatures of 8°C (average annual ground temperature in Canada 
according to Williams and Gold, 1977) and 20 °C were applied for the simulation of field and 
laboratory conditions, respectively.  

Top boundary conditions for field simulations were defined using climate data from the city 
of  Val  d’Or weather station, which is located 50 km from LaRonde mine site. Daily data for one 
year (average climate year) were obtained from Environment Canada, and a graph of annual 
precipitation is shown in Figure 2. Potential Evaporation (PE) values calculated for field condi-
tions with Vadose/W are presented also in Figure 2. The lower boundary condition was based 
on the water table depth and varied between 2 and 6 meters in the simulations. The model was 
run for 214 days from May 1st to November 30th; time steps were modified using the adaptive 
time step function. The period extending from December 1, to April 30, was not considered as it 
corresponds to winter where the system is considered frozen (thus non-reactive). Other simula-
tions of extreme field climatic conditions were performed: 60 days without rain was simulated, 
from July to August, by removing precipitation from the climatic data and maintaining evapora-
tion. 
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Figure 1. Experimental laboratory columns and numerical model  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2.  Precipitation data used in Vadose/W for field conditions simulations and potential evaporation 

(PE) data for field conditions calculated by Vadose/W 
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3    RESULTS  

3.1 Materials characteristics 
Table 1 shows some of the important physical characteristics of the desulphurized and reac-

tive tailings, waste rock, and sand used in the experimental columns and  in this numerical 
study. Based on the particle size distribution, the tailings are classified a plastic silt (ML) and 
the waste rock samples as well-graded sand (SW) (USCS, McCarthy, 2007), with variable pro-
portions of fine particles. The tailings ksat varied between 1.6x10-5 and 6.8x10-5 cm/s, while that 
of the waste rocks varied between 2.9x10-1 and 5.7x10-1  cm/s (for 0-20 mm), and between 
4.8x10-1  and 6.29x10-1 cm/s (for 0-50 mm). For the desulphurized tailings, the Air Entry Value 
(AEV) of the different WRC varied typically between  7  (simultaneous  measurements  of  ψ  and  θ  
in column tests) and 20 kPa (Tempe Cell measurements). Measurements gave a porosity of 0.45 
for tailings and 0.35 to 0.39 for waste rock. The corresponding waste rock AEV was between 
0.4 and 0.6 kPa. WRC representative of those measured with the techniques mentioned previ-
ously (Tempe Cell and columns), and fitted with the van Genuchten (1980) model, are shown in 
Figure 3 and their main parameters are presented in Table 1. Permeability functions of the ma-
terials were obtained from the WRC (Fig. 3) using the closed, semi-analytical Mualem (1976) 
model proposed by van Genuchten et al. (1980), and are shown in Figure 4. WRCs and permea-
bility functions used in the modeling of the desulphurized tailings are the results from the col-
umn tests with an AEV of 7 kPa; these properties are considered here as a worst case scenario. 
 
 
Table 1. Basic and hydraulic properties of materials used in experimental columns and numerical model-
ling. 
 
Properties/Parameters Materials used in experimental columns and numerical modelling 
 Desulphurised 

tailings 
Waste 
rocks 
(0-20 
mm) 

Waste 
rocks 
(0-50 
mm) 

Sand* 

S-1 
Sand* 

S-2 
Reactive 
tailings# 

 

%S 1.44 1.64 1.64  
Grain size     
D10 (mm) 0.0036 0.42 1.25  
D50 (mm) 0.026 5.6 11.8  
D60 (mm) 0.042 6.12 14.2  
CU (D60/ D10) 11.5 14.8 11.4  
Saturated hydraulic 
conductivity, ksat  (cm/s) 

1.6x10-5 to 
6.8x10-5 

2.9x10-1 
to  

5.7x10-1 

4.8x10-1 
to  

6.29x10-1 

 

7.2x10-3 3.0x10-3 1.6x10-5 

 

Solid grain density, Gs  2.84 2.86 2.90  
Air  Entry  Value,  ψa 
measured in the lab 
(kPa), porosity in 
brackets 

7-20 
(n=0.42-0.45) 

0.56  
(n=0.35) 

0.43 
(n=0.39) 

 

2.4 
(n=0.48) 

5.0 
(n=0.46) 

25 
(n=0.45) 

 

θr 0.001-0.5 0.06 0.03 0.141 0.010 0.028 
 

     
αv (cm-1) 0.018-0.52 1.77 2.32 0.029 10.2 0.018 

 

nv 1.37-1.79 2.94 3.60 10.2 2.91 1.79 
 

 
*The properties of these materials were obtained from Aubertin et al. (1996) 
#The properties and parameters of that material was obtained by predictives models : modified Kozeny-
Carman (KCM) (Mbonimpa et al., 2002), modified Kovacs (MK)(Aubertin et al., 2003) and Retention 
curve (RETC) (van Genuchten et al. (1991). 
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Figure 3. Typical  water retention curve measured in the laboratory for the different materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4. Permeability functions of the materials tested in the laboratory   
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3.2 Numerical modelling  

3.2.1 Validation of numerical model 
 
The predicted volumetric water content results in the different cover layers obtained with the 
Vadose/W model are compared with measured laboratory data. The profiles correspond to a 
typical 30-day cycle. For the two columns, the measured profiles are in accordance with the 
predicted profiles. The example of column 2 is presented in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5. Volumetric water content measured and modeled with Vadose/W for column 2  

3.2.2 Numerical parametric study 
 
The parameters used to evaluate their influence on the efficiency of CCBEs exposed to field 
climatic conditions are the depth of water table (ranging from -2 to -6 m), CBL hydrogeological 
properties, and natural and extreme climatic conditions. Note that the parametric study was per-
formed on columns 1 and 2. Several (28) scenarios were chosen to determine the impact of wa-
ter table level, natural and extreme climatic conditions on the volumetric water content profiles 
and oxygen fluxes reaching the bottom of the MRL. 

- Volumetric water content profiles 
 
Typical volumetric water content profiles are presented in Figure 6; these results were obtained 
with a water table depth of -3 m for natural climatic conditions.  Values  of  θ  varied  from  0.33  
(upper part of the MRL) to 0.43 (lower part of the MRL) for column 1 (Fig. 6a) and from 0.38 
(upper part of the MRL) to 0.42 (lower part of the MRL) for column 2 (Fig. 6b). There is no 
major difference in volumetric water content of the bottom CBLs between the 0-20 and 0-50 
mm grain size fractions. This is mainly because the hydrogeological properties of these materi-
als are very similar. Simulations with coarse sand (sand S-1) and fine sand (sand S-2) as bottom 
CBL were performed to illustrate the influence of the particle-size contrast between the MRL 
and the bottom CBL. The hydrogeological properties of sand S-1 and S-2, presented in Table 1 
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were taken from Aubertin et al. (1996). The hydrogeological properties of the reactive tailings 
placed below the CCBE for field conditions simulations are also presented in Table 1. The vol-
umetric water content profiles when sand S-1 is used as CBL (not shown here) are almost simi-
lar to those obtained for column 2. When sand S-2 is used, capillary barrier effects cannot be 
sustained, and the MRL drains significantly  with  θ  values  ranging  from  0.06  to  0.08  (Fig. 6c). 
These results clearly show the influence of the particle-size contrast between the MRL and the 
bottom CBL in CCBEs systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 6. Volumetric water content evolution, water table level of -3 m, (a) column 1; (b) column 2; and 
(c) column with sand S-2 in the bottom  CBL 
 

- Oxygen fluxes values through the MRL 
 
Several (28) scenarios were chosen to determine the impact of water table level, natural and ex-
treme climatic conditions on the oxygen fluxes reaching the bottom of the MRL. The lowest O2 
fluxes were obtained with a water table at -2 m (2 m below the interface between the AMD 
generating tailings and the bottom CBL), and natural climatic conditions (column 2, scenario 9). 
The highest predicted oxygen flux was 2027 g/m2/year and was obtained when the water table 
was placed at -6 m with a CCBE made of sand S-2 as CBL, and natural climatic conditions 
were applied at the top (scenario 28; the sand S-2 was not tested for extreme climatic condi-
tions). These results confirm the importance of having a strong hydraulic contrast between the 
CBL and the MRL. When the contrast is insufficient (case of a CBL made of sand S-2), capil-
lary barrier effects between the coarse- and fine-grained materials disappeared and the degree of 
saturation of the MRL starts to decrease, which allows oxygen migration through the MRL. Re-
sults also indicate that waste rock of either particle size distribution tested (0-20 mm and 0-50 
mm) give similar results and provide both the required hydraulic contrast with tailings to create 
capillary barrier effects.  
    Oxygen fluxes predicted by the -6 m water table condition are definitely higher than the other 
scenarios, with oxygen fluxes between 83 and 98 g/m2/year (for natural climatic conditions) and 
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100 and 118 g/m2/year (for extreme climatic conditions) versus, for example, lower than 40 
g/m2/year for scenarios with the -2 m water table, for both natural and extreme climatic condi-
tions. For the scenarios tested, the influence of extreme climatic conditions on oxygen flux at 
the bottom of the MRL is relatively low. Typically, all other parameters being the same, the dif-
ference between extreme and natural climatic conditions is less than 25 g/m2/year. This is due 
to the strong hydraulic contrast between the MRL and the CBL when waste rocks or sand S-1 
are used which allows maintaining the desired capillary barrier effects at the interface even af-
ter 60 days without rain. The evolution of oxygen fluxes at the bottom of the MRL as a function 
of the depth of the water table is presented in Figures 7a,b. Typically, the performance expected 
for a CCBE in a humid climate is between 20 and 40 g/m2/year (e.g. Ricard et al. 1997; Nastev 
and Aubertin, 2000). For the different scenarios tested (except the one with sand S-2), this level 
of performance is reached for a water table position about 3 m below the base of the cover. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7 .  Effect of water table position on cumulative oxygen flux at the bottom of the MRL 
of the tested CCBEs for (a) natural climatic conditions; (b) extreme climatic conditions 
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Figure 7. (Continued)  Effect of water table position on cumulative oxygen flux at the bottom of 
the MRL of the tested CCBEs for (a) natural climatic conditions; (b) extreme climatic condi-
tions 
 

4 CONCLUSION 

Results of numerical predictions with representative field conditions demonstrated that truncat-
ed waste rock materials (0-20 mm and 0-50 mm) can be successfully used in a CCBE to limit 
the migration of oxygen and the consequent production of AMD. These results clearly confirm 
the importance of having particle-size and hydrogeological contrast between the MRL and the 
bottom CBL in CCBEs systems. Results also indicate that waste rock of either particle size dis-
tribution tested (0-20 mm and 0-50 mm) give similar results that coarse sand and provide both 
the required hydraulic contrast with tailings to create capillary barrier effects. For the scenarios 
tested, the influence of extreme climatic conditions on oxygen flux at the bottom of the MRL is 
negligible. Numerical predictions showed that the two main parameters that control oxygen mi-
gration are the depth of water table and the type of materials used as the bottom CBL. 
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1 INTRODUCTION 

The industrial processes required to produce electricity from nuclear power reactors, collective-
ly referred to as the nuclear fuel cycle, begin with the mining of uranium ore. The methods used 
to mine uranium are excavation-based, such as conventional underground and surface mining, 
and in-situ leaching techniques. At conventional underground and surface uranium mines, a 
process plant is required to crush and mill the ore into a fine slurry. After which, the slurry is 
subjected to a leaching process that commonly uses a sulfuric acid-based solution to allow for 
the separation of uranium from the uneconomical fraction of the ore.  Following the leaching 
process, the liquid and solid fractions are then separated to form a uranium-rich pregnant solu-
tion, which is then typically subjected to ion exchange and final precipitation steps to isolate the 
uranium concentrate. As a byproduct from the milling and concentration process, tailings and 
barren process water are generated and typically treated (i.e., pH adjustment) prior to disposal 
into a storage facility. 
 

Multilayer Granular-Bentonite Covers to Mitigate Radiological 
Risks Associated with Uranium Tailings 

M. Gunsinger, F. F. Junqueira, K. De Vos & J. Fleming 
Golder Associates Ltd., Mississauga, Ontario, Canada 

 

ABSTRACT: Processing of uranium ore generates tailings that, by virtue of the ore processing 
methods, contain radionuclides, including uranium progeny. Uranium tailings are therefore high 
volume, low-level radioactive wastes.  The radioactive nature of the tailings solids requires 
careful planning to implement adequate decontamination protocols and physical containment to 
mitigate the spreading of radioactive contamination.  Depending on the geochemistry of the 
tailings, the residual radionuclides in the tailings solids can be associated with soluble by-
products from ore beneficiation.  The soluble nature of the radionuclides can result in their mo-
bilization upon contact with infiltration and subsequent transport downgradient to adjacent 
groundwater and surface water receivers. Furthermore, the decay of uranium and progeny in the 
tailings generates ionizing radiation and radon gas that, if unmitigated, can be released to the 
atmosphere.  The closure of uranium tailings facilities, therefore, requires special consideration 
of the various sources, pathways and receptors of radiation and radioactive substances. 

Strategies for closure of uranium tailings may include cover methods to mitigate potential 
adverse effects associated with the release of gamma radiation, radon gas, and dissolved radio-
nuclides in groundwater.  Multilayer granular-bentonite covers offer a multifaceted approach to 
mitigate the rate of release and transport of radiation and radioactive substances.  This paper 
discusses the key radiological risks and drivers for the closure of uranium tailings areas and a 
summary of how granular-bentonite covers can be applied to address specific source terms and 
pathways of radiation and radioactive substances. 
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The tailings generated from the milling of uranium ore are low-level radioactive wastes be-
cause they contain residual uranium and associated radionuclides.  The presence of uranium and 
radionuclides in the tailings is due to: 

1. the incomplete recovery of uranium from minerals that were targeted by the ore benefi-
ciation process, 

2. the presence of radionuclide-bearing minerals in the tailings that were not targeted (i.e., 
thorium and uranium progeny), and 

3. the presence of secondary minerals in the tailings that form during the treatment step, 
which sequester uranium and associated radionuclides that were liberated during the 
leaching of the ore slurry. 

As a result, the bulk of the radioactivity that was originally present in the ore material re-
mains in the tailings and only a minor percentage is captured within the uranium concentrate 
(Bryan and Siegel, 2004). The radioactive nature of uranium tailings results in a need to consid-
er environmental and human health risks that are in addition to those most commonly encoun-
tered at most mine sites. A conceptual model of radiological risks associated with uranium tail-
ings is shown in Figure 1. Special aspects of uranium tailings that pose potential radiological 
risks include: 

1. ionizing radiation from the tailings surface as a byproduct of radioactive decay, 
2. low-level radioactive dust liberated from the tailings surface through wind erosion, 
3. radon gas that emanates from the tailings as a byproduct of the decay of radium-226, 

and 
4. leaching of uranium and associated radioisotopes from the tailings and subsequent 

transport of mobilized constituents through surface runoff or subsurface pathways. 
To mitigate the above stated risks, specific mitigation measures need to be developed that are 

integrated into an overall closure strategy.  Such mitigation measures typically involve a com-
bination of engineered controls to reduce/remove the radiological source, immobilize or isolate 
the radiological contaminants, and/or reduce the release rate of radiological contaminants along 
specific receptor pathways.  However, prior to developing the mitigation measures, the potential 
sources, receptor pathways and risks associated with exposure to ionizing radiation, radon gas, 
and radionuclide-bearing water should be well understood.  Along with the site-specific charac-
teristics of the source term and receptor pathways, the local regulations, including the radiation 
protection legislation, will influence the development of the appropriate mitigation measures. 

 

 
Figure 1. Conceptual model illustrating the radiological risks associated with uranium tailings. 
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2 RADIOLOGICAL RISKS 

2.1 Ionizing Radiation 
Uranium exists in the form of three radioisotopes (U-238, U-235, and U-234) with >99% in the 
form of U-238.  These uranium radioisotopes undergo natural decay to form a series of daugh-
ters or progeny, such as Th-230, Ra-226, Rn-222, Pb-210 and Po-210. Uranium and its unstable 
daughters undergo radioactive decay because an unstable combination of neutrons and protons 
in the atomic nuclei.  Generally, there are two types of radioactive decay, referred  to  as  α-decay 
and  β–decay, whereby particles and photons are emitted from the unstable nuclei.  After the 
emission  of  the  α- or  β-particle,  the  unstable  nucleus  releases  γ-rays to complete the decay pro-
cess and form a new element.  The emission of α- and  β-particles  and  γ-rays carry sufficient en-
ergy to alter the electron balance of atoms and molecules upon contact with matter, and there-
fore ionize the atoms or molecules.  It is the impact of changing the electron balance of atoms 
and molecules within cells that is the cause of the adverse health effects of ionizing radiation.   

2.2 Radon Emanation 
Radon-222 is a noble gas that forms through the decay of radium-226 as part of the uranium-
238 decay series. Noble gases are relatively inert and tend not to readily form chemical bonds 
with other elements. The relatively low chemical reactivity of radon enhances its ability to be 
transported through unsaturated porous media via diffusive and advective processes. As such, 
uranium tailings containing radium-226 can be a source of radon to the atmosphere, which can 
be transported significant distances under favorable climatic conditions. The rate at which ra-
don migrates through unsaturated porous media is influenced by factors such as grain size, po-
rosity, pore space connectivity, degree of water saturation, pore pressures and radon concentra-
tion gradients. As radon is released from the ground surface, it enters the atmosphere and 
disperses through the air column via solar heating and wind currents. 

2.3 Leaching of Radionuclides 
Uranium in tailings is present in part as residual ore minerals in the form of uranium (IV).  The 
uranium (IV) in the tailings is susceptible to oxidation reactions that produce uranium (VI), 
which is more soluble and mobile in water (Campbell et al., 2015). The storage of uranium tail-
ings in subaerial impoundments exposes the tailings to atmospheric conditions, which results in 
oxygen ingress into the tailings subsurface. Given that the diffusion coefficient of oxygen in 
water is low, the rate at which oxygen ingresses into the tailings is inversely related to the de-
gree of saturation. As such, residual ore minerals present in the tailings, such as uraninite, are 
susceptible to oxidation reactions under conditions where the water table is below the surface 
and the degree of water saturation in the near surface tailings is low. In addition to oxidation 
through reaction with oxygen, ferric iron that is present in oxygenated pore water can also oxi-
dize or dissolve uranium (IV). Under favorable geochemical conditions, the byproducts of the 
oxidation reactions can be transported downward through the tailings and into the groundwater 
flow system.  
 

Uranium tailings also contain secondary precipitates that are a byproduct of the treatment 
(i.e., neutralization) of the waste products generated by the acidic ore leaching process. The pH 
adjustment of the tailings makes some dissolved constituents insoluble, resulting in the for-
mation of secondary precipitates, such as gypsum, ferric hydroxides and hydroxysulphates. The 
secondary precipitates can make-up a significant portion of the tailings solids and can sequester 
radionuclides through co-precipitation reactions during the pH adjustment. These secondary 
minerals, however, can become unstable due to changes of the geochemical conditions, such as 
reduction-oxidation potential, pH, or concentrations of dissolved constituents. Radionuclides 
may be released upon the dissolution of these secondary minerals, such as when fresh precipita-
tion infiltrates into the subsurface creating conditions where the secondary minerals become 
undersaturated and dissolve. These dissolution reactions release sequestered radionuclides, 
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which are then potentially available for transport into the downgradient groundwater and sur-
face water environments. 

3 GRANULAR-BENTONITE COVERS FOR URANIUM TAILINGS 

A common solution that is applied to address the radiological risks associated with uranium 
tailings is capping the facility with a dry soil cover.  Soil covers offer the advantage of being 
flexible to satisfy a wide range of design criteria, or a single design criterion, through a multi-
tude of soil cover configurations. Properties of a soil cover can be modified with relative ease, 
allowing the design to be tailored to address site-specific requirements.  One soil cover option is 
a multilayered granular-bentonite cover system, whereby the performance layer consists of a 
granular soil that is amended with sodium bentonite, which is an aluminum phyllosilicate clay 
with high swelling capacity that expands when wet, absorbing several times its dry mass in wa-
ter. 

3.1 Granular Treatment with Bentonite 
The bentonite is typically blended with the granular material by using mechanical mixing 
equipment, such as a pug mill. First, the granular material may need to be screened to meet a 
particle-size distribution specification (Figure 2a). After which, the prepared granular material 
and bentonite are placed into dedicated hoppers that feed a belt conveyor that feeds the pug 
mill.  Within the pug mill, the granular material and the bentonite are mixed and water is added 
to the mix, as required, to produce a blended material (Figure 2b).  The granular-bentonite ma-
terial is then placed and compacted in lifts in accordance to the desired specification (Figure 
2c). The amended granular is placed at a specified water content to assist with the initial hydra-
tion of the bentonite upon exposure to water, which results in the bentonite swelling and filling 
of the void space between soil particles. The treated granular therefore has a reduced permeabil-
ity and increased water retention characteristics. A layer of un-amended granular material is 
normally placed over the granular-bentonite layer to protect the bentonite amended material 
from the potential damaging effects of freeze/thaw and wetting/drying cycles, as required (Fig-
ure 2d).  

3.2 Mechanisms to Mitigate Radiological Risks 
Soil covers can be designed to mitigate a specific radiological risk, or several risk aspects.  
Granular-bentonite cover systems are better applied in cases where there are uranium tailings 
with several radiological risks that require an integrated closure solution, such as a combination 
of elimination of tailings dusting (low-level radioactive dust), shielding against ionizing radia-
tion, mitigating radon emissions, and reducing the leaching rate of radionuclides.  Although 
controlling tailings dust and shielding against ionizing radiation can be achieved with a simple 
granular cover, granular-bentonite covers have better performance and offer long-term benefits 
associated with mitigation of radon emissions and radionuclide leaching. Granular-bentonite 
covers also bring advantages compared to multilayered covers that make use of fine-grained 
materials, such as silt or clay. For example, the multilayer granular-bentonite cover can often be 
designed so that the overlying granular material is the same material that is mixed with benton-
ite to provide a profile of layers that have similar particle-size distribution. Therefore, there are 
inherent design and constructability efficiencies with sourcing a single granular material rather 
than sourcing multiple materials. Furthermore, bentonite has self-healing properties that allow it 
to resist cracking due to freeze-thaw or wetting-drying cycles (Adu-Wusu et al., 2007; Zimmie 
et al., 1997; Wong et al, 1991); this offers a potential longevity advantage because fine-grained 
soils, such as silts and clays, can be more susceptible to freeze-thaw or wetting-drying cycles 
and become more permeable over time. The self-healing properties of bentonite provide poten-
tial advantages related to the reliability and robustness of the performance layer to reduce radon 
emissions and radionuclide leaching over the longer term. 
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Figure 2. Photos showing various aspects of the construction of a granular-bentonite cover over uranium 
tailings: a) screening of granular material to meet granular-bentonite material feedstock specification; b) 
pug mill operation producing granular-bentonite material; c) compaction of the granular-bentonite layer 
after placement and spreading operation; d) placement and spreading of the granular layer that overlies the 
granular-bentonite layer. 

3.3 Radon Emission Reduction 
The granular-bentonite material performs well as a gas-barrier within a multi-layer cover sys-
tem. With respect to uranium tailings, granular-bentonite cover systems can be used to reduce 
radon emanation from the tailings. Figure 3 shows the radon flux rate from the surface of a 
completed granular-bentonite cover system compared to the radon flux from bare tailings and 
background locations.  As shown in the example in Figure 3, granular-bentonite cover systems 
can be designed to decrease the radon flux several orders of magnitude to levels near back-
ground levels. The reduction in radon flux is achieved through: 1) increasing the length of the 
radon gas flow pathways, and 2) decreasing the rate of radon gas diffusion by maintaining a 
layer with a high degree of saturation. Radon gas exhaled from the tailings particles must travel 
through the network of pore spaces in the cover prior to atmospheric release. As the radon trav-
els through the subsurface pore network, the radon in part decays into its progeny (which are 
solids) due to its relatively short half-life of 3.8 days. Increasing the length of the transport 
pathways between the source term and the atmosphere and/or increasing the tortuosity of the 
transport pathways would increase the residence time of the radon in the subsurface and allow 
for further decay of radon into its progeny prior to atmospheric release. 

The diffusion coefficient of radon has an inverse relationship with the degree of water satura-
tion in a soil. Modelled radon fluxes through conceptual cover geometries are shown in Figure 
4. Retaining a high degree of water saturation would considerably reduce the radon diffusion 
coefficient. As a result, the rate of diffusion through materials with a high degree of water satu-
ration would be slowed to the point that considerable radon would decay into its progeny and 
sorb onto particles in the cover material before exiting the surface of the tailings. This approach 
is commonly used for the design of oxygen-barrier cover systems aimed at limiting diffusion of 
oxygen into tailings. Maintaining a high degree of saturation within the granular-bentonite cov-
er will therefore have the additional benefit of limiting the oxidation and mobilization of re-
duced forms of uranium. In cases where the uranium tailings are sulphide-rich and oxidation 
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will result in the generation of acidic conditions, granular-bentonite covers can also provide the 
benefit of mitigating the rate of sulphide oxidation by limiting oxygen ingress. 

 
 

 
 
Figure 3. Average radon flux at monitoring stations located on completed granular-bentonite cover over 
uranium tailings (blue) compared to levels measured from uranium tailings (dark grey) and background 
(lighter grey). 

 
Figure 4. Modelled relationship between radon flux and saturation for three granular-bentonite cover con-
figurations. 

3.4 Radionuclide Leaching Reduction 
Granular-bentonite cover systems can be designed to reduce influxes of surface water into the 
tailings due to the low permeability nature of the granular-bentonite blend.  The reduction of 
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surface water influx has the benefit of decreasing the amount of water that percolates through 
the vadose zone of the tailings, which has the potential to reduce the mass loading effects due to 
leaching of the unsaturated tailings and therefore potentially reducing the mass flux rates at the 
base of the tailings facility. To reduce the surface water flux into the tailings, the design needs 
to consider the reduction in hydraulic conductivity required to meet the design objectives. An 
example of laboratory test results that demonstrate the ability that sodium bentonite has on re-
ducing the hydraulic conductivity of a granular material are shown in Table 1. The hydraulic 
conductivity measured for the untreated granular samples (SA02b and SA35b) were determined 
to be 1.1 x 10-4 and 3.0 x 10-4 m/s, respectively. The amended granular samples, referred to 
herein as granular-bentonite or GB, with 5% bentonite (5% GB [SA02b] and 5% GB [SA35b]) 
had hydraulic conductivity values that were 2.1 x 10-6 and 4.0 x 10-6 m/s, respectively, which 
are two orders of magnitude lower than the untreated granular samples. The granular samples 
amended with 10% bentonite (10% GB [SA02b] and 10% GB [SA35b]) had hydraulic conduc-
tivity values that were 2.0 x 10-10 and 3.0 x 10-11 m/s, respectively, which are six to seven orders 
of magnitude lower than the untreated granular samples and four to five orders of magnitude 
lower than the 5% GB samples. 
 
Table 1. Estimated hydraulic conductivity of granular treated with bentonite relative to untreated granular 
that was completed as part of a design process for a granular-bentonite cover for uranium tailings. 

Sample ID Description Hydraulic 
Conductivity (m/s) 

SA02b Untreated granular 1.1 x 10-4 
5% GB [SA02b] Granular treated with 5% bentonite 2.1 x 10-6 

10% GB [SA02b] Granular treated with 10% bentonite 2.0 x 10-10 
SA35b Untreated granular 3.0 x 10-4 

5% GB [SA35b] Granular treated with 5% bentonite 4.0 x 10-6 
10% GB [SA35b] Granular treated with 10% bentonite 3.0 x 10-11 

 
The laboratory test results shown in Table 1 indicate that without bentonite the permeability 

of the granular material is directly associated with the original grain-size of the material, with 
higher permeability associated with coarser materials. The addition of bentonite causes reduc-
tion in permeability due to its high swelling capacity, which results in the bentonite filling the 
pore spaces as the bentonite material expands upon uptake of water. Furthermore, the swelling 
capacity of bentonite provides the benefit of reducing the impact of spatial variability in the 
grain-size of the granular material during full-scale construction on the cover performance be-
cause bentonite can swell to several times its original volume. Therefore, when bentonite is 
added in accordance with the design criteria, the permeability of the blend is mostly controlled 
by the bentonite and less by the original gradation of the material. In this way, as long as the de-
sign ratio of bentonite to granular is maintained, variations in the original grain-size of the 
granular material will not affect the ultimate permeability achieved with the bentonite amend-
ment process. 

4 SUMMARY 

Uranium tailings are low-level radioactive wastes that require special management and closure 
considerations. Radiological risks that are associated with uranium tailings include emanation 
of ionizing radiation, air pollution due to the release of radon gas, and groundwater and surface 
water contamination by radionuclides. Closure strategies that can be applied to mitigate these 
radiological risks often include consideration of covers.  Granular-bentonite cover systems can 
be used to assist with mitigation of the radiological risks, and are particularly useful for mitigat-
ing radon emissions and reducing surface water influx into the tailings by acting as a low per-
meable cap. 
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1 INTRODUCTION 

Uranium is one of the most important energy minerals in the world.  In general, uranium mining 
does not differ from other types of mining operations and typically consists of open pit or un-
derground mining, which are accompanied by tailings storage facilities that contain large 
amounts of tailings from the ore beneficiation process.  

Uranium is continually decaying into other radioisotopes, called progeny or daughters. In 
mining, the objective is to extract the uranium, but because the ore beneficiation process is not 
100% efficient, residual uranium and the radioactive daughters of U-238 are typically present in 
the tailings. For instance, radon (Rn-222), a radioactive gaseous element with a half-life of 3.8 
days, is produced from the decay of radium (Ra-226), which in turn is a daughter of uranium 
(U-238).  Because of the presence of Ra-226 in uranium tailings, the emission of radon gas can 
constitute a potential risk to the public and the environment. 

Soil cover systems have been used widely to mitigate the negative impact of mine wastes af-
ter the end of operations (Albright et al, 2010, Wilson et al 2003), but the success of a cover 

Use of Field Trials for Assessment of Cover Systems to Mitigate 
Radon Release from Uranium Tailings  

F. F. Junqueira, M. Gunsinger, J. Fleming & K. De Vos 
Golder Associates Ltd., Mississauga, Ontario, Canada 

 

ABSTRACT: Uranium tailings areas may become a potential risk for the public and the envi-
ronment if proper rehabilitation actions are not included in the mine closure plan. Exposed tail-
ings containing residual uranium and its radioactive progeny can release radon gas. If left un-
mitigated, the release of radon may exceed maximum tolerable levels defined by regulatory 
agencies. Soil cover systems constructed on top of tailings areas can be used as a measure to 
control the rate of release of radon, and the use of field trials for cover option evaluation has 
become common practice. 

This paper describes the construction and monitoring of a field trial program focused on the 
evaluation of cover system alternatives aimed to reduce emissions of radon gas from uranium 
tailings. The field trial study consisted of a series of test pads that evaluated the following cover 
configurations: a) single layer of granular material, b) multi-layer configuration involving a 
compacted layer of fine-grained soil overlain by granular material, c) multi-layer configuration 
involving a compacted layer of soil-bentonite mixture overlain by granular material, and d) 
multi-layer configuration involving geomembrane overlain by a compacted soil-bentonite layer 
beneath a layer of granular material. Monitoring of the field trials was conducted for a period of 
twenty months and included direct measurements of radon emissions from the top of each test 
pad, as well as from control stations of uncovered tailings located adjacent to the test pads. In 
addition, the test pads were instrumented with suction and moisture/temperature probes. A 
comparison of the performance of the different cover configurations is presented along with a 
discussion on the validation of the approach to cover design.  
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system relies on a staged design approach that involves a  clear  understanding  of  the  cover’s  ob-
jectives, proper characterization of cover construction materials, the use of field trials for pre-
liminary evaluation of cover performance, and setting of realistic expectations in terms of cover 
performance. 

This paper describes the use of field trials for evaluation of different cover system alterna-
tives aimed primarily at reducing emissions of radon gas to the atmosphere from a uranium tail-
ings area.  

2 SITE AND MATERIALS 

2.1 Site Conditions and Cover Design Approach 
The former uranium mine site is located in Canada and, on average, receives total precipitation 
of approximately 900 mm per year, of which about 30% falls as snow between November and 
March. Evaporation occurs mostly between April and October with an average annual potential 
evaporation rate of approximately 580 mm over open water. The average air temperatures are 
minus 7.5 oC between December and March, and 17.4 oC during summer time between June and 
August.  

When the mine ceased operations, the tailings area was covered with up to 1 m of granular 
material.  The original tailings cover system was not designed to mitigate the release of radon, 
and on average decreased the radon emissions from the tailings by about 40%. To be consistent 
with the approach of mitigating the release of radiological substances to levels As Low As Rea-
sonably Achievable (ALARA), it was determined that additional reductions in radon emission 
were necessary. Therefore, there is a need to upgrade the existing tailings cover system, and a 
study was conducted to evaluate potential cover system alternatives aimed at mitigating the re-
lease of radon to ALARA.  

Two approaches were envisaged that take advantage of the 3.8-day half-life of radon: a) in-
crease the length of radon flow path by placing a thick cover on top of the tailings and, b) re-
duce the rate of radon diffusion by maintaining a layer of high-saturation material at the base of 
the cover. Maintaining a high-saturation material within a multi-layer cover system for reduc-
tion of radon emission is based on the fact that the diffusion coefficient of radon in water is 
considerably lower than in air, with a reduction of about three orders of magnitude when soil 
saturation increases from 10% to 85% (Rogers et al, 1984).  

2.2 Available Materials for Cover Construction 
A laboratory testing program was conducted to characterize the materials available for cover 
construction. Samples were collected from test pits completed across potential sources of granu-
lar materials located on site, as well as from off-site sources of fine-grain soils. Figure 1 shows 
the particle size distribution envelopes determined for the granular and fine-grain materials 
identified for cover construction.  
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Figure 1. Grain-size envelopes of granular and fine-grain materials available for cover construction. 

 
Table 2 summarizes the average hydraulic conductivity and dry density of granular and fine-

grain materials measured in the laboratory. In addition, Table 2 also presents the test results for 
a blend of granular and sodium bentonite at ratios of bentonite to granular of 10% by mass.  The 
use of a granular-bentonite (GB) blend was envisaged as an alternative to the use of fine-grain 
materials.  

 
Table 2. Hydraulic conductivity and dry density of materials considered for use in the field trials. _____________________________________________________________________________ 
Material         Hydraulic Conductivity  Dry Density 

(m/s)         (kg/m3) _____________________________________________________________________________ 
Granular         3.0 x 10-4      1,684 
Granular plus 10 % bentonite  4.0 x 10-11      1,826 
Fine-grain            4.8 x 10-9      1,943 _____________________________________________________________________________ 

 
The water retention capacity of potential cover construction materials (i.e. granular, fine-

grain and granular-bentonite blend) was determined through measurements of the soil-water 
characteristic curve (SWCC), which defines the relationship between water content and nega-
tive pore-water pressure (suction) in a soil. Figure 2 shows the SWCCs of the different materi-
als. 

Determination of the water retention capacity of the cover materials is critical for the suc-
cessful design of cover options that rely on the existence of a basal layer of high-saturation ma-
terial to reduce radon emissions. A soil that presents high water retention capacity will be less 
subject to seasonal wetting and drying cycles, and therefore keep the value of radon diffusion 
coefficient low.  Conversely, a soil with poor water retention capacity would drain quickly and 
present low saturation, resulting in higher values of radon diffusion coefficient with consequent 
higher emissions from the surface of the cover.  
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Figure 2. Soil-water characteristic curves of granular, fine-grain, and granular-bentonite blend used in the 
field trial program. 

 
The laboratory tests showed that the granular material would be too coarse and permeable to 
sustain high levels of saturation. The granular material blended with bentonite (e.g. GB10%), 
showed significant improvement in the water retention capacity and reduction in permeability 
of the blend. The fine-grain soil also showed good results in terms of water retention capacity 
and low permeability. These materials (i.e. 10%GB and fine-grain) could be used to construct a 
cover that incorporates a basal layer designed to sustain constant high saturation levels.    

3 FIELD TRIALS 

3.1 Field Trial Configurations 
Four cover configurations were tested by means of instrumented field trials constructed directly 
on top of tailings in an experimental area within the tailings storage facility. The test pads were 
monitored for a period of 20 months between August 2014 and April 2016, being decommis-
sioned in May 2016. The following cover configurations were tested: 

1) Test Pad 1 (TP1) - single-layer granular soil cover system:  this cover option involved 
placement of a 3.3 m thick layer of sand and gravel (granular material) directly on top of tail-
ings.  

2) Test Pad 2 (TP2) – multi-layer gas-barrier soil cover system using granular-bentonite 
blend: this cover alternative incorporated a 0.5 m thick compacted layer of granular soil amend-
ed with 10% sodium bentonite by mass (10%GB), overlain by 1 m of granular material.  

3) Test Pad 3 (TP3) – multi-layer gas-barrier soil cover system using fine-grain material:  this 
cover configuration involved placement of a 0.4 m thick compacted layer of fine-grain soil at 
the base of the cover, overlain by 1 m of granular material.  

4) Test Pad 4 (TP4) – multi-layer gas-barrier soil cover system using 10%GB and geomem-
brane:  this cover option included a linear low density polyethylene (LLDPE) membrane over-
lain by 0.2 m of 10%GB, and 1 m of granular material on top.  

Test pads TP2, TP3 and TP4, were constructed square-shaped with side width of 4 m, and 
thickness between 1.2 m (TP4) and 1.5 m (TP2). For construction of TP1, which was 3.3 m 
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high, a 3.6 m diameter round steel culvert was filled with granular material, and additional 
granular soil was placed outside the culvert.  The difference in shape between Test Pad 1 and 
the other test pads was due to practical issues encountered during construction of the 3.3 m high 
TP1. 

3.2 Monitoring and Instrumentation 
Daily average radon flux from two stations on the top surface of each of the test pads and from 
22 control stations of exposed tailings adjacent to the pads were measured periodically during 
the first months after construction of the test pads, and once about a year later. Radon flux 
measurements were conducted by means of the charcoal method (EPA, 1986), which involves 
placement of a 0.31 m diameter PVC container filled with a layer of activated charcoal on the 
surface from where radon flux is to be measured. The radon gas emanating from the surface is 
absorbed and retained on the surface of charcoal. After about 24 hours of collection time, the 
charcoal was retrieved and a representative sample was sent to an accredited laboratory to de-
termine the radon (Rn-222) content.  In total, eight rounds of measurements were made in 2014 
and one measurement was conducted in 2015. 

The test pads were also instrumented with moisture/temperature and suction probes, which 
were installed within the cover materials and underlain tailings. The sensors were connected to 
dataloggers for automatic data collection and recording. Table 2 summarizes the location of in-
struments in each of the test pads. 

 
Table 2. Location of moisture and suction probes in the test pads. _____________________________________________________________________________ 
Test Pad       Instrument - elevation (material) * 

Moisture Probes    Suction Probes     _____________________________________________________________________________ 
TP-1      -0.3 m (tailings)     - 
       0.7 m (granular) 
       2.0 m (granular) 
       3.0 m (granular) 
 
TP-2      -0.3 m (tailings)    0.1 m (10%GB) 

0.1 m (10%GB)    0.45 m (10%GB) 
0.45  m (10%GB) 
0.8 m (granular) 
1.3 m (granular)  
 

TP-3      -0.3 m (tailings)    0.1 m (fine-grain) 
0.1 m (fine-grain)   0.3 m (fine-grain) 
0.3 m (fine-grain)   
0.8 m (granular) 
1.3 m (granular) 

 
TP-4      -0.3 m (tailings)    0.1 m (10%GB) 
       0.1 m (10%GB)    0.15 m (10%GB) 

0.15 m (10%GB)    
0.5 m (granular) 
0.9 m (granular) _____________________________________________________________________________ 

* Elevation from the surface of tailings  
 

A weather station was also deployed adjacent to the field trials to monitor climatic conditions at 
the experiment area.  
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4 FIELD TRIALS RESULTS 

4.1 Moisture Contents 
The evolution of moisture contents measured from the four test pads is shown in Figures 3 to 6 
together with daily precipitation (rainfall). 

Sand and gravel granular material placed in Test Pad 1 had low water retention capacity and 
higher permeability that allowed rainfall water to infiltrate quickly through the cover. The vol-
umetric water contents measured at the top, middle and lower portions of the cover fluctuated in 
response to precipitation events, with the average water content increasing from top to bottom 
as seen in Figure 3.  

The as-placed porosity of granular material in TP1 was determined using sand-cone tests dur-
ing construction of the pad, and estimated to be 0.34. Based on the as-placed porosity, the cover 
sustained in average saturation levels between 30% and 40% during the monitoring period. This 
saturation range would not be enough to cause meaningful reduction in the radon coefficient of 
diffusion, and therefore any decrease in radon emissions from the surface was fully dependent 
on radon decay as it travels along a longer gas flow path (i.e. cover thickness of 3.3 m). 

 

 
Figure 3. Evolution of volumetric water contents within tailings and cover material at Test Pad 1 (legend 
refers to: material where sensor was installed, distance from tailings surface in m). 

 
At Test Pad 2, which incorporated a 0.5 m thick layer of granular material amended with 10% 
bentonite (10%GB) at the base of the cover, plus 1 m of granular on top, the volumetric water 
contents measured within the top granular layer fluctuated in response to seasonal rainfall 
events, and were in average 0.1 m3/m3 (equivalent to some 30% saturation). However, the vol-
umetric water contents measured within the basal 10%GB layer remained near or above 0.3 
m3/m3 during the monitoring period as shown in Figure 4. Considering the estimated as-placed 
porosity of the 10%GB layer of 0.34 (as determined during construction using sand-cone tests), 
the saturation level within the blend remained above 85% during the entire monitoring period. 
This level of saturation would be sufficient to cause significant reduction in the radon coeffi-
cient of diffusion (Rogers et al, 1984).   
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It is important to notice that because of the high swelling capacity of bentonite, the initial as-
placed porosity of the 10%GB layer likely increased slightly as the bentonite absorbed water, 
but it would reduce once again as part of water is removed by surface evaporation, and consid-
ering the loading imposed by the top granular material. This suggests that the overall saturation 
level of the 10%GB layer could remain stable, despite some fluctuation in the volumetric water 
content.  

 
 
Figure 4. Evolution of volumetric water content within tailings and cover materials at Test Pad 2 (legend 
refers to: material where sensor was installed, distance from tailings surface in m). 

 
At Test Pad 3, which incorporated a 0.4 m thick compacted layer of fine-grain material overlain 
by 1 m of granular, the volumetric water contents measured within the granular followed the 
same pattern observed in TP1 and TP2, with values fluctuating between 0.1 and 0.15 m3/m3 as-
sociated with seasonal precipitation, which translates into saturation values between 30% and 
40%.  The volumetric water contents measured within the fine-grain compacted basal layer re-
mained around 0.27 m3/m3 during the monitoring period, with exception of variations during 
winter associated with the interference of  ice  formation  in  the  sensor’s  readings (Figure 5). The 
volumetric moisture contents values were equivalent to about 90% saturation considering the 
estimated as-placed porosity of 0.3.  This level of saturation would result in significant reduc-
tion in the radon coefficient of diffusion within the fine-grain layer. 

At Test Pad 4, which incorporated a LLDPE geomembrane at the bottom, overlain by 0.2 m 
of 10%GB blend and 1 m of granular on top, variation in volumetric water contents within the 
top granular layer was also similar to the other test pads, with values between 0.10 and 0.15 
m3/m3 (30 to 40% saturation).  The volumetric water contents within the 10%GB layer in gen-
eral remained above 0.25 m3/m3 as seen in Figure 6. Considering the estimated as-placed porosi-
ty of the 10%GB layer at TP4 of 0.3, the measured volumetric water contents would be equiva-
lent to 80% saturation or higher.  

In the case of TP4, radon emissions from the surface were expected to reduce not only be-
cause of a low radon diffusion coefficient value within the 10%GB basal layer, but also because 
of the physical presence of the LLDPE geomembrane at the base of the cover.  
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Figure 5. Evolution of volumetric water content within tailings and cover materials at Test Pad 3 (legend 
refers to: material where sensor was installed, distance from tailings surface in m). 

 
Figure 6. Evolution of volumetric water content within tailings and cover materials at Test Pad 4 (legend 
refers to: material where sensor was installed, distance from tailings surface in m). 
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4.2 Suction and Temperature 
Figure 7 shows the evolution of suction (negative pore-water pressure) measured within the 
10%GB and fine-grain materials used at the base of Test Pads 2, 3 and 4. Suction was not moni-
tored within the granular material as sand and gravels have little water retention capacity and 
typically present low saturation levels with suction of around 10 kPa or higher.  

As seen in Figure 7, except for the lower portion of the 10%GB layer in TP2 (TP2 10%GB, 
0.1 m), which showed suction between 20 and 30 kPa, all the other sensors measured suction 
levels less than 20 kPa during the monitoring period (excluding winter time).  At this suction 
level, according to the soil-water characteristic curves of the materials shown in Figure 2, satu-
ration would be above 80%, which is consistent with saturation levels derived from the volu-
metric water contents measured by the moisture probes.  

It is noticeable from Figure 7 that suction increased markedly in winter, especially within the 
fine-grain layer at TP3. The water potential sensor used to monitor suction measures the dielec-
tric permittivity of a porous ceramic disk and then convert this value into suction based on the 
water retention curve (SWCC) of the ceramic disk. When water approaches the freezing point 
and ice formation starts, the value of dielectric permittivity of water decreases progressively 
from 80 to about 5 as the percentage of ice in the soil increases. As a consequence, the sensor 
measures increasing suction values that are neither accurate nor related to drying of the soil.  

Nevertheless, the fact that interference of ice formation in measurements of suction was 
much more noticeable in TP3 for two consecutive winters suggests that the process of ice for-
mation might have been stronger in the fine-grain soil of TP3, and this could have an impact on 
the long-term performance of the fine-grain layer. 

 
 
Figure 7. Evolution of suction within the granular-bentonite blend (10%GB) and fine-grain materials used 
in Test Pads 2, 3 and 4 (legend refers to: Test Pad, material where sensor was installed, distance from tail-
ings surface in m). 

 
Granular-bentonite covers (as tested in TP2 and TP4), when properly constructed, are reported 
to perform better in the long-term because they are less susceptible to damage associated with 
freeze-thaw cycles compared to silt layers (as tested in TP3), especially when a protection layer 
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of granular material is placed on top (Adu-Wusu et al., 2007, Zimmie et al., 1997, Wong et al, 
1991). Covers that incorporate compacted layers of clay and silt-rich soils typically experience 
degradation in performance over time as a result of the development of cracking and preferen-
tial flow paths in the compacted layer associated with freeze and thaw and wetting and drying 
cycles (Benson et al, 2007, Kraus et al 2004). 

In general, the evolution of temperatures within the cover materials followed a similar pattern 
for all test pads, with the freezing front (i.e. temperatures around or below zero degrees Celsius) 
reaching depths of 1.3 m at TP1 (Granular only), and about 1.1 m at the other test pads that in-
cluded a high-saturation basal layer beneath 1 m of granular material. The evolution of tempera-
tures measured within the cover materials at Test Pad 2 is shown in Figure 8 together with 
measured air temperature. The evolution of temperatures in the other test pads were similar to 
the patterns shown in Figure 8. 
 

 
Figure 8. Evolution of temperatures within materials at Test Pad 2 during the monitoring period (legend 
refers to: material where sensor was installed, distance from tailings surface in m).  

4.3 Radon Emissions 
Radon emissions measured from the test pads and control areas of exposed tailings adjacent to 
the pads during the first months after construction of the pads, and one year after construction 
of the pads are shown in Figure 9.  All cover configurations tested produced reduction in radon 
flux compared to values measured from exposed tailings. Test Pad 1, consisting of a single 3.3-
m thick layer of granular material, presented the worst performance with peak radon flux values 
above 1 Bq/m2/s. The other three cover configurations reduced average radon emissions to less 
than 0.1 Bq/m2/s. 

The average radon flux values measured from the test pads, control areas of exposed tailings 
and the surface of the existing cover are shown in Figure 10 together with the regional back-
ground value. The thick granular cover at TP1 presented an average radon flux of 0.82 Bq/m2/s, 
representing a reduction of about 80% compared to radon emissions from the surface of the ex-
isting cover and 89% compared to the average radon flux from exposed tailings. Radon flux 
measured from the other three test pads were significantly lower, averaging 0.05 Bq/m2/s from 
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TP2 (10%GB + granular), 0.03 Bq/m2/s from TP3 (fine-grain + granular) and 0.04 Bq/m2/s from 
the surface of TP4 (LLDPE + 10%GB + granular). Radon fluxes measured from TP2, TP3 and 
TP4 were within the same range of the regional background value of 0.04 Bq/m2/s, and repre-
sented a reduction of about 99% compared to emissions measured from the surface of the exist-
ing cover. 

 
Figure 9. Evolution of radon fluxes measured from the surface of the test pads and adjacent control areas 
of exposed tailings.  

 
Figure 10. Average radon flux values measured from the surface of test pads, exposed tailings, existing 
cover and off-site background.  

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

487



5 CONCLUSIONS 
Test pads were constructed to evaluate the performance of four different cover system configu-
rations in terms of reducing radon emissions from a closed uranium tailings facility. The cover 
design involved two approaches: 1) increase of the length of radon flow path by placing a thick 
cover on top of the tailings and, 2) reduction of the rate of radon diffusion by maintaining a 
high-saturation layer at the base of the cover. Both approaches aimed to promote partial decay 
of radon within the cover prior to its release into the atmosphere. 

Results obtained from the test pads showed that a thick single-layer cover of granular materi-
al reduced radon flux relative to the uncovered tailings surface by about one order of magni-
tude, however this type of cover performed the worst out of the four cover designs used in the 
test pads for the trial. The use of a high-saturation layer at the base of the cover configurations 
tested at three or the four test pads resulted in reduction in radon emissions of about two orders 
of magnitude, or about 99% compared to the uncovered tailings surface.  In addition to direct 
measurements of radon flux from the surface of the test pads, suction and moisture probes in-
stalled within the cover materials confirmed that the basal layer remained with average satura-
tion levels above 85% during the entire monitoring period, while saturation levels within the top 
granular material were, on average, less than 40%. Temperature sensors incorporated in the suc-
tion and moisture probes showed that the freezing front advanced to depths between 1.1 m and 
1.3 m below the ground surface in the test pads. 

The test pads provided critical information for the final design of the cover system and vali-
dated the design approach of incorporating a high-saturation layer at the base of the cover to 
decrease the radon coefficient of diffusion and, ultimately, reduce radon emissions from the 
surface of covered tailings.  

Based on the results obtained from the test pads, the single-layer granular cover configuration 
was ruled out. The cover configuration tested at TP2 with a compacted basal layer of granular-
bentonite blend was defined as the final cover configuration after an evaluation that considered 
construction aspects and long-term performance.  

The use of field trials for the design of cover systems is highly recommended and can bring 
many advantages in terms of performance and economics. Nevertheless, the design of cover 
systems must also take into consideration other aspects that relate to the constructability and 
homogeneity of a full-scale cover, evaluation of potential risks to the integrity of the cover sys-
tem in the long term, overall risks to the public and environment, and an appropriate cost-
benefit relationship to achieve the ALARA principal.   
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ABSTRACT:  This paper describes the planning, development, and monitoring of the West Mine Lake, a 
reclaimed open pit at the Panna Maria uranium mine and mill site in south Texas.   

The surface mining sequence at the Panna Maria mine was a progressive cut-and-fill process for 
overburden removal and ore extraction, which resulted in a remaining open pit at the end of mining 
operations (the West Mine).  Reclamation planning for the West Mine considered the site geology, 
hydrogeology, climate, and surrounding area land use to develop a residual mine lake to contain surface 
runoff (the West Mine Lake).  Reclamation objectives included:  isolation of the residual mineralized zone 
at the bottom of the mine, minimizing groundwater inflow, maximizing collection of surface water runoff, 
minimizing concentration of constituents by evaporation, and developing agricultural land use and benthic 
habitat for post-reclamation conditions.   

The reclamation sequence included:  covering the residual mineralized zone with stockpiled overburden, 
regrading the mine pit walls above the mineralized zone, constructing an overflow spillway, allowing 
surface water runoff to fill the reclaimed pit to maintain pit water levels above surrounding groundwater 
levels, revegetating reclaimed surfaces above the final water level of the reclaimed pit, and developing 
benthic habitat within the rising pit lake.  Monitoring of reclamation performance included sampling and 
analysis of lake water quality, benthic species tissue, near-surface soil, and vegetation.  Monitoring focused 
on presence of radionuclides and metals uptake by vegetation.  The current reclaimed land use in the area 
surrounding the lake is grass hay production and cattle grazing.  The current West Mine Lake is currently 
used as a private bass fishery. 
 
Key Words:  Mine waste management, Mine reclamation. 

1 INTRODUCTION 

Reclamation of open-pit mines typically present significant technical challenges.  Alternatives range from 
restricting access to the final configuration of the open-pit mine to partial or complete backfill.  Interactions 
of mineralized materials with surface water and groundwater present water management issues and 
potential long-term water treatment requirements.  Funding for open-pit mine reclamation is typically from 
internal accrual during operations, since the closure and reclamation work is often conducted at the end of 
mine production and after the period of operating income. 

This paper presents a reclamation case history of the West Mine Lake at the Panna Maria uranium mine 
and mill site.  The residual mine topography, climate, geology, hydrology, and surrounding land use were 
considered and incorporated into the West Mine Lake reclamation.  This reclamation case history is perhaps 
an unusual example of reclamation planning and concurrent reclamation that were initiated during mining 
and continued through site closure. 

2 MINE SITE DESCRIPTION 

The Panna Maria uranium mine and mill site (located approximately 60 miles southeast of San Antonio in 
Karnes County, Texas) was operated by Rio Grande Resources Corporation (and earlier by Chevron) as an 
open-pit mining operation and conventional mill for recovery of uranium.  The site area (located between 
the unincorporated communities of Hobson and Panna Maria) is shown in Figure 1.  The community of 
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Panna Maria (Polish for Virgin Mary) was settled in 1854 by a Franciscan missionary, who recruited 
immigrants from Silesia, which was then part of the Kingdom of Prussia. 
 
 

Figure 1.  Aerial photo of site area. 
 
The Panna Maria mine and mill site is within the South Texas Plains region, characterized by undulating 
topography draining to the southeast.  The site is within a net evaporation environment, with average annual 
pan evaporation (80 inches or 2032 mm) almost three times annual precipitation (30 inches or 760 mm).  
Natural vegetation dominated by grass, with live oak and brush. 

The site is within the San Antonio River watershed, one of the primary river systems draining to the 
southeast into the Gulf of Mexico.  The San Antonio River flows to the southeast near the Panna Maria site 
(approximately two miles downgradient from the site).  The site features and local topography are shown 
in Figure 2. 

The site area is underlain by southeast-dipping mid-Tertiary sediments, consisting primarily of poorly-
consolidated siltstones, claystones, and fine-grained sandstones.  These sediments include the lower 
sequence of the Catahoula Formation and the upper units of the underlying Whitsett Formation.  The Fant 
Tuff unit of the Catahoula Formation and the Fashing Clay unit of the Whitsett Formation comprise the 
surface materials at the site and the non-mineralized overburden removed during mining. 

The site lies within the South Texas Uranium Province (Westec, 1997), a region of open-pit uranium 
mining, conventional milling, and in-situ recovery operations since the 1950s.  Mineralization at the Panna 
Maria mines was within the Tordilla Sandstone unit of the Whitsett formation. 
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Figure 2.  Panna Maria site layout. 

2.1 Project background 
The Panna Maria mill and associated facilities were constructed near planned mine sites within a selected 
area underlain by the clayey units mentioned above.  The Panna Maria mill operated from February 1978 
through April 1992.  From 1978 through 1985, the mill produced ore from the adjacent Panna Maria open-
pit mines (described below).  The mill was temporarily shut down in 1985 and modified for renewed start-
up in 1986 to process ores from the Mount Taylor underground mine in New Mexico (from 1986 to 1988) 
and the Rhode Ranch open-pit mine in Texas (from 1988 to 1992). 

Following final mill shutdown in 1992, closure of the mill site and 150-acre (61-hectare) tailings pond 
began, and was completed in 2000.  Tailings pond reclamation was conducted according to an approved 
closure plan (WWL, 1994) and documented in a construction completion report (Shepherd Miller, 2002).  
The tailing pond was designed to contain approximately 10 million tons (9.1 million tonnes) of mill tailings.  
Approximately 6.8 million tons (6.2 million tonnes) of mill tailings were discharged into the tailings pond 
during the 1978 to 1992 operating life of the mill.  During site reclamation, approximately 1.3 million cubic 
yards (1.0 million cubic meters) of mill debris, collected sediment, and contaminated soil were excavated 
from the mill site, ore stockpile area, sediment ponds, and surrounding areas and disposed in the tailings 
pond.   

Mill site area soil excavation was conducted using measured gamma radiation scanning and radiological 
analyses of soils compared with established cleanup standards.  These standards were based on 
concentrations of residual radium-226 and natural uranium in the top 6 inches (15 cm) of soil (Shepherd 
Miller, 2002).  After removal of above-standard soils, residual areas were contoured to shed runoff without 
ponding and graded to resemble the surrounding topography before placement of topsoil and establishment 
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of vegetation.  The details of tailings pond, mill site, and surrounding area reclamation have been 
documented in Strachan and Raabe (1998, 2008). 

2.2 Mining background 
Mining at the Panna Maria site was conducted in five distinct mine sites:  West Mine, East Mine, Swientek 
Mine, Labus Mine, and Jack Pump Mine.  These five mine sites covered approximately 1,200 acres (485 
hectares).  Prior to commencement of mining, reclamation bonds were established with the State of Texas, 
initially totaling $7 million for the five mine sites. 

The uranium mineralization in the region is formed in typical “roll-front” deposits, geochemically 
reduced zones within sandstone units that are conducive to precipitation of uranium in groundwater.  In this 
part of south Texas, uranium mineralization is found along the Jackson uranium mineralization trend, and 
is associated with faulting and offsets of sedimentary units (AquiferTek, 2015).  The Panna Maria mines 
were associated with mineralized zones within the Tordilla Sandstone unit of the Whitsett Formation.  Due 
to the depths of these deposits, surface mining consisted of an initial “box cut” through the non-mineralized 
overburden (primarily weak, clayey siltstone) before excavation into the mineralized deposits.  Overburden 
removal and mining were conducted with both truck-and-shovel and scraper fleets.  The overburden from 
the box cuts was placed near the mine areas for subsequent reclamation use.  Figure 3 is an aerial photograph 
during the period of mill operation and West Mine activity. 
 
 

 
Figure 3.  Panna Maria mill site and West Mine area. 
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Mine reclamation was conducted concurrently with active mining, including backfilling of mined sections, 
recontouring, topsoil placement, and revegetation.  Backfilling and recontouring were conducted to 
maintain a minimum of four feet (1.2 meters) of clean fill over mineralized material, in compliance with 
Texas reclamation requirements.  Following declaration of reclamation completion by the Texas regulatory 
agency responsible for mine reclamation, the mine sites were monitored over a four-year Extended 
Responsibility Period (ERP).  ERP monitoring included self-regeneration of vegetation, erosion control, 
and measurement of radiation levels, as well as sampling and analysis of near-surface soil, vegetation, 
surface water, and groundwater.  The reclaimed Panna Maria mines met ERP requirements, and have been 
released for unrestricted use for grazing and hay production.  The agricultural productivity of the reclaimed 
Panna Maria mine areas has exceeded that of pre-mining conditions.   

3 WEST MINE RECLAMATION 

The overall surface mining sequence at the Panna Maria Mines was a progressive cut-and-fill process for 
overburden removal and uranium ore extraction.  In general, the mines were completely backfilled during 
concurrent reclamation.  Excess overburden from the West Mine was stockpiled near the mill site for 
tailings pond reclamation.  This mining sequence, as well as anticipation of additional mining from 
improved uranium market conditions, resulted in a remaining portion of the West Mine open at the end of 
mining operations.   

3.1 Reclamation planning 
Reclamation planning for the West Mine considered the residual topography as well as site geology, 
hydrogeology, climate, and surrounding area land use.  The resulting decision made by Rio Grande 
Resources Corporation was to develop a residual lake to contain surface runoff (the West Mine Lake).  
Reclamation objectives included:  isolation of the residual mineralized zone at the bottom of the West Mine, 
minimizing groundwater inflow, and optimizing surface-water management.   

The Panna Maria site drainage plan was developed to allow runoff from catchments north and east of 
the West Mine to drain into the West Mine Lake.  In addition, runoff from the top surface of the reclaimed 
tailings pond, as well as runoff from the reclaimed mill site, ore stockpile area, and operational sediment 
pond areas was directed to the West Mine Lake.  A spillway from the West Mine Lake was incorporated 
into the drainage plan, allowing excess runoff to discharge through the existing stormwater management 
ponds in to a natural drainage that flows to the San Antonio River.  The overall drainage plan is shown in 
Figure 2. 

The residual mineralized zone at the bottom of the West Mine was covered with overburden.  Mine pit 
slopes (from the original box cuts) were regraded, and slopes that would be above the ultimate West Mine 
Lake water level (at the spillway elevation) were covered with topsoil for establishment of vegetation.  
Although the bottom of the West Mine was below the local groundwater levels in sand units of the 
Catahoula Formation, filling of the reclaimed West Mine with stormwater runoff maintained water levels 
such that the gradient for subsurface water flow was generally outward from the West Mine Lake. 

3.2 Mine water management 
For many open-pit mines in the western United States with a net evaporation climate, residual water in the 
mine (from groundwater or collected runoff) may have constituents of concern that become more 
concentrated with time, due to limited inflow of surface water and continued evaporation.  Although 
average annual evaporation is almost three times average annual precipitation at the Panna Maria site, the 
catchment area that drains to the West Mine Lake is approximately 1,200 acres (485 hectares), while the 
West Mine Lake surface area is approximately 50 acres (20 hectares).  The catchment area is shown in 
Figure 2.  The water balance on an average basis shows that annual West Lake evaporation is approximately 
333 acre-feet/year (410,000 cubic meters/year), while runoff entering the West Mine Lake (at 50 percent 
of precipitation) is approximately 1500 acre-feet/year (1,860,000 cubic meters/year).  Even with infiltration 
of West Mine Lake water into the groundwater system, the excess of runoff over evaporation (inflow more 
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than four times evaporation) would maintain a full West Mine Lake with water quality representative of 
stormwater runoff. 

Fill placement and slope regrading of the West Mine was conducted in the late 1980s, with successful 
reclamation of the West Mine determined in 1993.  Runoff flow into the West Mine Lake was underway in 
1990, and the lake water level reached the spillway elevation in approximately 2002 (shown in Figures 4 
and 5). 

 
 

 
Figure 4.  West Mine Lake during filling. 
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Figure 5.  West Mine Lake at capacity. 

4 WEST MINE LAKE ENVIRONMENT 

As the West Mine Lake was filling with stormwater runoff, Rio Grande Resources Corporation was 
planning the development of a benthic environment to utilize the good quality of water in a 50-acre (20-
hectare) lake.  Residual timber that was removed for reclamation work was placed in below-water areas of 
the lake for enhancement of benthic habitat. 

Development of the benthic species in the West Mine Lake was done in a progressive manner, starting 
with smaller species, then introducing larger species, including catfish and bass.  Monitoring of lake 
performance has included water quality sampling, as well as benthic species sampling and tissue analysis. 

5 CONCLUSIONS 

Reclamation of the Panna Maria mines is an example of reclamation planning during operations, conducting 
reclamation in a manner consistent with plans, and where possible, conducting reclamation concurrently 
with mining operations.  Site reclamation was consistent with the surrounding land use of hay production 
and grazing, and demonstrates that reclaimed mined areas can be developed to be environmentally safe and 
actually more agriculturally productive than the same areas prior to mining. 

Development of the West Mine Lake is an example of repurposing, or a new land use for an open-pit 
uranium mine.  Future plans for the West Mine Lake under consideration by Rio Grande Resources 
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Corporation include use as a trophy-class bass fishery.  The site layout with the West Mine Lake at the end 
of 2015 is shown in Figure 6. 
 
 

 
Figure 6.  West Mine Lake area at the end of 2015. 
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1 INTRODUCTION 

Since 1995, the Quebec government has required mining companies to submit rehabilitation and 
restoration plans for approval through it’s Mining Act (Publication Québec, 2016). Without 
such plans, mining companies are not allowed to operate. The Ministère de l'Énergie et des 
Ressources naturelles (MERN, formerly MRN) has published the “Guidelines for Preparing a 
Mining Site Rehabilitation Plan and General Mining Site Rehabilitation Requirements” (MRN, 
1997), setting out the requirements that must be met in order to facilitate the drafting of these 
plans.  As exposed on the regulator’s website (www.mern.gouv.qc.ca), the Guide is divided into 
three sections: i) a first section explaining the provisions of the Mining Act, specifying the 
measures to be followed in the case of a temporary cessation of activities, and presenting the 
general requirements for mine site rehabilitation; ii) a second section setting out the elements 
that must be part of each plan, for both exploration and extraction projects, and iii) a third sec-
tion stating the steps to be followed for submitting a plan, describing the evaluation process, and 
detailing the various acceptable forms of financial guarantees.  During rehabilitation, the afore-
mentioned guidelines have to be followed in addition to other environmental requirements im-
posed by the Ministère du Développement Durable Environnement et Lutte contre les Change-
ments Climatiques (MDDELCC, formerly MDDEP).  

Cases Studies: Mine Restoration Projects and Strategies in 
Québec, Canada 

 
Jean-François St-Laurent, Eng., M.Sc., 
WSP | Parsons Brinkerhoff, Québec, Québec, Canada 

 

ABSTRACT: Since 1995, the Quebec government has required mining companies to submit re-
habilitation and restoration plans for approval. In order to meet these requirements and to reduce 
risk associated to their TSF, an active mine is currently achieving studies to demonstrate that 
capillary rise within tailings coupled with cattails plantation could be an alternative to a 1.0 m 
thick water cover.  Another mining company restored its oldest TFS with a perched water table 
and completed water stable isotopes analyses and geophysical surveys to identified preferential 
flow within a dike, what would help restoring the second on site TSF. In order to compensate 
for fish habitat lost, an active mine is presently looking forward to restoring an abandoned mine 
TSF and proceeding with a creek rehabilitation by building 4 dikes and 17 thresholds to create 
an artificial lake and a stream that will allow fishes to return to the upstream lake.  During the 
Gaspé Mine restauration, a total of 50,000 m³ of contaminated soils were bio-treated avoiding 
off-site disposal.  To adequately characterize the polychlorinated dioxins and furans contamina-
tion at Mine Preissac, exhaustive and innovative environmental and biological characterizations 
of soil, small fruits, fishes, small mammals and waterfowl have been completed. Special precau-
tions have been put in place to limit cross contamination as well as normalized testing proce-
dures have been adjusted to meet the project requirements.   
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Numerous mining companies are pursing improvement work in order to make sure that their 
sites will be compliant with the applicable regulations and will be rehabilitated as requested by 
regulators.  This paper summarized case studies, with the objective of presenting approaches and 
technologies that have been used or applied to meet or exceed requirements and to reduce the 
risks associated with the long-term management of tailings or mine waste.  Due to space limita-
tions and confidentiality issues, only selected figures, pictures and graphs are shown within the 
present paper to support our statements. 

2 MINE 1 

2.1 Background Information and Current Situation 
Considering the failure of the tailings storage facility (TSF) that occurred on August 4, 2014 at 
the Mount Polley Mine in British Colombia (Canada), Mine 1 pursued improvement work in or-
der to make their TSF and rehabilitation plan state of the art.  The mining company’s main ob-
jective is to reduce as much as possible the short- and long-term risks related to their TSF.  Hav-
ing tailings classified as potentially acid generating (PGA) based on criteria from Directive 019 
(MDDELCC, 2016a), underwater tailings deposition is currently being used. A minimum 1.0-m 
thick water cover has to be maintained all year long above the surface of the tailings, and the re-
cently approved rehabilitation plan suggests maintaining the 1.0-m thick water cover as a reha-
bilitation technique.  Unfortunately, the discharging tailings pipeline stayed stuck in the ice cov-
er, leading to sub-aerial tailings deposition a few years ago.  However, final effluent monitoring 
suggests that there is no environmental impact from having sub-aerial tailings. Field monitoring 
seems to indicate to the mining company that a 1.0-m water cover is not required to limit tail-
ings oxidation.  Moreover, visual evidence suggests that cattails are progressively taking over 
sub-aerial tailings “islands” (Figure 1).  Furthermore, pore-water pressure recordings coupled 
with modeling show that having the water sit directly on the upstream slope of dikes reduces 
their factor of safety (FoS).  Finally, after a risk analysis, the mining company considers that 
water cover as a restoration concept is no longer socially acceptable, as such a risky legacy 
should not be left to future generations.  
 

 
 
Figure 1: Vegetated Sub-Aerial Tailings Island 
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2.2 Approach and Completed Work 
In order to confirm the aforementioned assumptions, detailed site and laboratory investigation 
programs have been put in place to answers the following questions: 

x Do field sub-aerial tailings oxidize and leach? 
x What is the water quality near the sub-aerial tailings? 
x What is the sub-aerial tailings pore water quality? 
x What is the sub-aqueous tailings pore water quality? 
x What is the geochemistry of sub-aerial tailings versus fresh and sub-aqueous tailings? 

A total of 12 water and tailings samples (fresh, sub-aqueous and sub-aerial) were collected 
and analyzed to address the above raised questions.  Tests results show that the quality of water 
sampled close to the islands and sub-aqueous tailings pore water complies with D019 require-
ments.  Sub-aerial tailings islands pore water pH, As and Ni concentrations are compliant with 
D019 requirements.  Obtained results indicated that oxidation of the sub-aerial tailings had not 
yet occurred at the sampling locations even though these tailings are not located below the pre-
scribed water cover. The results also suggested that pore water is trapped in sub-aerial tailings 
voids. The hydraulic conductivity of the tailings and the hydraulic gradient into tailings islands 
appear to prevent water migration. 

The geochemical characterizations of tailings samples families allow establishing that there is 
no significant geochemical evidence of sub-aerial tailings oxidation (absence of Fe2+ or sul-
phate) and concentrations in sub-aerial, sub-aqueous and fresh tailings are similar for most ele-
ments. Based on these results, it appears that sub-aerial tailings geochemical characteristics did 
not vary over time, where sampled, and indicate that geochemical reactions are being limited.  
To confirm this assumption, kinetic testing is currently ongoing through the use of column test-
ing (Figure 1) (Demers, I., et al., (2008), Bellaloui et al., 1999; Yanful et al., 1999). In addition 
to these laboratory tests, the mining company is looking at the possibility of installing a single 
chamber lysimeter within the vadose zone to collected sub-aerial tailings pore water for envi-
ronmental testing.   

 

  
 
Figure 1: Kinetic Column Testing 
 
 
Further, as mentioned previously, visual evidence suggests that sub-aerial tailings are acting 

as vegetation support.  To corroborate this assumption, vegetated islands’ substrates and cattail 
leaves have been sampled. The fine grain material, acting as nutritive cattail support, does have 
a geochemical signature which is highly similar, to not say identical, to that of fresh tailings. 
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Moreover, the analysis of cattail tissue shows that bio-accumulation in Cu (± 7 ppm), Zn (±45 
ppm) and Mg (±1200 ppm) is occurring within the impoundment when compared to control cat-
tails collected in wetlands more than 15 km away from the mine site. As cited by Deng et al. 
(2004), studies completed by Kabata-Pendias and Pendias (1984) demonstrated that cattails can 
grow within soil having Cu concentrations up to 5,700 ±1007 ppm and Zn concentrations up to 
4,805±663 ppm.  These concentrations are above the concentrations encountered in tailings (Cu 
±300 ppm and Zn ± 3,600 ppm) and in leachate coming from TCLP lixiviation assay (Cu ± 2 
ppm and Zn ± 25 ppm).  These results suggest that cattails can live in such an environment.  Fi-
nally, the measured tailings air entry value (AEV) varies between 10 to 20 kPa, supporting the 
fact that sub-aerial tailings may have fairly high saturation degrees, limiting the oxidation pro-
cess. 

The geochemical and tissue analysis results obtained, coupled with the AEV, support the fol-
lowing strategy (Figure 2): Tailings should be directly disposed on dike upstream slopes in or-
der to create beaches.  These beaches will push the supernatant water away from the dike, in-
creasing dike safety by reducing pore water pressure and limiting wave-erosion action. The 
tailings beach elevation should be limited to 0.5 to 1.0 m (± 0.5AEV) above the pond elevation 
to prevent tailings oxidation by capillary action.  Over the beach, a layer of fine grained non-
acid generating rock could be placed to form an evapotranspiration barrier cover and cattail 
plantation should be implemented. 

 

 
 
Figure 2: Proposed strategy to reduce risk and increase impoundment capacity 
 
 
Moreover, having such a tailings management strategy would, in addition to improving the 

impoundment’s short term safety, allow the tailings storage capacity to be increased at a limited 
cost increase.  Furthermore, such a strategy would allow the progressive implementation of a 
wetland acting as a waterfowl habitat, with a limited area covered by water.  By pushing as 
much as possible the water pond from dikes during closure and limiting the amount of free wa-
ter cover, the long-term risk associated with an isolated closed TSF will be significantly reduced 
when compared to having a closed TSF with a 1.0-m thick water cover on 188 ha. 

3 SITE 2 

3.1 Background Information and Current Situation 
The mining company is currently in the process of developing a strategy in order to improve and 
complete TSF restoration to meet regulatory requirements and initiate the retrocession process 
with regulators.  The oldest TSF was covered by a ± 1.0-m thick clay layer many years ago, by a 
“local contractor” (i.e., farmer).  Over the years field monitoring and research have shown that 
such restoration is not effective due to significant hydraulic conductivity and oxygen flux in-
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crease associated with material cracking. However, field evidence demonstrates that the mono-
layer cover built on the oldest TFS is effective in mitigating tailings oxidation.  In order to pro-
ceed with the second TSF restoration, the mining company is looking at an improved clay 
mono-layer cover with the addition of a GCL. Freeze and thaw assays coupled with oxygen con-
sumption tests are currently ongoing to demonstrate the viability of such an option. Moreover, 
in order to adequately determine what approach should be used to seal the TSF downstream dike 
and also to establish what might be the investment required to complete this work, water iso-
topes have been analyzed.  

3.2 Approach and Completed Work 
Water collected from within the oldest TSF, restored with a mono-layer cover (Figure 3) more 
than 15 years ago, complies with the environmental requirements. In order to initiate retroces-
sion process with regulators, the mining company completed an assessment to understand the 
oldest TSF’s unexpected behaviour.  An updated site water balance, coupled with a detailed wa-
ter level recording analysis and simple infiltration calculations, allowed the following conclu-
sion to be drawn: the low permeability layer is not the restoration concept; it is the perched wa-
ter table created above this layer that is limiting oxidation of the underlying tailings. 

It appears that the TSF is located at the head of a watershed and the restored surface is well 
vegetated and almost perfectly flat.  During the spring freshet, water accumulates on the TSF’s 
surface, and small ditches were constructed many years ago to manage only the excess water 
that may accumulate near the road.  The rest of the year, stagnant water ponds can be seen all 
around the TSF through the vegetation. The visual observations suggest that the infiltration rate 
is low, as is the runoff, and that water is kept within the organic material layer. The configura-
tion of the TSF does not allow that volume of water to drain, creating a perched water table 
above and within the low permeability material layer. That perched water table is limiting oxy-
gen diffusion towards the tailings, preventive their oxidation. The fact that the water table within 
the tailings impoundment is roughly 5.6 m below the surface, meaning that approximately 2 m 
of tailings are in an unsaturated state, supports the perched water table theory. 

One of the risks associated with the second TSF restoration process is related to the sealing of 
the containment dike’s downstream face. Indeed, many years ago, a dike stability review 
showed that a toe buttress was necessary to maintain the required FoS. However, the completed 
stabilization work didn’t stop the seepage at the dike toe.  Sealing the downstream face of the 
dike will necessarily result in a water level increase within the dike.  Such a pore water increase 
will require significant earthwork to be completed to maintain the required FoS.  A preliminary 
assessment of such a sealing/stabilization approach shows that significant investment will be re-
quired. Then in order to investigate if additional sealing alternatives could be used, a site inves-
tigation program was developed.  The first step was to establish the origin of seepage water by 
water isotopic analysis (Cloutier et al., 2015 and Scarek et al., 2002), because a clear conclusion 
could not be drawn based only on the water’s (ground and seepage) geochemical signature.  As 
shown in Table 1, the water samples collected within the TSF, in the dike and at the dike toe 
(i.e., seepage) do show relatively similar geochemical signature, and unexpected highly variable 
pH values are observed between the samples collected upstream, downstream and within the 
dike as summarized in Table 1.  However, as it can be seen in Figure 3, the stable isotopic anal-
ysis clearly shows that the water collected within the dike differs from the water sampled up-
stream and downstream from the dike, suggesting the presence of a preferential flow path at the 
dike abutment, in contact with the natural ground. A complementary field investigation program 
based on geophysical survey (i.e., electrical resistivity) has been completed and allowed to con-
firm that assumption. As shown by Ikard et al. (2014) the selected survey method allows the 
preferential flow path within the dike to be defined. 
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Table 1: Collected Water Samples Geochemical Signature 
Site Date1 Al Ba Cd Co Cu Mn Ni Na Zn pH 

P8-07 
13/11(A) 1740 23 <0.5 2.5 23 256 11 48700 70 7.44 
15/12(A) <10 32 <0.5 1.1 <1 661 3 51700 4   

G4 
13/11(A) 4990 14 1.2 20.5 1630 13100 9 4060 640 3.07 
15/12(A) 37300 11 90.9 177 13300 4360 30 3740 20400   

F16 
13/11(A) 4190 133 7.2 8 261 775 18 2690 470 4.19 
15/12(A) <10 15 <0.5 0.8 <1 469 <1 3270 7   

F5A 
13/11(A) 568 36 1.9 1.4 31 263 5 64900 141 7.55 
15/12(A) 23 13 <0.5 <0.5 <1 246 <1 113000 <3   

F4 
13/11(A) 1930 12 1.6 9 1 5650 35 45800 1190 7.44 
15/12(A) <10 10 <0.5 1.8 7 4980 8 42200 15   

EXF1 13/11(A) 25000 <5 13.2 77.3 4470 6990 27 2760 6230 2.70 
15/12(A) 31900 6 16.9 124 6030 7620 33 3640 7350   

EXF2 
13/11(A) 16300 7 8.4 41.4 492 7610 21 7100 4690 3.02 
15/12(A) 19000 8 11.1 50.8 1980 7620 22 7220 4430   

EXF3 
13/11(A) 52100 <5 28.4 89.4 5900 7460 38 16100 14700 2.82 
15/12(A) 45200 <5 33.7 134 9510 7870 39 20700 16100   

 
 

  
Figure 3: Stable Isotopic Water Sample Signatures 
 
 

4 MINES GASPÉ 

Special collaborator: Steve St-Cyr, WSP|Parson Brickerhoff 

4.1 Background Information 
In 2007, Xstrata Copper Canada, currently known as Glencore Canada, began closure activities 
for Mines Gaspé, located in Murdochville, Québec, having ceased operations in 2002 after more 
than 50 years. The footprint of Mines Gaspé is about 80 km², including an open pit, an under-
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ground mine, two concentrators, three (3) tailings impoundments, a leaching pad, a smelter with 
an acid plant, and harbour storage and shipping facilities in the nearby town, Gaspé, located ap-
proximately 100 km away. These closure activities included carrying out engineering, procure-
ment, and construction management, supervising the monitoring of the cleanup and demolition 
work, the implementation of an environmental management plan, worker training, material sam-
pling, auditing, quality control as well as quality assurance throughout the decommissioning 
work, the decontamination of soils in Murdochville and Sandy Beach (harbour and shipping fa-
cilities) over a three-(3) year period. About 40 buildings ranging from simple warehouses to 
more complex structures (concentrator and smelter) had to be demolished. A strategic objective 
of the remediation was to promote recycling/reuse or proper disposal of the waste generated by 
the dismantling of buildings and infrastructure, most of which were contaminated by heavy met-
als and/or leachable contaminants. Throughout the project, the approach used contributed to the 
treatment and safe reuse of heavy metal-contaminated waste rock and the bioremediation of 
waste material contaminated by hydrocarbons.  

Through the “Soil Protection and Contaminated Sites Rehabilitation Policy”, Québec’s gov-
ernment provides the necessary framework for preserving the integrity of soil and groundwater. 
The regulation deriving from the policy fixes the limit values for a range of contaminants and 
defines the types of industrial activities contemplated by the regulation (MDDELCC, 2016b). 
Three levels of acceptable contamination levels in numerous contaminants are defined within 
the regulation. Level A defines the background levels for inorganic parameters and quantifica-
tion limits for organic parameters. The maximum acceptable level for residential, recreational, 
institutional and commercial land located in a residential area is defined by Level B.  The max-
imum acceptable concentrations for commercial land not located in a residential area and for in-
dustrial land are defined by Level C.  Mine Gaspé being located within an industrial area, Level 
C was applied. 

4.2 Approach and Completed Work 
Throughout the restoration process, more than 80,000 metric tons of material having PAH (C10-

50) and PAH concentrations above Level C criteria were bioremediated. The soils were affected 
by bunker and diesel during the mine operations at the smelter and the farm tank at Mont-Louis. 
The air temperature on site can get as cold as -40°C, which is why heating systems and insula-
tion measures were put in place to continue bioremediation operations during winter. The infra-
structure put in place allowed the recovery of heat and air coming from contaminant bioreme-
diation, for them in turn to be reinjected into the heart of the treatment cell. However, since the 
microorganisms responsible for the biodegradation consume oxygen, the system couldn’t oper-
ate completely as a closed loop. An air recirculation system was therefore engineered and put in 
place. The latter was equipped with a preheating unit to assist in maintaining the desired tem-
perature to maintain bioremediation, and the bacteria were fed with chicken excrement (Photo-
graph 1). The leachate seeping out of the treated piles was collected and used to moisten the bio-
treated material.  The bioremediation monitoring consisted of various activities such as reading 
the temperature of the material, the oxygen consumption and CO2 concentrations resulting from 
the biodegradation of hydrocarbons. Decreases in actual concentrations of HP(C10-50) were con-
firmed during the intermingling of materials.  The air associated with the bioprocessing could 
possibly have contained contaminants; this is why an air quality monitoring program was put in 
place. The air quality was assessed weekly using a gastechtor, and air samples were collected on 
a monthly basis by activated granular carbon tubes.  

According to the initial and final environmental characterization, the methodology and ap-
proach used achieved an overall equivalent degradation rate of 75%, based on the performed 
mass balance calculations. 
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Photograph 1: Bioremediation pile with heating system 
 

5 MINE GAGNON 

5.1 Background Information and Situation 
ArcelorMittal Mining Canada is currently assessing various arrangements related to their mine 
waste management at the Mont-Wright mining complex near Fermont, Québec (Canada) in or-
der to ensure the continuity of operations until the end of the mine plan currently in force. The 
accumulation areas need to be expanded since the currently authorized areas for mine waste 
storage are not sufficient to maintain operations until the end of the planned mine life. The con-
straints imposed by the natural and human environments are such that it is impossible to avoid 
encroaching on one or more watercourses and natural waterbodies for mine waste management. 
Different alternatives for mine waste disposal were assessed according to Guidelines for the As-
sessment of Alternatives for Mine Waste Disposal.  (Government of Canada, 2013) with the aim 
of targeting the best choice from an environmental, technical, economic and socio-economic 
point of view. Through that assessment, it was concluded that watercourses and natural water-
bodies frequented by fish species may be encroached upon, and any resulting productivity losses 
would have to be compensated. A field campaign was conducted in order to find local clearing 
avenues to compensate for fish habitat. However, the potential leads are not sufficient to fill the 
fish habitat and wetlands losses that may eventually occur. Then it was established that proceed-
ing with a “nearby” abandoned state-owned mine site restoration could be an appropriate com-
pensation strategy to meet the requirements. 

5.2 Approach and Completed Work 
The targeted state-owned mine site is the former Lake Jeannine mine (1958-1985), which is lo-
cated some 160 km south of Fermont and about 7 km south east of the former town of Gagnon. 
Activities ceased here over 30 years ago, and the site remains abandoned. Since then, approxi-
mately 20 km of streams and numerous lakes have been affected by the tailings silting over the 
years. In order to proceed with fish habitat compensation, as required, the affected streams and 
lakes should be cleaned or rehabilitated to promote fish habitat. The engineering assessment 
showed that the first step to be complete was to stop TSF erosion and then make sure that any 
geochemical reactions were stopped.  No evidence of oxidation, acid drainage or contaminated 
leachate has been observed in the field.  Static testing showed that the tailings’ sulfur content is 
less than 0.3% and kinetic assays (TCLP, SPLP) suggest that tailings are most probably not 
PAG. Moreover, sulphate concentrations within the samples were below the detection limits 
(0.05%), suggesting that oxidation reaction has not yet occurred in the field. Based on this in-
formation, the establish TSF restoration strategy is quite simple, considering that no geochemi-
cal reactions have to be managed, limited or stopped.  The main objective of the developed res-
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toration concept is to stop surface erosion by using vegetation, ditches, and run-off water diffu-
sion berms, and by stabilizing the TSF slope where water streams meander or gullies are eroding 
the material.  Figure 4 is a visual representation of what the stabilization should look like. It 
should be understood that by stabilizing the TSF, sediment input within the river will be drasti-
cally reduced, which will significantly affect the river stream and sediment dynamics. The 
amount of silting should be considerably reduced, which will benefit the downstream river reha-
bilitation and thus fish habitat compensation.  

The downstream river rehabilitation consists of building 18 small dikes and integrating fish 
ladders as requested by the Departement of Fisheries and Oceans Canada.  These dikes will in-
crease the water height in the river, improving upstream passage of fish to spawning areas and 
increasing the fish habitat area along the water stream. In order to limit owner liability toward 
these dikes, in regards to Québec’s Dam Safety Act (MDDELCC, 2003), their height has been 
limited to 1.0 m and will be fairly pervious.  In addition to the river rehabilitation, a man-made 
91-ha lake will be created where pools as deep as 7.0 m can be created by building 4 impervious 
dikes (Figure 5).  The engineered lake is expected to develop an ecosystem with similar func-
tions as those of natural lakes found in the area.  
 

 
 
Figure 4: Lake Jeanine Mine Stabilized TSF (conceptual level)  
 

6 STATE-OWNED PREISSAC MINE 

6.1 Location and Geometry 
The Preissac Molybdenite site is a former molybdenum and bismuth mine located in Abitibi-
Témiscamingue. This mine was active from 1909 until 1971 and is considered abandoned and 
under Quebec’s responsibility.  As express by the CISSS de l’Abitibi-Témiscamingue (CISSS, 
2015), in 2011-2012 an environmental study revealed that the site is contaminated with poly-
chlorinated dioxins and furans. The contamination found originates from the burning of tar bar-
rels which took place after the mining activities ended. It is important to note that polychlorinat-
ed dioxins and furans are present in low concentrations naturally in the environment. However, 
the concentrations encountered on site are higher than those commonly found in nature. Being 
exposed to these contaminants could increase the likelihood of developing diseases. In order to 
properly determine the extent, magnitude and possible impacts of the polychlorinated dioxin and 
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furan contamination, an exhaustive and innovative environmental and biological complementary 
characterization is currently being conducted. 
 

 
 
Figure 5: Lake Jeannine Compensation Program 
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6.2 Approach and Completed Work 
The objectives of the complementary sampling campaign are to assess the concentrations of 
polychlorinated dioxins and furans in fish flesh, in berries as well as the soil at the foot of sam-
pled small berry plants, and in small wild game. The characterization will be carried out near the 
mine site and at a control area. The control area will be used to establish the regional polychlo-
rinated dioxin and furan baseline concentrations and following their evolution over time.   

Polychlorinated dioxins and furans accumulate in fat, therefore the concentrations increase 
through the food chain. This is why large predatory fish and fattier species have been fished for 
assessment.  Fish or small wild game flesh samples of at least 100 grams were taken and were 
cleaned of skin, blood, scales, viscera and dirt. Composite 200-gram mature berry samples taken 
from 20 plants (10g/plants) were collected in August. The top soil (0-5 cm) near the berry plants 
was sampled to link contaminant concentrations within the berries to the substrate.  

Through the first steps of the assessment, transport blanks samples as well as laboratory con-
trol samples were contaminated with polychlorinated dioxins and furans.  A detail investigation 
of the procedures used allowed us to conclude that these samples were contaminated during ma-
nipulation.  If the laboratory technician was a smoker or if a burner or engine was open near the 
work station, polychlorinated dioxin and furan contamination occurred.  In order to limit field 
sample contamination, extreme vigilance has been deployed when handling catches, berries and 
soil. Indeed, field polychlorinated dioxin and furan contamination can easily occur.  Any direct 
or indirect burning sources, such as engine exhaust gases, oil sources, cigarettes smoke, soiled 
gloves, gun bullets or powder are possible sources of contamination. Moreover, using clear glass 
containing leads to false positive contamination, thus amber glass containers should be used.  

This is why samples were manipulated with new nitrile gloves and game flesh was taken as 
much as possible from the impacted zone. Prior transport, collected samples were wrapped in 
aluminium foil rinsed with high purity hexane. The wrapped samples were then freeze for the 
transport. Laboratory analyses were completed within 24 hours.  The selected environmental la-
boratory testing standard and methodology were improved in order to increase the test precision 
and to limit any contamination sources.  For example, the laboratory working surfaces where 
samples were manipulated were covered with aluminium foil washed with high purity hexane.  
New foil was used, and the working surface cleaned, between each sample. Moreover, the re-
quired assays’ precision is 1x10-9g/g.  All these measures were taken to be able to adequately es-
tablish the contaminant concentrations and to be able to establish the efficiency of the remedia-
tion technique.   

7 CONCLUSION 

The Québec Government through the provincial mining act requires mining companies to sub-
mit a mine restoration plan as part of the permitting process.  The restauration plan requires 
Government approval, prior to mining operations, and also requires that the mining company 
provide a financial guarantee.  Numerous mining companies are pursing site improvements to 
achieve compliance with current mining regulations with rehabilitation plans as requested by 
regulators.  Mining companies in Quebec have demonstrated through recent years a growing in-
terest in the use of innovative approaches and technologies to meet or exceed regulatory re-
quirements and also to reduce risks associated with long-term management of tailings and mine 
waste. These mining companies, as the author, believe that investing in detailed scientific stud-
ies, to identify the optimal restauration concepts or technologies can help with investment sav-
ings during the closure process. 
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1 INTRODUCTION 

The use of a geomembrane as a hydraulic barrier layer in cover system applications is becoming 
more common in the mining industry. This is due, in part, to more stringent regulatory require-
ments for very low rates of net percolation. At other sites, the use of a geomembrane might be 
driven by site limitations such as the lack of clay mineral soils to serve as a low permeability 
layer, or by the need for very low net percolation rates to meet closure objectives or to meet 
stakeholder’s   expectations.  A cost analysis for a legacy waste rock pile (WRP) reclaimed by 
Public Works and Government Services Canada (PWGSC) demonstrated that a lower net pre-
sent value (NPV) was attained for a geomembrane cover system as compared to collection and 
treatment of basal seepage in perpetuity (Bradley et al. 2016). The cost comparison in this case 
is somewhat unique due to the very low prescribed rates of net percolation, the relatively small 
size of the pile, and the short time frames for both drain-down and the reduction in basal seep-
age following geomembrane placement. In addition reduction in basal seepage allowed for the 
receiving environment to recover, which would not have occurred under water collection and 
treatment. 

Coal Waste Storage Facilities Reclaimed with Engineered Cover 
Systems – Performance Based on Three Years of Field 
Monitoring 

G. Meiers  
O’Kane  Consultants,  Fredericton,  NB,  Canada 

C. Bradley 
O’Kane  Consultants, Fredericton, NB, Canada 

L. Barbour 
University of Saskatchewan, Saskatoon, SK, Canada 

ABSTRACT: Detailed closure plans for legacy coal waste storage facilities in Atlantic Canada 
were developed by Public Works and Government Services Canada. Two of the engineered 
cover system designs include a growth medium for vegetation underlain by a geomembrane to 
restrict net percolation; however, only one of these designs includes a drainage layer above the 
geomembrane. Field monitoring of the performance of these cover systems has enabled a side-
by-side comparison of their performance and validation of the designs. 

An interesting aspect of the performance comparison has been the role and importance of a 
drainage layer in limiting net percolation through the geomembrane. The total leakage through 
holes in the geomembrane is estimated to be much lower for the cover system that included a 
drainage layer (estimated to be less than 1 mm per year, < 0.1% of precipitation). The presence 
of the drainage layer ensured rapid lateral drainage of water ponded on the geomembrane 
thereby reducing the potential for prolonged leakage through holes. Comparatively, the estimat-
ed leakage was approximately 20 mm for the cover system without a drainage layer. Monitored 
performance also highlighted the unique water balance associated with the presence or absence 
of a drainage layer, and consequently the importance of various design elements, such as the 
bedding material, growth medium, surface water management and lateral drainage capacity, on 
long term performance. 
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Typical design elements for cover systems with a geomembrane layer include a growth me-
dium, a drainage layer, a geotextile separator fabric, and bedding material or other geotextile 
protector fabrics. For waste rock facilities a bedding material or geotextile fabric is required to 
protect the geomembrane from the coarse textured waste. Sand is commonly used as a bedding 
material since it is relatively easy to spread and compact into a thin uniform lift. Cartaud et al. 
(2005) reported that it is common practice in France to install a geotextile beneath the geomem-
brane because of concerns of geomembrane puncture from below. It is also common to use a 
protector fabric in composite cover systems between the geomembrane and geosynthetic clay 
layer (GCL) or compacted clay layer (CCL).  

The rate of water movement through an intact geomembrane is extremely low (on the order 
of 10-14 to 10-17 m/s) and consequently the primary source of leakage are holes in the geomem-
brane (Giroud and Bonaparte 1989). The transmissivity (hydraulic conductivity multiplied by 
thickness) of the bedding material and the layer above the geomembrane as well as the quality 
of the contact between the underlying material and geomembrane influence leakage through the 
geomembane and subsequently the realized cover system performance. Wrinkles or waves in 
the geomembrane, smoothness of the bedding layer, smoothness of the underlying waste rock 
on which the protection layer is placed, as well as the geotextile protector layer itself, all con-
tribute to the quality of contact. Cartaud et al. (2005) studied the effects of leakage rates 
through holes for different geotextiles placed between the geomembrane and CCL. The geotex-
tiles reduced the effectiveness of the CCL in minimizing leakage with not only the thickness of 
the fabric but also the type of geotextile.  

Contact with the bedding layer can also be influenced by traffic ruts, grooves from the com-
pactor, and stones, all of which can result in a lack of contact. Poor contact can also occur from 
folds or wrinkles in the geomembrane. Giroud & Wallace (2016) demonstrated that the perfor-
mance of a geomembrane in a composite liner system (with 5 holes per hectare each having an 
area of 1 cm2) is only slightly better than the performance of the underlying CCL itself when the 
geomembrane is wrinkled.  

Much of the learnings described above apply equally to geomembranes used as pond liners 
(e.g. continuously ponded water) as well as geomembranes used in covers. However; in the case 
of cover design it is important to consider the temporal variation of the head above the ge-
omembrane that drives water flow through holes. In this application, the duration and magni-
tude of the ponded water will be dependent on soil-cover atmosphere transfers (e.g. water bal-
ance), cover slope and aspect, as well as the thickness and texture of materials placed above 
geomembrane. In many cases, it is critical to provide lateral drainage to mitigate a prolonged 
buildup of ponded conditions on the geomembrane.  

In this paper leakage rates, or net percolation, is estimated from empirical equations for two 
different geomembrane cover systems. The measured transient head of water that formed above 
the geomembrane was used to simulate net percolation and evaluate the influence of the satu-
rated hydraulic conductivity of the bedding material, quality of the contact, and a hole on a 
wrinkle of the geomembrane. 

2 BACKGROUND 

PWGSC funded the reclamation of historic coal mines located near Sydney, Nova Scotia, Can-
ada. Waste rock was consolidated into piles and reclaimed with engineered cover systems at 
seven sites. Local engineering consulting firms, through standing offer agreements with 
PWGSC, were engaged to develop detailed closure plans for the WRPs.  

This paper focusses on the reclaimed Scotchtown Summit (Summit) and Victoria Junction 
(VJ) WRPs. The WRP cover system at Summit consists of a high-density polyethylene (HDPE) 
geomembrane overlain by a geotextile separator fabric and a till growth medium, while the cov-
er system at VJ consists of a granular drainage layer (GRDL) placed between the HDPE and the 
till growth medium layer. The bedding for the geomembrane at Summit and VJ is a 0.15 m sand 
layer. Figure 1 provides a schematic of the cover system profiles.   
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Victoria
Junction

 
Figure 1. Schematic of the Summit and VJ WRP cover systems.  

 
The Summit WRP covers an area of approximately 44 ha and the thickness varies from 1.5 to 

10 m with the thickest deposits near the center. The WRP plateau has a surface grade of approx-
imately 2 to 3% and side slopes of 7:1 (H:V). VJ has a footprint of approximately 26 ha and 
height of 40 m. The WRP plateau has a grade of 7% and 3:1 side slopes.   

The texture of the till growth medium material is similar for both cover systems, consisting 
of approximately 35% cobbles and gravel, 45% sand, and 20% silt and clay-size particles, based 
on the Unified Soil Classification System. The till is classified as a material with slight to me-
dium plasticity with a plasticity index of 5. The saturated hydraulic conductivity (ksat) measured 
with a Guelph permeameter provided an arithmetic mean of 1 x 10-6 m/s. The GRDL consists of 
approximately 70% gravel and 30% sand, with less than 10% passing the No. 10 sieve size (2 
mm). The estimated ksat is in the range of 1 x 10-3 to 1 x 10-2 m/s. The bedding sand is a 18 mm 
minus with less than 15% passing the #200 sieve (0.075 mm), with and estimated ksat of 5 x 10-7 
to 5 x 10-6 m/s.   

Sydney, Nova Scotia is seasonally humid and classified as humid continental under the Kö-
ppen climate classification. Mean annual precipitation (PPT) and potential evaporation (PE) are 
approximately 1,500 mm and 650 mm, respectively. Less PPT occurs during the summer (May 
to September) with approximately 97 mm of rainfall per month compared to 145 mm for the 
rest of the year. Relatively equal proportions of rainfall and snowfall occur in the winter (De-
cember to March). The atmospheric demand for moisture during the winter is low, typically less 
than 20 mm of PE per month, which increases to greater than 100 mm per month in the summer.   

3 FIELD PERFORMANCE MONITORING DATA 

This section presents monitored volumetric water content and pore-water pressure data from the 
two cover system profiles to highlight the temporal variation of ponded conditions on the ge-
omembrane and to provide the basis for estimating net percolation rates through the geomem-
brane.  

3.1 Volumetric Water Content 
Figures 2 and 3 are isopleth contour plots of the volumetric water contents within the covers at 
the VJ and Summit sites, respectively. Changes in volumetric water content in response to at-
mospheric forcing (i.e. rainfall and evaporation) was observed throughout the monitoring period 
at both sites. The volumetric water contents within the growth medium remains relatively high 
during the late autumn and early winter, a period in which the PE is low. The volumetric water 
contents are generally lower and more dynamic in the spring, summer and early autumn as wa-
ter stored within the cover are taken up by evapotranspiration. The volumetric water contents 
within the GRDL at VJ remain low throughout the year, although there are wetting and drying 
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cycles occurring. It is estimated that approximately 25% of PPT (i.e. 385 mm) passes through 
the drainage layer at VJ while only 3% of PPT (i.e. 46 mm) is drained laterally at Summit. This 
is reflected in the higher water contents in the cover profile at Summit from late autumn through 
to early spring. The observed difference in water dynamics between the two cover systems are 
primarily attributed to lateral drainage capacity.  
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Figure 2. 1-D isopleth contour of the VJ cover system volumetric water content profile depicting adequate 
lateral drainage capacity in the GRDL. Note:  ‘drying’  in  the  growth  medium  layer  in  the  winter  (i.e.  Feb-
ruary and March) is artificial and is due to a change in the dielectric constant of pore-water when it freez-
es. 
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Figure 3. 1-D isopleth contour of the Summit cover system volumetric water content profile depicting lim-
ited lateral drainage capacity in the growth medium. Note:  ‘drying’  of  the  growth  medium  layer  in  the  win-
ter (i.e. February and March) is artificial and is due to a change in the dielectric constant of pore-water 
when it freezes. 
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3.2 Pressure Head on Geomembrane 
The pressure head above the geomembrane for VJ and Summit in the 2012 to 2014 monitoring 
period is illustrated in Figure 4. In late autumn and early winter, the head of water at Summit is 
maintained at approximately 500 mm, equal to the full depth of the cover profile. For compara-
tive purposes the maximum recommended head of water above a geomembrane liner for munic-
ipal waste storage facilities is 300 mm (Giroud et al. 2000). While liner performance is primari-
ly attributed to the transmissivity of the drainage layer and slope along the base, the design of 
drainage layers in covers systems should incorporate landform designs which support surface 
water management and lateral drainage capacity. Thus cover systems with drainage layers have 
design options not available to liner systems.  
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Figure 4. Hydraulic head above the geomembrane at Summit and VJ over the 2012 to 2014 monitoring pe-
riod.   
 

The covers freeze to their full depth by late winter. In the spring, the head of water is highly 
variable as the cover accepts snow melt infiltration followed by increasing AET (actual evapo-
transpiration). AET in the summer is adequate to draw the head of water down. The pressure 
head above the geomembrane at VJ fluctuates between 0 and 12 mm. The observed hydraulic 
head is highly transient and quickly dissipates to 1 mm or less. The influence of seasonal or in-
ter-annual variability in climatic conditions is observed in the monitored performance.  

Figure 5 compares rainfall to the flux of water to the GRDL in the last half of 2014 for VJ, 
where the flux of water is taken as the measured interflow volume. Rainfall intensity is general-
ly less than 2 mm/hr but numerous events are greater than 6 mm/hr. The flux of water to the 
drainage layer reached highs of approximately 0.25 mm/hr in the autumn and 0.35 mm/hr in 
early winter. The higher rates of water ingress in winter are due to lower PE.   

The ksat of the till growth medium is 1 x 10-6 m/s (~3.6 mm/hr), or approximately one order of 
magnitude greater than the maximum water ingress rate to the GRDL. The drainage of surface 
infiltration through the growth medium to the GDRL is attenuated by changes in storage within 
the growth medium resulting in the fluxes to the GDRL being delayed and dampened relative to 
infiltration into the growth medium. The attenuated water ingress and delayed release minimiz-
es the head of water that develops above the geomembrane and highlights the importance of the 
consideration of the growth medium material in the design of a cover system with a drainage 
layer.   
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Figure 5. Rainfall and water ingress to the GRDL for the JV cover system.   

4 NET PERCOLATION 

Conceptual and interpretative models of cover system performance have been developed for 
Summit and VJ based on the observed water dynamics. The following section developed an un-
derstanding for the risk of net percolation using a range of potential rates, and applies analytical 
methods to reduce uncertainty in the simulated rates when the range is unacceptable or not in-
formative. 

4.1 Simulated Net Percolation 
Net percolation was simulated for a range of scenarios representing a variety of potential field 
conditions (Table 1). Leakage through a geomembrane is influenced by the hydraulic head, size 
and number of the holes, and hydraulic conductivity of the underlying material and quality of 
the contact with the geomembrane. Analytical solutions after Giroud et al. (1989) were used to 
simulate leakage through defects for good and poor contact and determined as follows: 

 

 (1) 
 

where: Q is the leakage rate (m3/s); 1.15 is the contact parameter (0.21 for good and 1.15 for 
poor); A is the area of the defect (m2); h is the hydraulic head (m); and ksat is the saturated hy-
draulic conductivity of the underlying material (m/s). Equation 2, after Giroud & Wallace 
(2016) was used to simulate the leakage through a defect located on a fold or wrinkle:   

 

 (2) 
 

where: Qw is the leakage associated with the wrinkle (m3/s); Lw is the length of the wrinkle 
(m); Ww is the width of the wrinkle (m); H is the thickness of the layer under the geomembrane 
(m);;  h  is  the  hydraulic  head  over  the  flat  portion  of  the  geomembrane  (m);;  and  Ɵ  is  the  trans-
missivity of the interface between the geomembrane and underlying material (m2/s). The calcu-
lated leakage is considered a maximum as it is assumed that flow through the defect does not 
diminish the head of water at the bedding sand across the surface area of the wrinkle. 
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Table 1. Scenarios to reflect field conditions for simulating net percolation. 
Scenario Holes/ha Geomembrane Contact ksat (m/s) 

1 13 Good 5x10-7 
2 13 25% poor 5x10-7 
3 13 25% poor with one hole on fold 5x10-7 
4 13 Good 5x10-6 
5 13 25% poor 5x10-6 
6 13 25% poor with one hole on fold 5x10-6 

 
The transient ponded pressure conditions presented in the previous section were used in the 

analysis. The simulation uses 13 holes per/ha with a diameter of 10 mm, which is approximately 
the average cited in the literature (Forget et. al. 2005, Barroso et al. 2006, Nosko and Touze-
Foltz 2000 and Needham et al. 2004a). The number of holes were not varied in the analysis. 
The focus of the analyses is on the influence of the pressure head, transmissivity of the bedding 
material, and quality of the contact on net percolation. The analyses framework might also be 
used to estimate geomembrane hole frequency/size if net percolation was defined.  

A range of ksat values for the bedding sand (5x10-7 and 5x10-6 m/s) were estimated using 
SVSoils (2016). The contact between the geomembrane and bedding sand was varied from good 
to 25% poor contact and then 25% poor contact with one defect on a fold of the geomembrane. 
The surface area of the fold is 0.1 m2. It is anticipated that 25% poor contact would be a con-
servative estimate based on inspections of the bedding sand. Figure 6a and 6b show the exposed 
bedding sand at Summit and VJ following removal of the growth medium and geomembrane, 
respectively.  

 

a b
 

Figure 6. Exposed bedding sand at VJ (a) and Summit (b).  
 
Figure 7 summarizes the simulated average annual net percolation from 2012 through 2014. 

The analysis highlights the influence of the ponded pressure head, hydraulic conductivity of the 
bedding material, and characteristics of the defects on net percolation. Net percolation is ap-
proximately one to two orders of magnitude greater for Summit, which has inadequate lateral 
drainage capacity and prolong periods of ponding, than for VJ.  

The simulated net percolation for the reclaimed VJ WRP is less than 6 mm or 0.4% of PPT 
for all scenarios. The risk for net percolation was widely accepted by stakeholders. Since instal-
lation of the cover system in 2006, treatment of seepage has transitioned from active to passive 
treatment and with annual costs reduced from approximately C$212,000 to C$1,800 per year 
(Meiers et al. 2015).   
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Figure 7. Simulated average net percolation over the 2012 to 2014 period based on the six scenarios.   
 

While the simulated net percolation exceeded 100 mm for Summit under three scenarios, it is 
likely that the estimated net percolation values are high due to the following factors. First, the 
higher the net percolation rates the more rapidly the pressure heads on the geomembrane will 
decrease. This coupling between pressure head and net percolation was not incorporated into 
this analyses, but rather the observed pressure heads were assumed to exist independent of the 
estimated values of net percolation. Second, the limited transmissivity of the geotextile protec-
tor fabric and growth medium would likely result in  lateral  ‘drawdown’  as  flow  progresses  to-
wards the hole, reducing the pressure driving leakage. Nevertheless, the simulated results high-
light the risk of net percolation for cover systems that are exposed to prolong periods of 
ponding.   

Including 25% poor contact almost doubles the simulated net percolation. Comparatively the 
detrimental effect of only one hole located on a fold is apparent in the analysis, providing an in-
crease in the range of one order of magnitude from the good contact scenario. The realized in-
crease was greater for Summit than VJ, to some extent, due to the geometry of the simulated 
wrinkle and location of the hole. In the analysis it was assumed that the hole is located on a 
wrinkle 4 mm above the ‘flat’  surface of the geomembrane due to the fold; hence, at ponded 
water level less than 4 mm it is a barrier to flow reducing its ability to convey water.  

An increase in the ksat of the bedding material by one order of magnitude resulted in an in-
crease in the simulated net percolation by four to five times. The results highlight the im-
portance of selecting a bedding sand that considers protecting the barrier, as well as the influ-
ence of leakage through holes. Thus   a   “clean  wash   sand”  may  be   less   desirable than a well-
graded sand with a fines content. Construction quality control is also key to provide a uniform 
layer for placement of the geomembrane and minimizing wrinkles during installation. 

4.2 Impact of Net Percolation on Changes in Stored Water   
The sensitivity study highlights that the net percolation from the Summit site is likely to be 
much higher than that for the VJ site. A water balance was completed for the Summit WRP 
from October 24th to November 13th (Fig. 8). This period was selected since potential evapora-
tion is a small component of the water balance, the volume of water in the cover profile is rela-
tively constant, and limited storage capacity is available. This reduces potential errors that in-
herently occur in site water balances. For example, PE in the period is ~19 mm. Based on Eddy 
Covariance system measurements and monitored water contents, an average AET to PE ratio of 
0.8 is used in the analysis and considered reasonably accurate and conservative. Nevertheless, if 
the ratio was increased from 0.8 to 0.9 the error would be approximately 2 mm.   
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Figure 8, also shows a change in water storage back-calculated from the water balance equa-
tion using the simulated net percolation from Scenario No.1 for Summit. The calculated change 
in water storage provides a similar match to the measured change in water storage which would 
suggest that the measured components of the water balance are reflective of field conditions.  
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Figure 8. Water balance for the reclaimed Summit WRP and the calculated change in water storage using 
Scenario No. 1 (net percolation 2 mm in the period).   

 
Using the water balance established in Figure 8, the change in water storage was recalculated 

using the net percolation rates generated from Scenario No.1 through No. 6 for Summit. The re-
sults of this analyses are presented in Figure 9. The decrease in water storage estimated for 
Scenarios No. 3 through No. 6 is more rapid than could occur based on the estimated water bal-
ance. The smaller decreases in measured water storage are assumed to be the result of lateral 
drainage as well as AET. The trend in the estimated stored water volumes was also observed 
when using water storage at the other three soil moisture monitoring stations located on the 
cover system. 

The measured pressure head in the cover system profile is also used to provide context for 
the simulated net percolation. Figure 10 shows the pressure head above the geomembrane at 
five monitoring locations along a transect across the cover system at Summit. The maximum 
pressure head at each location is approximately equal to the thickness of the cover profile. In 
general, there are three instances in which the pressure head increased rapidly to the full height 
of the growth medium followed by a decrease of approximately 100 mm. Following the de-
crease in water levels the upper 100 mm of the cover profile would drain-down to a pressure 
condition of approximately 0.8 kPa at the surface and 0 kPa at a depth of 100 mm. Based on the 
field water retention curve for the growth medium, also illustrated in Figure 10, the volumetric 
water content corresponding to ~0 kPa and 0.8 kPa is 0.32 and 0.29, respectively. This would 
suggest that the volume of water in the upper 0.1 m of the cover profile fluctuates between 32 
and 29 mm over each cycle accounting for a cumulative loss of approximately 9 mm. In addi-
tion there would also be some loss of water associated with the smaller intracycles in the peri-
od. It is estimated that the total water loss would be less than 10 or 15 mm in the period. The es-
timated decrease in water storage is assumed to be the result of lateral drainage and AET, 
similar to that observed for the water balance.  
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Figure 9. Calculated change in water storage in the cover profile using simulated net percolation from 
Scenario No.1 through No.6.   
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Figure 10. Pressure head measure in transect across cover system profile along with inset figure of field 
water retention curve based on monitored volumetric water content and suction.   
 

Using the illustrated water balance and monitored pressure head it can be rationalized that 
net percolation would be in the range of a few millimeters over the period. Scaling this up to an 
annual net percolation, Scenario No.1 provided approximately 2 mm of net percolation over the 
October 25th to November 13th period and 19 mm in 2014. Subsequently field performance mon-
itoring data would suggest that net percolation is likely much lower than the simulated values il-
lustrated for Scenario No.3 through No.6. Depending on the risk tolerance for net percolation at 
Summit, additional monitoring points across the 44 ha surface could be implemented to increase 
confidence in the simulated performance.  
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5 WATER BALANCE  

Figure 11 compares the various components of the average water balance for 2013, 2014, and 
2015 for the two sites. The contribution of net percolation to the water balance is very small at 
both sites. Net percolation for VJ is estimated to be less than <0.1% of PPT with a risk of ex-
ceeding 0.3%. This very low rate of net percolation was achieved through adequate lateral 
drainage capacity and a delayed release of water from the growth medium limiting the magni-
tude and duration of water ponding above the geomembrane. Comparatively, the estimated net 
percolation is <2% for Summit, which is still very low but there is a risk for net percolation to 
be in the range of ~50%. While the upper limit is likely unrealistic given that the applied pres-
sure head in the simulation would have decreased under such high net percolation rates and 
there would likely be some head loss at the hole due to the transmissivity of the geotextile pro-
tector fabric and growth medium, the risk for higher rates is apparent.   

AET is similar at each site; approximately 31% of the PPT. There is a difference in runoff 
and interflow volumes for the two WRP. Summit has the highest runoff at approximately 64% 
as compared to 43% for VJ.  Given the relatively low net percolation at both sites and the simi-
larity in AET (and PPT), the relative contributions of runoff and interflow at the sites is primar-
ily a reflection of the presence of lateral drainage.   
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Figure 11. Water balances for VJ and Summit. 

 
Given that physical stability of mine closure landforms (i.e. erosion, slope movements) is a 

common reason for failure of mine waste cover systems around the world (MEND, 2004) it is 
critical that surface water management strategies account for lateral drainage capacity within 
the cover system layer(s) placed above the geomembrane. The results shown in Fig. 11 high-
light how these issues can be exacerbated in geomembrane cover systems without a drainage 
layer.  

The development of positive pore-water pressures within the cover profile above the ge-
omembrane lead to reductions in effective normal stress and consequently the strength along the 
geomembrane interface. In a similar manner, ponding on the geomembrane can lead to cover 
saturation and increased runoff rates as well as the formation of localized discharge areas which 
will promote erosion. As a result, unlike slope instability, seepage erosion can occur along shal-
low slopes. Particle movement is initiated as soon as the seepage force is greater than the parti-
cle self-weight and inter particle forces (Fox et al. 2007). A seepage face may occur within a 
cover system at the toe of the slope or when the height of ponded water within the cover profile 
exceeds the elevation at the base of erosional features. Once seepage erosion is initiated, a posi-
tive feedback loop is established in that further deepening of the erosion feature leads to an in-
crease in the hydraulic gradient to the free surface. This is further intensified by high surface 
runoff volumes associated with the in situ water dynamics (i.e. limited water storage capacity in 
the cover profile) resulting it peak runoff flows.  
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Figure 12 is a seepage erosion feature observed on the Summit cover system with the geotex-
tile protector fabric above the HDPE exposed. In addition to potential erosion issues, vehicle re-
strictions are imposed on the cover system during periods of positive pore-water pressure due to 
the loss in shear strength. In essence the water dynamics dictate limits on end land-use as the 
cover system would be susceptible to anthropogenic damage. The Summit WRP, although it 
does not have a drainage layer, does typically have shallow slopes and a large surface area, ex-
cept for a small section (~1.5 ha) of steeper slopes. It is expected that the exclusion of a drain-
age layer for the remaining WRP surface area (~42.5 ha) was attributed to the shallow slopes. 

 

 
 

Figure 12. Seepage erosion feature on the Summit cover system exposing geotextile protector fabric and 
above geomembrane layer. 

 

6 CONCLUSION 

A fundamental outcome demonstrated in the comparative analysis and water balance is that the 
risk of net percolation is diminished when there is adequate lateral drainage capacity. In addi-
tion careful consideration is required in the selection of a bedding material and quality of the 
contact with the geomembrane. While there is a considerable range in the estimates of a ge-
omembrane lifespan in the literature, it is likely that the service life of a geomembrane can be 
extended through the use of a drainage layer by limiting the influence of holes that may occur 
due to long-term degradation and service stresses. Thus a longer service life for the geomem-
brane at VJ is likely compared to Summit, where the service life is defined as the period that the 
cover system functions as an effective hydraulic barrier and not the period to antioxidant deple-
tion as defined by Needham et al. (2004b).   

The simulated net percolation was considered to be very low for the cover system with ade-
quate lateral drainage capacity in all of the applied scenarios (i.e. bedding material, quality of 
contact, and wrinkle). Comparatively, there was a wide range in the simulated net percolation 
rates for the cover system with inadequate drainage capacity; however, through the use of field 
performance monitoring data, context for the simulated results were developed. Field perfor-
mance monitoring of cover systems that include geosynthetic layers for the closure of mine 
waste storage facilities still need to evolve to account for a range of cover system designs, land-
forms, materials, and climatic conditions. 
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1 INTRODUCTION 

In  June  of  2002  the  Evansville  Courier  &  Press  wrote  an  article  entitled  ‘A  century  later,  aban-
doned  coal  mines  pose  serious  risk  to  property’  (Blackford  2002). This article tells the story of a 
sudden evacuation of a local resident after a mine beneath his property had suddenly collapsed. 
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ABSTRACT: Orphaned and abandoned mines are in the public spotlight of late across North 
America due to the risks they present to the environment and the public. In most provinces and 
states, there are multiple stories that tell of sudden collapse of roads, pathways or houses that can 
be traced back to historic mines – some of which are known and others that have no records.     
Many jurisdictions have local or regional departments devoted to dealing with these issues.  
 Typical risk mitigation measures in the past included fencing off the affected areas to restrict 
access, excavation of the area to expose the voids and emergency filling programs. However, the 
public risk and safety issues associated with these sites are bringing alternative remediation solu-
tions to the forefront. The impetus is moving away from simply identifying the risk to actually 
fixing  the  problem  in  a  planned  way,  not  relying  on  “emergency”  reactive  programs,  which  typi-
cally come at a higher cost. The most popular way to do this has been through backfilling however 
the complexity and cost of this method for some sites has made it impractical to actually execute. 
One issue with backfilling as a solution is inaccurate or absent stability assessments and incom-
plete mine plans. This can increase project costs as more drilling is required to identify and de-
termine the extent of voids. This results in higher project costs. In addition, typical backfill pro-
jects use concrete or high strength grout as the fill which ends up being a large proportion of the 
overall cost due to the high cement content. Furthermore, since public funding is typically re-
quired for these types of projects the issue of cost is magnified. Complexity also comes from the 
risks and/or challenges associated with identifying the rehabilitation work required. This is espe-
cially the case for unknown or historic sites where there is considerable uncertainty around the 
availability of information (such as early century mine plans), along with physical constraints like 
no underground access, logistics and proximity to local communities with the overarching um-
brella of potential adverse environmental impacts. 
 In  the  early  1990’s  paste  was  introduced  to  the  North  American  backfilling  industry  and  of-
fered an efficient approach to lower project costs. Today paste backfill is commonly used in op-
erating mines to maximize production and minimize risk. More recently, the use of paste backfill 
for mine rehabilitation and remediation is steadily growing.  
 This paper will discuss two paste backfill case studies, one for a gold mine and the other ura-
nium. The focus will be on the process around the rehabilitation and stabilization of the under-
ground voids in the old workings. 
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This story, unfortunately, has become common in recent history, with mine collapses effecting 
everything from school houses, to roadways, to public infrastructure, all across the world. 

Backfilling has become one of the common industry practices for dealing with abandoned mine 
rehabilitation, largely due to its relatively low cost and its long term performance. This paper will 
examine two case studies that utilized paste backfill technology to rehabilitate abandoned or 
closed mines. One, a decommissioned uranium mine and the other a gold mine in the Northwest 
Territories. For each of these cases the Authors will give a project overview and discuss the sta-
bility assessments, rehabilitation options analysis, material sourcing, lab testing/material charac-
terization and the production planning and execution. We will examine what went well in the 
projects and also any lessons learned. 

2 ABANDONED MINE PROJECTS 

When looking at an abandoned mine rehabilitation project the first step is to develop an under-
standing of the mine and its workings. A stability assessment should be performed to determine 
which areas of the mine are stable and which are not. If this critical step is missed then the ten-
dency is to just backfill all the voids that can be found, however this can be unnecessary in a lot 
of cases and adds significantly to the project costs. For instance in one of the case studies we will 
examine only about half the identified mine stopes required backfilling, the rest were determined 
to be stable. 

For unstable workings the next step is to look at the appropriate remediation methodology. This 
typically involves options like capping, exposing the void and/or backfilling. In this paper, we 
will focus on the backfill option.  

Once backfill has been established as the method of choice, the next step is to estimate the 
backfill strength requirements, volume requirements, delivery locations and any other special con-
siderations. This is carried out through analysis of existing mine plans, surveys and/or exploratory 
drilling programs. In addition, a laboratory testing program on the source materials for backfill is 
required to develop a suite of recipes. Establishing the design criteria for the backfill is the next 
step followed by the methodology of execution. Process selection and planning (including equip-
ment selection) should take into consideration the site specific circumstances like access, available 
laydown areas, material delivery, proximity of the voids to the production area, the public, and of 
course health, safety and environment.  

After these critical planning steps the execution phase begins. During execution many things 
can change so the program needs to be flexible to respond to what is happening underground and 
on surface. While it can sometimes feel counter-intuitive, one of the key execution mindsets is to 
go slow at the start of a new pour and make sure that leaks are capped as soon as they are found 
and the backfill is remaining where it is supposed to be so that material and effort is not wasted. 
This is not a typical contracting philosophy which means communication between the contractor 
and engineering team is critical. Once the voids are filled as part of the QA/QC program confirm-
atory drilling/inspection should be conducted to ensure volumes and strengths are on-spec (as per 
design). At this point, the voids can confidently be called rehabilitated. 

3 URANIUM MINE REHABILITATION 

The first case study is of a decommissioned uranium mine. The site contained historical under-
ground workings which consisted of several horizontal development levels, connected to the sur-
face through a series of shafts, adits, and raises. The workings also consisted of an open stope to 
surface  or   ‘glory  hole’.  Some  of   the  workings  also  extended   to  areas  near   the  ground  surface,  
forming crown pillars between surface and the void space. 

3.1 Planning and stability assessment 
We completed a geotechnical investigation to evaluate the stability of the existing concrete caps 
and crown pillars. The study identified thirty-five crown pillars, ten of which were assessed based 
on information from drilling and the rest through a desktop study. The results showed five stopes 
with crown pillars that are not long term stable and therefore require rehabilitation. Five other 
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stopes crown pillars are potentially not long term stable based only on the desktop study. The 
remaining crown pillars were all determined to be low risk and not recommended for additional 
study. 

Three years after this initial investigation a more detailed investigation was carried out on the 
stopes identified for rehabilitation and study. Based on newly acquired data, the stability assess-
ments for the identified crown pillars with stability concerns were updated and the number of 
crown pillars requiring rehabilitation was reduced from ten to seven. For all seven stopes, the void 
volumes, based on the CMS scans, have a total volume of 80,000 m³.  

Several rehabilitation options were identified for the rehabilitation of these crown pillars, in-
cluding: re-sloping, capping and backfilling. Re-sloping refers to the process of blasting the crown 
pillar sidewalls to create a 45 degree rock wall and sufficient rock to fill the bottom of the stope 
to the slope walls. Capping is the process of constructing a concrete cap over the opening to sur-
face and crown pillar. Backfilling would be used to reduce the void space below the crown pillars 
and support the base of the crown pillar. Through a preliminary cost estimate, and based on the 
nature of the site and the size of the openings, it was determined that backfilling would be more 
cost effective as compared to concrete capping, and thus was the preferred option. Since many of 
the stopes were connected to other voids, the application required cemented backfill to minimize 
the risk of long-term movement of the fill material. It was also determined from the stability as-
sessment that a backfill strength of 500 kPa would be required after a 28 day cure to support the 
crown pillar and 170 kPa to minimize the risk of liquefaction of the fill material. 

To backfill the stopes fill barricades would have to be constructed in the voids. These barricades 
are required to confine high slump paste to certain areas and to make sure it does not flow into 
undesired areas. These barricades are produced from a low slump paste, typically with a higher 
solids and binder content. Expanding foam was identified as another option for these fill barri-
cades.  

3.2 Material Sourcing 
The next part of the process was to determine which materials were available to create the backfill. 
This process generally involves finding a low cost, readily available material from a near-by 
source. On-site as well as off-site sources are considered.  When making paste there is a certain 
particle size distribution and mineralogy that is preferred. In this case, when searching for this 
composition within a nearby radius to the site it was not available at a reasonable cost / delivery 
schedule.  Luckily the testing of the tailings proved that they were a viable feed source.  Based on 
the assessment report it was determined that the preferred choice was the use of tailings, which 
were in the nearby tailings management area (TMA). The paste was to be produced from the 
tailings, mixed with water, aggregate and binder material (potentially cement, fly ash or blast 
furnace slag). The aggregate and binder materials could be purchased from a local supplier and 
the water obtained from a nearby source. 

3.3 Material Characterization 
Next, the tailings materials were tested in the lab. The tailings samples taken on-site indicated 
varying levels of particle sizes (as determined through PSD tests). The samples were broken up 
into three categories: fine, coarse and a blend.  

The blend sample revealed that approximately 18 wt% was finer than 20 microns, as shown in 
Figure 1. The SG of the tailings solids was approximately 2.9.  
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Figure 1: Uranium Mine – PSD 
 
Mineralogy and chemistry tests were also conducted on the tailings. The results showed that 43% 
of the tailings were albite, 23% quartz, followed by hornblende, a chain silicate mineral (18%). 
None of these minerals have historically proven problematic in the formulation of paste.  

Rheological testing was then conducted on the paste. The blended tailings resulted in a paste 
with a solids content of 74.5 wt% solid paste at a 7 inch slump, and a 73.1 wt% solid paste at a 10 
inch slump. This indicates that a difference in moisture content of 1.4 wt% resulted in a slump 
change of 3 inches, which shows that the paste was moderately sensitive to water addition. This 
is an important characteristic because it determines how much process control is required to make 
the paste meet the desired slump. The solids concentrations for the fine tailings samples indicated 
a slump of 7 inches at 62 wt% and 10 inches at 60 wt%. These solids concentrations are much 
lower than that of the blended mix at the same slump. A graph of the solids content versus slump 
is provided in Figure 2. 
 

 
Figure 2: Uranium Mine – Solids Content vs. Slump 
 
Next the yield stress and viscosity of the paste was tested. For all three samples the static yield 
stress was found to be in the upper range compared to similar tailings; indicating that flow in the 
pipeline may be harder to initiate. The static yield stress results are presented in Figure 3.  
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Figure 3: Uranium Mine – Static Yield Stress vs. Slump 
 
The water bleed characteristics of the fine tailings was considerably low at only 3.5 wt%, however 
the coarse and blended tailings water bleed was around 10 wt%, which is typical of these types of 
tailings.  

Lastly a UCS testing program was performed on the  samples.  In  all  cases  the  10”  slump  paste  
had  slightly  lower  UCS  results  compared  to  the  7”  paste,  as  expected  due  to  the  lower  moisture  
content  in  the  7”  slump  mix.  The  majority  of  the  binders  tested  resulted  in  strength  results  exceed-
ing 170 kPa after 7 days. For barricade construction where rapid strength is required a paste recipe 
was utilized with increased binder content and aggregate, which resulted in UCS values exceeding 
1 MPa within 7 days of curing. Most binder types and binder addition rates resulted in strengths 
over 500 kPa after 28 days. Figure 4 below shows a portion of the UCS test program results.  

 

 
Figure 4: Uranium Mine – UCS Results 
 
Once the testing program was completed a targeted range of tailings properties were identified as 
being suitable for the project. Tailings that were suitable for paste were defined as having a mois-
ture content between 14-22 wt%, a percent fines content ranging from 20-40% passing 20 micron 
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and free of significant clayey zones. The TMA areas that contained acceptable tailings according 
to these properties were marked on the site maps for selective excavation purposes.  

3.4 Production Planning 
After the paste laboratory testing and material sourcing analysis, the next task was to determine 
the paste production method. A trade-off study assessed three different production options, which 
are: 

Option 1: Use a volumetric mobile mixer located at the backfill site and direct pump/gravity 
discharge into the boreholes from surface. 

Option 2: Use a batch plant located at one of the TMA areas and pump all produced paste from 
this plant to required boreholes. 

Option 3: Use a batch plant located at one of the TMA areas and use Redi-Mix trucks to deliver 
the paste to the boreholes. 

To evaluate the three options consideration was given to: 
1) Ability and flexibility of the plant to change the paste recipe based on the feed properties 

of the tailings; 
2) Equipment required to handle the feed material from the tailings stockpiles;  
3) Radiation and other health and safety concerns; 
4) Ease of process control, including calibration, continuous versus batch mixing; 
5) Reliability of the plant type based on experience; 
6) Production rates achievable; and 
7) Total approximate cost per cubic meter of backfill. 

Based on these variables Option 1 was chosen as the preferred production method.  
The general process description for the project was: 

1) Excavate tailings, transport, stockpile; 
2) Drill paste delivery boreholes for backfilling, and use existing boreholes for monitoring; 
3) Construct underground fill barricades through the use of low-slump/high binder paste or 

expanding foam into the stopes via borehole; 
4) Deliver tailings from the stockpile to the production equipment; and 
5) Produce a suitable paste and deliver it to the underground voids via boreholes. 

All the existing boreholes on the site that were used for monitoring were 3 inch diameter. A min-
imum pipe size of 6 inches was required for the low slump barricade paste so these new boreholes 
were drilled and the 3 inch holes used for monitoring/breathing. After the barricades construction 
the intention was to use the 3 inch holes for backfilling with the higher slump paste.  

The tailings were loaded into haul trucks at the TMA and delivered to a daily stockpile at the 
production area. The mobile mixer truck was loaded at the production area by an excavator. The 
mobile paste production system consisted of the mixer truck/pump system, water system, aggre-
gate system and binder system. While producing the paste, a rigorous QA/QC program was un-
dertaken to measure the paste properties and performance. Slump tests were carried out and UCS 
cylinders were casted for strength testing. In the on-site laboratory other paste backfill material 
properties were tested such as PSD and SG as well as yield stress.  

The paste backfill was produced in the mobile mixer and the paste was discharged into the 
boreholes by a pump. A photo of the mixer discharging into the pump hopper can be seen in 
Figure 5. The distribution line was equipped with pressure transmitters and a flowmeter connected 
to a laptop computer. This served to identify issues in the line regarding plugging/identifying 
unusual behavior (as indicated by a pressure spike). The water storage tank was located at the 
paste production area and was filled from a near-by water source via water truck. The binder 
storage silo was also located at a load out area and was replenished by off-site deliveries of binder. 
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Figure 5: Uranium Mine – Paste Production 
 

3.5 Production Results 
A pilot paste trial was initiated for this project in July 2015. The trial was successful and full scale 
backfill production is currently being planned. The on-site trial including recipe testing, a flow 
loop, yield tests and production filling on one stope that had an approximate void space of 3,200 
m³. Approximately 1,800 m³ of paste was produced and poured underground over the two week 
trial period. The  most  frequently  used  recipe  was  8”  slump  @  2%  binder,  which  was  used  about  
half the time. The next most frequent was the lower slump barricade recipe.  

The stope had four box holes as part of the configuration which are essentially vertical openings 
that the ore was mucked out of. Part of the challenge was plugging the boxholes without losing 
all the paste to connected horizontal mine workings. There was no access underground so all 
delivery and observation was via borehole. Small pours, frequent checks with the borehole cam-
eras and CMS, and the application of specific recipes to limit flow with quick set-up times was 
critical. The void space geometry can be seen in Figure 6 below. 
 

 
Figure 6: Uranium Mine – Void Geometry 
 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

529



An on-site laboratory was set-up to facilitate the QA/QC program. Paste volumes, calibrations, 
paste characteristics and strength performance was measured and tracked. 

Pouring was conducted through a total of 3 boreholes. 250 cylinders were broken on site as part 
of the QA/QC program during production. All backfill recipes reached 500 kPa strength target 
after 28 days, most reaching this strength after 1-3 days.  

Overall the trial program went well with no major issues. The trial proved the performance of 
the system, confirmed the tailings would make appropriate paste backfill and proved the through-
put rates could be met, thus confirming the construction schedules. 

One key part of the trial was the selective excavation of the tailings – the changes in PSD and 
moisture content were quite dramatic across the TMA. The operators needed to be diligent in 
targeting specific areas for excavation. In addition, grizzlies and a screening system was used to 
screen the tailings. Haul distances also caused downtime so a new access road was built to cut 
down on the haul times. Other modifications were around the layout of pipelines to the boreholes 
and orientations of the excavator and mixer truck to improve loading and reduce wastage. 

4 GOLD MINE REHABILITATION 

The second case study is of a decommissioned gold mine located in Yellowknife, Northwest Ter-
ritories, Canada. The mine operated for the latter half of the 20th century and is currently on Care 
and Maintenance. The mine workings are in close proximity to the local community and a creek 
runs directly through the property. The mine consisted of several horizontal development levels, 
connected to the surface through a series of shafts and raises. The workings also consisted of open 
pits connected to the underground. 

4.1 Planning and Stability Assessment 
The mine rehabilitation project commenced with the preparation of an environmental assessment 
report which outlined various aspects of the remediation project. This report examined health 
impacts of the mine on the public, water management considerations in regard to the near-by 
creek, surface reclamation, and various other aspects. 

The process used to extract gold during the mining process resulted in the formation of arsenic 
trioxide dust. During production this dust was stored underground and contained in purpose-built 
arsenic stopes and chambers, isolated from the other underground workings. Studies have shown 
that long-term management of the dust can be achieved by freezing it underground. It was also 
identified that the existing bulkheads and stope pillars should be reinforced to ensure they do not 
fail (failure could potentially result in dust release). 

Based on the stability assessment it was decided to construct reinforced drift plugs at the loca-
tion of the existing bulkheads. It was also determined that the potential instability of the pillars 
and stopes adjacent to the arsenic stopes needed to be mitigated prior to freezing. If these non-
arsenic stopes were to fail it could adversely affect the stability of the arsenic stopes. To improve 
their stability they should also be backfilled. 

The open pits were also identified as requiring remediation measures. The pits were investi-
gated via geotechnical test work and site inspection. Some of the identified hazards included pit 
slope instabilities and pit crest and floor subsidence above existing stopes, which again posed 
potential challenges to the long-term stability of the arsenic stopes. Backfill was again chosen as 
the remediation method for this aspect of the work. 

Required backfill strengths are typically determined during the stability assessment phase. The 
backfill gains its strength over time through the hydration of binder in the fill. As a bare minimum, 
the binder should hydrate enough to prevent liquefaction and be strong enough to be self-support-
ing once deposited. Based on the criteria the minimum strength requirement for this project was 
100 kPa at 28 days.  

4.2 Material Sourcing 
Based on an investigation of material available on site it was determined that the on-site tailings 
would be the ideal candidate for the backfilling material. There are three main tailings areas – the 
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North pond, the Central pond and the South pond, each of which had an abundance of tailings 
readily available. 

One issue with the tailings ponds however were that they were some distance from the areas to 
be backfilled; on the order of two kilometers. The backfilling also required multiple pour locations 
with varying amounts of backfill volume. For these reasons a mobile paste plant was utilized. A 
mobile plant would reduce the total amount of piping required to transfer the backfill to the various 
locations and cut down on wasted production during switchovers as well as simplify the tailings 
transport.  

4.3 Material Characterization 
Material testing was carried out to assess the rheological and strength properties of the south and 
central tailings ponds. This testing was completed to determine which tailings would make the 
most suitable paste backfill.  

The samples were classified into four groups: clay silt (site 1), clay silt (site 2), mixed silt-sand-
clay and silty sand. pH analysis was completed on each sample with results ranging from 7.9 - 
9.1. 

Particle size distribution (PSD) tests were then carried out on each sample. The clay silt (site 
1) and mixed silt-sand-clay had 65 wt% (weight percent) and 40 wt% passing 20 microns, re-
spectfully. The other two samples were slightly coarser, however all samples were passing >20 
wt% fines. The PSD results of the test are presented in Figure 7. The specific gravity for all the 
samples averaged around 2.75. 

 

 
Figure 7: Gold Mine – PSD 
 
Rheological testing was then carried out both the south and central pond tailings samples includ-
ing the silt-sand-clay mix, the silty-sand sample and clay-silt sample. These tests are used to eval-
uate flow and handling properties. Rheological data is critical to size equipment such as mixers, 
pumps and pipelines. 

To gauge sensitivity to water additions a slump vs. solids content test was performed. This 
resulted in an approximate 4 inch slump change with an average wt% solid change of 3-5%.  The 
static yield stress of the samples was also measured. This test indicates the force required to initi-
ate flow in the pipe. The measurement was performed at various solids contents for the different 
samples. The results are shown below in Figure 9. 
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Figure 8: Gold Mine – Static Yield Stress vs. Solids Content 
 
Next the water bleed vs. yield stress as a function of time was examined. The samples varied 
considerably in this test, which was expected. 
    Lastly, the unconfined compressive strength (UCS) of the samples were tested. This test deter-
mines the compressive strength properties of the cured paste backfill after a certain duration of 
time. The required strength for this project was 100 kPa. Figure 11 shows the UCS test results for 
a subset of paste recipes. 

 

 
Figure 9: Gold Mine – UCS Test 
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4.4 Production Planning 
The overall sequence of execution is as follows.  

1) Excavate tailings, transport and stockpile. 
2) Drill holes from surface for paste delivery, monitoring and breather boreholes. 
3) Install underground paste delivery piping system. 
4) Install underground conventional barricades. 
5) Pour underground fill barricades using low slump/high binder paste backfill, directed un-

derground via borehole. 
6) Deliver tailings to production area from stockpile 
7) Produce paste and pump underground to fill voids. 

 
As decided during the initial assessment the paste was to be produced by two mobile paste plants. 
The tailings were excavated using a tracked excavator and moved using haul trucks. The haul 
distance ranged from 1.5 to 2 km from the tailings pond to the production stockpiles. The stockpile 
used held approximately 2,100 m³ of paste material and was enclosed with a temporary structure, 
such that potential dust would be contained. The structure was also used to keep the tailings warm 
in the northern Canadian climate. A smaller daily stockpile was also set up right next to the mobile 
plant. A front end loader was used to transfer tailings from the daily stockpile to the mixer. 

The mobile paste system consisted of the mixer truck, pump, water system, aggregate system 
and binder system. It was planned that two mixing trucks would run simultaneously. The aim was 
to produce 700 m³ of paste per day between the two set-ups, and all paste would be produced 
during the day shift. A flowsheet of the production is provided in Figure 12. 

 

 
Figure 10: Gold Mine – Production Flowsheet 
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4.5 Production Results 
Paste production began on site on October 21st, 2013 and ended on December 10th, 2013. Tem-
peratures varied from +10 deg C to -52 deg C. Production started with a target recipe of 100% 
tailings and approximately 7 inch slump, with 2-5% cement. When the first pour was delivered it 
was discovered that the paste was flowing into an unknown void rather than filling the designated 
area. These types of unknown voids and leak points were quite common and required active man-
agement and planning to keep production numbers up without wasting paste in areas where it was 
not required. The recipe was changed and pouring continued. 

During operations underground cameras, remote borehole cameras as well as CMS scans were 
used to monitor and assess performance of the paste and make adjustments to the recipe based on 
the behavior. A picture taken from one of these cameras is shown in Figure 13. In addition, a 
comprehensive QA/QC program was conducted during the operation with volumes, paste charac-
teristics and strength performance measured and tracked. 
 

 
Figure 11: Gold Mine – Underground Camera Picture 

 
Pouring was conducted through a total of 19 boreholes and resulted in a total backfill volume of 
10,700 m³. 1578 cylinders were broken on site as part of the QA/QC program. All backfill recipes 
easily reached 100 kPa strength target after 28 days, most reaching this strength after 1-3 days. 
The  most  common  recipe  utilized  throughout  the  backfill  process  was  10”  slump  with  a  2%  binder  
content, which was used approximately 80% of the time.  

Overall the production program went well with no major issues. The targeted stope complex 
was largely completed on-time and on-budget. The teamwork and collaboration between all the 
engineering disciplines (mining, backfill and laboratory) and the construction personnel was one 
of the highlights of the project.  

One modification to the original plan was the addition of a grizzly screen to the mixer, which 
was added to screen the tailings. This was added due to the chunky frozen tailings that were unable 
to thaw in time and clogged up the mixer unit. The timing of the program also meant that winter 
weather conditions needed to be dealt with. Snow and cold conditions limited work hours and 
equipment breakdowns were fairly frequent.  
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5 CONCLUSION 

Legacy issues around abandoned mines is a steadily growing concern in North America. Paste 
backfill is one innovative solution to this growing problem, and offers many advantages over 
traditional backfills, including lower project costs and adaptable fill characteristics. In this paper 
we examined two case studies that utilized mobile paste backfill for abandoned mine rehabilita-
tion, both of which had very positive results.  

In both cases, the stability assessment phase was a key engineering stage used to identify the 
required areas for backfill on the sites and to prioritize the stope sequencing. Without this step, 
the amount of backfill that could have used would have been double or triple what was actually 
required. 

In addition, tailings from on-site storage areas were utilized in both cases due to their abun-
dance, availability and thus low cost.  Tailing usage can also have the offshoot benefit of improv-
ing other reclamation activities around the tailings management areas. Material sourcing is a crit-
ical part of paste programs and can have a big impact on the overall costs and thus should be 
carefully considered.  

Laboratory programs for material characterization were critical to ensure that the paste backfill 
maintained the appropriate characteristics throughout the production programs and had the flexi-
bility to deal with performance issues in the underground such as leak points. 

The production phases required the collaboration of the mining engineers, backfill engineers, 
geotechnical engineers and laboratory folks along with the construction team. The complexity and 
uncertainties around both programs required careful planning and execution of the work and this 
cooperation was a large factor in the success of the projects. 

The on-site  QA/QC  program  was  also  key  to  “proving”  that  the  paste  was  meeting  the  design  
specifications and that the overall objectives of the program would be met. 

With the success of these and other projects using paste backfill and as more and more legacy 
mines are brought into the spotlight paste backfill will become a more popular option for remedi-
ation programs.  
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ABSTRACT: The Chevron Questa Mine (Questa Mine), formerly operated by Molycorp and 
thereafter Chevron Mining Inc. (CMI), is located near the Village of Questa in Taos County, 
New Mexico. The Questa Mine was an underground and open pit molybdenum mining 
operation, beginning in 1919 and closing officially in June 2014.  In 2000, the mine and tailings 
facility were proposed as a National Priority List (NPL) Superfund site and became listed as a 
NPL Superfund site in 2011. After substantial negotiations among the parties, the 
Environmental Protection Agency (EPA) issued an Administrative Settlement Agreement and 
Order on Consent (AOC) for Early Design Actions for the Questa Mine effective October 19, 
2012. The AOC contains a Statement of Work (SOW) which details the Early Design Actions 
that CMI will implement, including specific tasks for the nine large waste rock piles on site.    

The EPA Record of Decision (ROD) issued in 2010 (before the AOC SOW), recommended 
source containment for the waste rock piles, including slope regrading to 3H:1V or 2H:1V 
slopes, meeting static and seismic factors of safety, and providing a vegetated cover.  Two years 
later following negotiations, the SOW provided for a Technical Working Group (TWG) process 
to establish a collaborative forum for the discussion and evaluation of the conceptual remedial 
design options for the waste rock piles. 

In January 2013, a facilitated process began that included the TWG experts, a facilitator, 
stakeholder representatives, CMI, and a CMI Design Team (DT).  The TWG process resulted in 
a series of meetings that occurred over three years.  The preliminary conceptual design options 
for the waste rock piles were evaluated and refined; then assessed with respect to key design 
factors, and compared and contrasted with the other options for each key design factor.  The 
process proved to be a successful approach for developing conceptual remedial options that 
achieved the fundamental goals of the SOW and the stakeholders. 

INTRODUCTION 

The Questa Mine is owned by CMI and is located approximately 4 miles east of the Village of 
Questa in Taos County, New Mexico. Mining at the Questa Mine began in 1919 with a number 
of underground workings. Large-scale open pit mining began in 1965 and continued until 1983. 
Large-scale underground mining began after the open pit was closed. Over decades of operation, 
waste rock from the open pit and a limited amount from the underground mine was placed in 
several waste rock piles around the mine and the placement was mostly completed by 1985. The 
mine is located in steep mountainous terrain along the Red River Valley with Canyon slopes 
varying between 1.3:1V and 2H:1V.  The mine and tailings facility were proposed as a NPL 
Superfund site in 2000, and listed as a NPL Superfund site in 2011. The mine and tailings 
facility were the focus of a Remedial Investigation/Feasibility Study conducted by CMI between 
2002 and 2009 (URS 2009a/URS 2009b). On June 2, 2014 CMI permanently closed the mine. 

The Technical Working Group Process - A Collaborative 
Approach to Long-Term Reclamation Concepts at the Questa 
Mine 
 
Judith L. Bolis, P.E.  
Questa Mine Senior Project Manager and Manager of Mine Closure Department, Norwest Corporation, 
Englewood, Colorado 

Joseph P. McMahon, P.E., J.D.  
Collaborative Processes, Denver, Colorado  

Daniel D. Overton, P.E.  
Principal Geotechnical Engineer, Engineering Analytics, Inc., Fort Collins, Colorado 

Denise C. Garcia, P.G. 
Senior Staff Engineering Geologist, Engineering Analytics, Inc., Fort Collins, Colorado 

 

 

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016

537



2 
 

 

The Site contains nine waste rock piles totaling 163 million cubic yards and covering an area 
of approximately 780 acres.  The existing slopes of the waste rock piles vary from 1.4H:1V to 
1.8H:1V – generally at angle of repose from truck end dumping.    An aerial photograph of the 
waste rock piles is shown on Figure 1 and a summary of characteristics of the waste rock piles is 
provided in Table 1. The site is of such aerial extent that it is recognizable to the naked eye on a 
satellite image of New Mexico. 

The EPA issued an AOC for Early Design Actions for the Chevron Questa Mine Superfund 
Site (Site), located in Taos County, New Mexico effective October 19, 2012 (EPA 2012). The 
AOC contains a SOW which details the Early Design Actions that CMI will implement. Specific 
to the waste rock piles, the SOW stated that CMI would convene a TWG to provide technical 
expertise to assist CMI in the development and evaluation of conceptual design options. 

This paper describes the TWG process and the three phases of conceptual design that was 
performed by CMI as required by the AOC/SOW.  The three year TWG process was initiated 
with general scoping and agreement on goals and approach, followed by development of three 
major work products, including execution of an extensive geotechnical investigation.  An 
overview of the reclamation concepts for the waste rock piles, identified as the integrated waste 
rock pile conceptual design options are presented below.  The paper concludes with a discussion 
of the success of the facilitated TWG process.  A list of acronyms and abbreviations used in this 
text are provided in Table 2. 

 
 

Figure 1.  Questa Mine Site Waste Rock Piles 
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Table 1.  Summary of Characteristics of Existing Waste Rock Piles  

Waste Rock 
Pile 

Maximum 
Height 
(feet) 

Maximum 
Thickness 
of Waste 

Rock 
(feet) 

Footprint 
Area 1 
(acres) 

Intermediate 
Slopes 2 
(H:V, ) 

Overall 
Slopes 3 
(H:V, )   

Estimated 
Volume 4 

(Mcy)  

Underlying 
Slopes 

% of Slopes 
Steeper than: 

3H:1V 2H:1V 

Sulphur 
Gulch South 1,140 395 143.8 1.4 to 1.3:1 

36 to 38 
1.8:1 

29 39.6 90 82 

Middle 1,500 490 147.4 1.4 to 1.3:1 
36 to 38 

1.7:1 
31 34.5 96 81 

Sugar Shack 
South 1,650 420 88.6 1.4 to 1.3:1 

36 to 38 
1.6:1 

32 19.5 88 88 

Capulin 450 265 59.1 
1.5 to 1.3:1 

34 to 37 
1.4:1 

36 
8.1 93 48 

Goathill 
South 520 95 10.0 

1.7 to 1.3:1 
30 to 38 

1.4:1 
36 

0.6 84 76 

Sugar Shack 
West 1,200 200 50.8 

1.9 to 1.6:1 
28 to 32 

1.7:1 
30 

6.2 96 82 

Spring 
Gulch 795 395 93.4 

0 to 1.4:1 
0 to 36 

N/A* 17.2 97 82 

Blind Gulch/ 
Sulphur 

Gulch North 
1,130 375 187.1 

3.0 to 1.3:1 
18 to 37 

3.0:1 
18 

31.8 98** 88** 

N/A – Not applicable. 
1The footprint area of the Questa Mine waste rock piles (excluding Goathill North waste rock pile) is ~ 778 acres.  
The Goathill North waste rock pile is addressed under another requirement of the SOW. 
2Intermediate slopes represent the range of slope angles that currently exist on the waste rock pile.   
3The overall slope is the average slope of the waste rock pile (line from toe to crest).  
4The estimated volume of the Questa Mine waste rock piles (excluding Goathill North waste rock pile) is ~ 158 Mcy. 
*Overall slope value for Spring Gulch waste rock pile is not applicable as Spring Gulch waste rock pile merges into 
Sulphur Gulch South waste rock pile resulting in no exposed waste rock pile toe. 
**Area within pit limits not included in analysis of underlying slopes. 
 
Table 2.  Acronym and Abbreviation List 

ARARs Applicable or Relevant and Appropriate 
Requirements 

NPL National Priority List 

AOC Administrative Settlement Agreement 
and Order on Consent 

PFM Potential Failure Mode 

CERCLA Comprehensive Environmental Response, 
Compensation, and Liability Act 

ROD Record of Decision 

CMI Chevron Mining Inc. SGI Supplemental Geotechnical 
Investigation 

CMI DT Chevron Mining Inc. Design Team SOW Statement of Work 
EPA U.S. Environmental Protection Agency TBC To Be Considered 
Mcy Million cubic yards TWG Technical Working Group 
MMD Mining and Minerals Division of the 

New Mexico Energy, Minerals and 
Natural Resources Department 

URS URS Corporation 

NMED New Mexico Environment Department WRP Waste rock pile 
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GOALS OF THE TECHNICAL WORKING GROUP PROCESS 

The purpose of the TWG, as defined in the SOW, was to provide technical expertise in the 
development   and   evaluation   of   conceptual   design   options,   provide   input   relating   to   EPA’s  
selected remedy, and provide factual findings from that process to CMI for consideration in 
preparing deliverables to EPA for review.  The TWG consisted of six remediation experts, each 
individually nominated to the TWG by the key parties that included CMI, EPA, New Mexico 
Environment Department (NMED), Mining and Minerals Division of the New Mexico Energy, 
Minerals and Natural Resources Department (MMD), the Village of Questa, and Amigos 
Bravos. Although nominated by a party, each TWG expert was to both: (i) participate so as to 
reflect the interests of their nominating party while also (ii) exercising their independent 
professional judgment. Throughout the process, each TWG expert could and did confer with the 
party that nominated them. The TWG met 21 times during the period of January 2013 (TWG 
Meeting No.1) through November 2015 (TWG Meeting No. 21) to undertake all three phases of 
work mandated in the SOW for Early Design Actions. The meetings were generally 1.5 or 2.5 
days’   duration, and generally occurred on 4 to 6 week intervals.  These scheduled meetings 
included the TWG, a facilitator, stakeholder representatives, CMI, and a CMI DT. The purpose 
of the meetings was to discuss supplement, and refine information and concepts presented by the 
DT, and to add ideas originating in the TWG. 

To guide the process, CMI, the DT and the facilitator developed: (a) a periodic work plan that 
would inform/guide the process for a six-month period; and (b) a detailed agenda for each TWG 
meeting. Meeting summaries were distributed after each TWG meeting. Where possible and for 
efficiency, certain tasks were delegated to a subcommittee of the TWG. The DT established an 
extremely useful SharePoint site that contained key data, meeting presentations, and summaries.  

Throughout the process, the DT would provide a report or preliminary design to the TWG. 
The TWG would review the proposed report or preliminary design and supporting data. In this 
process, the TWG critiqued, questioned, proposed, and evaluated the proposed report or 
preliminary design to test and where suitable, improve DT proposals.   The process was a very 
engaged and thorough peer review of DT work. The multiphase TWG work sought to assist in 
the  preliminary  design   in   support  of   “Early  Design  Actions”   for   eight waste rock piles and a 
repository, and associated features. 

FACILITATOR GOALS 

The TWG process was designed and undertaken to maintain a separation between policy and 
business decisions on one hand, and scientific/technology issues on the other. The TWG 
confined this work to the technical aspects of site remediation–leaving policy and business 
decisions to the senior representatives of each party. The facilitation goals were generally as 
follows:  

 Obtain  the  maximum  value  from  the  experts’  professional  judgment. 
 Keep  the  group  process  confined  to  the  assigned  task  (fighting  against  “mission  creep”). 
 Facilitate a conversation among TWG members to both assess technical issues while 

also building trust among TWG members; working to merge the different work styles of 
the TWG members.  

 Find consensus on technical issues relating to remediation without losing the value of 
differing views where consensus could not be found. 

 Build an effective working relationship between TWG and DT. 
 Use the combined knowledge of the TWG to assist and refine DT design proposals. 
 Enhance the knowledge of agency regulators and community representatives through 

their observation of the TWG conversations. 
 Perform thorough risk assessments suitable for this stage of design. 
 Reduce inter-party tensions by clarifying technical and scientific issues. 
 Guide but not control the TWG conversations and efforts. 
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THE TECHNICAL APPROACH 

The SOW described three general steps, or phases, to be carried out in an iterative manner by 
CMI, with participation of the TWG, including development of: 

1. General design guidelines and parameters for all of the waste rock piles,  
2. Preliminary design options at a conceptual level for the waste rock piles located next to 

Highway 38 (Roadside waste rock piles), and  
3. Integrated design options at a conceptual level for all waste rock piles and any necessary 

waste rock pile repositories. 
An overview of the TWG process is depicted in Figure 2.  Throughout the process, numerous 

reference documents were provided to the TWG to assist in their understanding of the site and 
the technical aspects of the remedial design options (Norwest 2012). In addition, all available 
geotechnical drill hole data and logs, annual monitoring, and other pertinent references were 
provided.  TWG members, although primarily geotechnical specialists, had a diverse range of 
experience and backgrounds. Other expertise such as geologists, geochemists, soil scientists 
(cover design specialists), geomorphic design specialists, and heavy construction contractors 
were brought in to advise the TWG and the DT as necessary.  

 

Figure 2.  Technical Working Group Process Overview 

Phase 1: Conceptual Design Guidelines and Options 
The first phase outlined in the SOW included development and assessment of general design 
guidelines and preliminary design options (at a conceptual level) for the waste rock piles. 
Design guidelines criteria included slope stability criteria (static and seismic), hydrologic 
criteria (phreatic and surface water), and other criteria including compliance with Applicable or 
Relevant and Appropriate Requirements (ARARs), footprint constraints, and public and worker 
safety.   Material properties of waste rock pile material, colluvium, debris fans, alluvium, and 
weathered bedrock were also discussed and evaluated.  The TWG and participants also 
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discussed and agreed to consider potential failure modes (PFMs) for evaluation of remedial 
options including shallow, intermediate, and deep failure modes. 

Because the ROD recommended source containment for the waste rock piles, including slope 
regrading to 3H:1V or 2H:1V slopes, and meeting static and seismic factors of safety, a variety 
of remedial options were considered in the first phase. Options reviewed were 2H:1V regrade 
with benches, 3H:1V regrade with benches, landform regrade, toe buttresses, toe retaining walls, 
multiple retaining walls, tie-backs and anchor blocks, and hybrid options (Norwest 2013).  
These options were then evaluated for suitability of   meeting   the   “tool   box”   approach   for  
remedial design concepts on a rock pile-by-rock pile basis.   

Draft reports for the general design guidelines were submitted to the TWG for review and 
comment. The TWG participated in meetings to discuss, supplement, and refine the draft 
general design guidelines and parameters, including selection of a range of preliminary design 
options for further consideration.  In Phase 1, the TWG did not create a report of its own but 
rather critiqued the reports of the DT. The results were submitted in a deliverable to EPA as 
General Design Guidelines and Options Report, Early Design Actions (Norwest 2013).   

Phase 2: Conceptual Design Options for the Roadside Waste Rock Piles 
During the second phase of the process, the DT presented initial conceptual remedial design 
options for the Roadside waste rock piles (Sugar Shack South, Middle, and Sulphur Gulch South 
waste rock piles; see Figure 1).  An example of the workflow for this second phase is shown in 
Figure 3.  As the initial options were developed, the TWG reviewed the data; considered the 
remedial options for each waste rock pile; and evaluated PFMs, including shallow, intermediate, 
deep-seated, and toe failures.  
 

Figure 3.  Schematic of the Questa TWG Roadside Waste Rock Pile Conceptual Design Process (Table 
numbers refer to Norwest 2016) 

 
 Upon initial review of the geotechnical data, the TWG discussed the adequacy of existing 

data.  Because it was important that all TWG members be comfortable with the data quality, the 
TWG requested additional studies of the Roadside waste rock piles specific to the toe and the 
8650 bench.  The intent of the investigation was to further assess lithology and geotechnical 
properties for the waste rock materials, alluvium, colluvium, debris fans, bedrock contact, and 
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bedrock.  This request resulted in preparation of the Roadside Waste Rock Pile Supplemental 
Geotechnical Investigation (SGI) Work Plan (Norwest 2014) and subsequent investigations 
during 2014 and 2015 (see Figure 2).  The results of the investigation were presented in several 
TWG meetings and were documented in a final report as the Roadside Waste Rock Piles 
Supplemental Geotechnical Investigation Report (Norwest 2015a).  The results of the SGI 
confirmed that the newer data were consistent with the existing data set and the material 
properties and associated assumptions for analyses were appropriate for the conceptual studies. 

During the SGI, the TWG continued to meet and the DT developed the conceptual design 
options.  Although initially intending to address questions on a pile by pile basis, the TWG 
considered whether it may be more effective and efficient to combine piles – into what was later 
called   “option   suites.”   These “option   suites”   included consideration of various approaches, 
principally 3H:1V regrade, 2H:1V regrade, gravity wall (with 2H:1V regrade), and Sugar Shack 
South buttress option (with 2H:1V regrade).  As the options were developed analysis was 
performed that included: stability analyses (static and seismic), surface water hydrology 
analyses, and duration and cost.   

Each option suite was then evaluated in regards to the key design factors in a comparative 
analysis as shown in Table 3 based on the requirements of the SOW (EPA 2012).  The concepts 
were presented and discussed during the regular meetings between the TWG and the parties.  
The option suite comparisons for the Roadside waste rock pile concepts included:  

 3H:1V Regrade option compared to the 2H:1V regrade option;  
 Gravity wall option compared to the Sugar Shack South Buttress option;  
 3H:1V Regrade option compared to the Sugar Shack South Buttress option; and  
 2H:1V Regrade option compared to the Sugar Shack South Buttress option. 

Table 3 Key Design Factors Used for Comparative Analyses1 

Slope Stability and Factor of Safety Impacts During Construction 

Management of Underlying Natural Slopes Impacts Post Construction 

Sustainable ET Cover Vegetation Implementation 

Stormwater Management Longevity 

Applicable or Relevant and Appropriate 
(ARARs)/To Be Considered (TBCs) Costs 

1 See SOW Section 6.4.3, EPA 2012 
 
During subsequent meetings the options suites were revised and follow-up discussions were 

held amongst the TWG and parties including summarizing the key distinctions from the 
comparisons of the options.  To comply with the SOW in providing their factual findings, in 
Phase 2 the TWG issued a technical memorandum containing their guidance for the DT for use 
in the option suite selection (TWG Memo No. 1, TWG 2015a).  This phase, including the TWG 
Memo No. 1 was documented as a submittal to EPA as the Roadside Waste Rock Pile Design 
Option Report (Norwest 2015b) with the 2H:1V Regrade option being selected for the next 
phase of design.  The Roadside waste rock piles are shown on Figure 4a, and an example of one 
of the conceptual option suites is shown on Figure 4b (the 2H:1V Regrade option suite). 

Phase 3: Individual Waste Rock Piles to Integration 
During the third phase of the process, the DT began developing scenarios for the regrade options 
for the waste rock piles as a whole, integrating the concepts of the Roadside waste rock pile 
options. These concepts were presented to the TWG on a rock pile-by-rock pile basis and then 
combined to show the proposed integration of the five Back waste rock piles (Capulin, Goathill 
South, Blind Gulch/Sulphur Gulch North, and Spring Gulch waste rock piles) and the Roadside 
waste rock piles. This phase evolved into a final integrated conceptual design that included the  
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Figure 4a.  Questa Roadside Waste Rock Piles

  

Figure 4b. Roadside Waste Rock Piles Conceptual Design Regrade Option Suite Example:  2H:1V 
Regrade Option Suite 

pit repository and eight waste rock piles, except the Goathill North waste rock pile (to be 
addressed separately under the SOW; EPA 2012).  

The TWG approach was similar to that of the conceptual options for the Roadside waste rock 
piles as indicated in Figure 3.  The available data was assessed, PFMs were considered, options 
were developed, and design analysis was performed. The options were then compared against 
the 10 key design factors, and then key distinctions were developed.  The conceptual design 
options selected for the integration are summarized in Table 4.   
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In this Phase, the TWG also decided to issue a summary of its work in a second technical 
memorandum containing their guidance for the integrated conceptual design (TWG Memo No. 
2, TWG 2015b). Throughout the process the TWG also reviewed any submittals that the DT 
prepared. A draft report was submitted to EPA as the Draft Integrated Waste Rock Pile 
Conceptual Design Options Report (Norwest 2016).   

 
Table 4.  Waste Rock Pile Conceptual Design Options Selected for Integration 

Waste Rock Pile Conceptual Design Option Selected for 
Integration 

Capulin 2H:1V Optimized Regrade 

Goathill South Limited Removal 

Sugar Shack West, Sugar Shack South, Middle, 
Sulphur Gulch South 2H:1V Regrade 

Blind Gulch & Sulphur Gulch North 3H:1V Optimized Regrade 

Spring Gulch 3H:1V Regrade 

Pit Repository 2H:1V Regrade 

Summary of Integrated Plan 
The waste rock pile integrated conceptual design options presented in the EPA submittal 
included:  overall quantities for the waste rock piles; proposed sequencing for waste rock pile 
regrading, including access and water management; reclamation progression; stability analysis; 
water management; and duration and cost.  A schematic of the overall integrated conceptual 
design concept is shown on Figure 5.   

 

 

Figure 5. Questa Overall Integrated Conceptual Design Concept 
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An overview of the integrated conceptual design option is summarized however, for details 
the reader is referred to the various reports for assumptions, approach and analyses (Norwest 
2013, 2015b, and 2016).  The concepts developed result in movement of a total of 63 million 
cubic yards (Mcy) of material, including material placed in the Pit Repository (36.1 Mcy), 
placed as cover (5 Mcy) and as fill within the various waste rock piles (19 Mcy).  This total 
amounts to approximately 37% of the total volume of material in the waste rock piles.  A total of 
743 acres of waste rock pile would be covered, of which approximately 47% would be on slopes 
shallower than 2.2H:1V overall.  Approximately 175 acres of natural ground currently covered 
by waste rock piles would be exposed during the regrading process.  Of this area, approximately 
15% is at slopes of 2.2H:1V or less overall and may be covered. A summary of the overall 
quantities is provided in Table 5. 

Table 5.  General Quantities Summary for Integrated Conceptual Design 

 Capulin Goathill 
South 

Sugar 
Shack 
West 

Roadside 
Waste 
Rock 
Piles 

Blind 
Gulch/ 
Sulphur 
Gulch 
North 

Spring 
Gulch 

Pit 
Repository Total 

Expanded 
Footprint 
(acres)1 

18.4 0.0 14.1 30.0 9.9 0.0 N/A 72.4 

Cut – Waste 
Rock 
Pile/Colluvium 
(Mcy) 

1.7 0.3 2.2 41.1 3.3 1.8/10.6* 0.0 50.4/10.6* 

Cut – Rock 
(Mcy)2 0.1 <0.1 0.3 1.4 0.2 0.0 0.0 2.0 

Total Fill (Mcy) 1.8 <0.1 2.6 6.1 9.4 1.8 36.5 58.2 

Material 
Removed (Mcy) 0.1 0.3 (0.1) 36.4 (5.9) 0.0/10.4* (36.5) (5.7)* 

1The expanded footprint includes all areas outside the current (2012) waste rock pile and pit boundaries.  At all but 
Capulin this area has largely been disturbed by previous mining activities and would not require substantial clearing. 
2Includes 30% swell factor for rock volumes. 
N/A = Not applicable. 
* Material placed as cover, drains, rip rap, etc. 

DISCUSSION OF THE TECHNICAL WORKING GROUP PROCESS 

The facilitator of the Questa TWG process sent out a survey at the end of the 20th meeting.  The 
results were positive and are reflected in Table 6.  Results from the survey showed the principal 
complaints from respondents about the TWG process were: high cost, inefficiency and time 
needed to reach decisions via collaboration. The decision to undertake drilling to obtain 
additional data significantly lengthened the TWG process.  It goes without saying that 
multiparty collaborative work always increases the amount of time necessary for the task -  but  
collaborating improves the ultimate work product,  as shown in this process.  Some of the 
factors that can improve a TWG processes include: 

 Agreement by the parties in conflict to use the process in good faith, committing to let 
the experts work without undue pressure from the parties. 

 A well-defined question(s), drafted by the party participants, to which the work group 
will respond. 

 Qualified technical experts who are able to work collaboratively in a group process. 
 Adequate time and resources to complete the effort. 
 A process by which the work group can report back to the parties the results of their 

work. 
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Various aspects of the TWG process may be useful for other sites and other situations.  The 
Questa TWG Process was complex and the need for additional geotechnical data created a 
longer process than anticipated (originally estimated to be 18 to 24 months).  However, with 
proper planning and tailoring, this process can be used in more limited and less complex 
settings, with both cost and time savings. This type of process could be useful on all forms of 
multi-party technical environmental and policy matters (regulatory, financial, Comprehensive 
Environmental Response, Compensation, and Liability Act [CERCLA], environmental site 
assessment).  In addition, the TWG process can be successful for technical, accounting, 
planning, and even legal issues. Where litigation is present or threatened, additional agreements 
among parties can be helpful to ensure the process does not interfere with or compromise a 
subsequent hearing.   

Table 6.  How Participants Evaluated the Technical Working Group Process 

Moderately or highly satisfied with the TWG 
Process 

TWG performance as a group was high or 
excellent 

86% 92% 

Very Likely you would use or recommend a 
similar process 

Process resulted in improved communication 
among parties 

77% 93% 

Process built or increased trust among parties Data were better shared and understood 

86% 79% 

CONCLUSIONS – THE BENEFITS OF THE TWG PROCESS 

The TWG process and the resultant reports provides a good basis for future design work for the 
Questa Mine waste rock piles with no major concerns or fatal flaws identified by the TWG, CMI 
or the DT.  In addition, the TWG process resulted in many benefits to the entire stakeholder 
group as depicted in Figure 6.  In addition, some of the intended benefits of a TWG process can 
be summarized as follows: 

 Reduce the arguments  of  “my  science  versus  your  science”. 
 Better technical consultation. 
 Improved decisions/recommendations. 
 Improve decision making by minimizing decision errors and pooling talent. 
 It can reduce or eliminate disputes that distract energy and attention from the critical 

decisions that must be made. 
 TWGs seek to harness the productive energy of experts and consultants and 

reduce/eliminate unnecessary conflict (not just consultants). 
 Transparent processes help build community confidence in regulatory and business 

decisions. 
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Figures 6.   Key Benefits of a Technical Working Group Process 

 

REFERENCES 

Norwest Corporation (2012).  Technical Working Group Submittal – Questa Mine Rock Piles 
Background and Reference Material Annotated Bibliography, submitted to Chevron Mining Inc., 
December 19, 2012. 

Norwest Corporation (2013).  General Design Guidelines and Options Report, Early Design Actions, 
Questa Mine, New Mexico, submitted to CMI, September 4. 

Norwest Corporation (2014).  Revised Roadside Waste Rock Pile Supplemental Geotechnical 
Investigation Work Plan, submitted to Chevron Mining Inc., February 14. 

Norwest Corporation (2015a).  Roadside Waste Rock Piles Supplemental Geotechnical Investigation 
Report, submitted to Chevron Mining Inc., August 5, 2015. 

Norwest Corporation (2015b).  Roadside Waste Rock Pile Design Options Report, submitted to Chevron 
Environmental Management Company, October 28, 2015. 

Norwest Corporation (2016).  Draft Integrated Waste Rock Pile Conceptual Design Options Report, 
submitted to Chevron Environmental Management Company, May 31, 2016. 

Technical Working Group (TWG Memo No. 1) (2015a).  Technical Working Group Summary of 
Findings and Considerations for Preliminary Design of the Roadside Waste Rock Piles, Technical 
Memorandum submitted to the Questa Design Team from the Technical Working Group, April 3, 
2015.   

Technical Working Group (TWG Memo No. 2) (2015b).  Technical Working Group Summary of 
Findings and Considerations for Integrated Waste Rock Pile Conceptual Design Options, submitted to 
the Norwest Corporation, November 3, 2015. 

U.S. Environmental Protection Agency (EPA) (2010).  Record of Decision, Molycorp, Inc. Questa, New 
Mexico, CERCLIS ID No. NMD002899094, December 20, 2010. 

U.S. Environmental Protection Agency (EPA) (2012).  Administrative Settlement Agreement and Order 
on Consent (AOC) for Early Design Actions, In the Matter of: Chevron Mining, Inc., Respondent.  
CERCLA Docket No. 06-13-12, filed September 26, 2012. 

URS Corporation (URS), (2009a).   Final Remedial Investigation Report, Questa Mine Site Questa, New 
Mexico CERCLA Docket No. 06-09-01, July. 

URS Corporation (2009b).  Revised Final Feasibility Study Report, Questa Mine Site, Questa, New 
Mexico, prepared for Chevron Mining Inc., CERCLA Docket No. 06-09-01, November 16. 

Remediation & Reclamation

548



 
 
 

1 INTRODUCTION 

1.1 Site location and history 
The Holden Mine is a former underground copper mine that was developed and operated by the 
Howe Sound Mining Company (Howe Sound) from 1938 to 1957. The mine is located in the 
northwestern U.S. in north central Washington State near Lake Chelan (Figure 1). The former 
mine site is being reclaimed by Rio Tinto Corporation; although Rio Tinto never owned or op-
erated the mine, they are managing and funding a several hundred million dollar clean-up to 
prevent future water and soil contamination and to restore the former mine site under the United 
States Environmental Protection Agency (US EPA)  Superfund process. The former mine in-
cluded an onsite mill and a nearby housing complex for the miners. Howe Sound developed the 
mine as a series of near-horizontal drifts and tunnels, interspersed with stopes and shafts that 
connect different mine levels underground. The tunnels that were excavated to develop the mine 
total nearly 100 km in length.  

Holden Legacy Mine Remediation- Engineering and Construction 
in the Remote Cascades  

P.E. Crouse, P.E. 
MWH Americas, Denver, CO, USA 

D.J. Cline  
Rio Tinto Legacy Management, Salt Lake City, UT, USA 

ABSTRACT: Rio Tinto is reclaiming an abandoned copper mine in one of the most isolated 
places in the continental U.S., located near Lake Chelan in the remote reaches of north-central 
Washington State. The Holden Mine was one of the largest operating underground copper 
mines in the U.S.; the mine was developed and operated between 1937 and 1957 and produced 
over 90,000 tonnes of copper, as well as zinc, silver and gold. Over the life of the mine, nearly 
100 km of underground tunnels had been excavated and 7.6 million tonnes of mill tailings 
placed on U.S. National Forest lands near Railroad Creek. Although Rio Tinto never owned or 
operated the mine, they are managing and funding a several hundred million dollar clean-up to 
prevent future water and soil contamination and to restore the former mine site under the 
United States Environmental Protection Agency (US EPA) Superfund process. Adjacent to the 
mine is a former man camp, now home of the Holden Village Inc., a religious community that 
hosts 5,000 to 6,000 visitors each year. Remediation required development of an integrated 
system of mine closure components including infrastructure improvements, surface water and 
sediment management, slope stability improvements, surface and groundwater collection and 
treatment, mill demolition, and restoration to re-establish vegetation consistent with that of the 
surrounding forest. This paper provides an overview of the engineering and construction of 
each remedial component and unique challenges of working at this legacy mine located in a 
sensitive mountain forest in the remote Cascades. The paper concludes with the project 
successes and lessons learned in mine remediation engineering and construction at the Holden 
Mine with the goal of further advancing the state-of-practice for mine closure and remediation 
at other remote mines located in mountain forest environments.  
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Figure 1. USGS map of site location 

 
During development of the underground workings, Howe Sound removed more than 230,000 

cubic meters (m3) of waste rock from the tunnels and deposited this material in two waste rock 
piles. Ore was processed from the mine in the onsite mill to produce a copper concentrate that 
was shipped off site for smelting. Roughly 10 million tonnes of tailings were produced as a by-
product of the milling operation, most of which were deposited in three large impoundments di-
rectly south of and adjacent to Railroad Creek. The tailings contain reactive minerals, most no-
tably iron sulfide (pyrite). Howe Sound relocated portions of Railroad Creek northward to make 
room for construction of the tailings impoundments. The general site features are shown in Fig-
ure 2. Howe Sound closed the mine in 1957. In 1961, the property was transferred to Holden 
Village, Inc. (Holden Village), a not-for-profit corporation that maintains a year-round commu-
nity  and  operates  an  interdenominational  religious  retreat  in  the  former  miners’  town.  With  the  
exception of the patented private land, the remainder of the Site is on National Forest lands and 
is administered by the U.S. Forest Service. 

 
Figure 2 General site features 

 
 
The mine is remote. It is only accessible by boat or float plane from Chelan, Washington, up 

Lake Chelan to Lucerne, nearly 40 km. Vehicle access from Lucerne to the mine is provided 
through a 17.5-km-long winding gravel road that climbs 640 meters in elevation. 
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1.2 Physical setting 
The Holden Mine is located on the eastern slopes of the Cascade Mountain Range in north-
central Washington State at an elevation between 975 and 1,050 m above mean sea level. Hold-
en Mine was developed adjacent to Railroad Creek, approximately 17.7 km upstream from the 
creek's outlet into Lake Chelan at Lucerne. Railroad Creek lies in a glacial U-shaped valley 
carved into the igneous and metamorphic bedrock with steep-sided slopes, shown in Figure 2. 

The mine workings were developed to extract ore from zones of metamorphic schists and 
gneisses on the south side of the valley. The valley bottom and lower sidewalls have been cov-
ered with soil of glacial origin, reworked glacial sediments, and alluvium transported and de-
posited by Railroad Creek. The tailings and waste rock piles overlie the glacial soil and alluvi-
um. The climate in the vicinity of the site is characterized by hot, dry summers and mild to 
severe winters. Average monthly temperature varies from highs in the 30s°C in July and August 
to extreme low temperatures, well below 0°C in January. Average temperatures are generally 
below freezing between the months of November to March. Precipitation in the region can be 
highly variable due to strong geographic effects resulting from the mountainous terrain. The av-
erage annual precipitation of 991 mm falls mainly as snow. The average annual snow fall is 
about 6.9 meters. 

1.3 Description of primary reclamation components 
The major components of the site remediation are as follows as shown in Figure 3: 

 
Stabilization and regrading of Tailings Piles 1, 2, and 3: Tailings Pile 1 (TP-1), Tailings Pile 

2 (TP 2), and Tailings Pile 3 (TP-3) range between 12 and 37 meters high and extend over 
about 0.3 square kilometers immediately adjacent to, and south of, Railroad Creek ①. The tail-
ings contain reactive minerals, most notably iron sulfide (pyrite). The iron sulfide reacts with 
oxygen and water to produce soluble iron and sulfate, a reaction that is accompanied by the 
production of acidic (low pH) conditions and increased solubility of a number of metals. The 
slopes and foundations of TP-1, TP 2, and TP-3 were improved to provide greater stability un-
der steady state and seismic conditions. This included using earth moving equipment to regrade 
the slopes (to be less steep), contour the surfaces to promote maximum runoff and reduce infil-
tration, and constructing benches for erosion control and buttressing. Strengthening the zone of 
overbank deposits, on which the tailings piles were built, was a critical element to improving 
their stability. The overbank deposits have low shear strength and could liquefy during a seis-
mic event. The foundation improvements included constructing jet grouted in situ columns of 
soilcrete. Following regrading and stabilization, the tailing piles will be covered with a layer of 
soil and re-vegetated. 

Railroad and Copper Creek stream diversions: Railroad and Copper Creek ② have excess 
concentrations of metals above water quality standards established for the site as a result of 
contact with mill tailings and near surface seeps. A portion of Railroad Creek, 1,143 meters in 
length, was diverted northward into a new channel to provide sufficient access for construction 
of the reclamation components, to reduce the risk of erosion of the tailings, and to improve the 
river ecosystem. The Copper Creek channel, which divides TP-1 and TP-2, was modified and 
improved to reduce the risk of erosion of TP-1 and TP-2 and lined to reduce infiltration of clean 
surface water into the groundwater collection and treatment system 

Regrading and covering of East and West Waste Rock Piles: The East and West Waste Rock 
Piles ① have been regraded to configurations that are stable under steady state and seismic 
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conditions and promote maximum runoff and reduce infiltration. This included reducing the 
slope from the angle of repose to a flatter 2H:1V slope. The top and side slopes of the waste 
rock piles have been covered with soil and a rock mulch erosion control layer and will be re-
vegetated. 

Lower West Area (LWA) and lagoon reclamation: The LWA ③ was divided into east and 
west parcels. The eastern parcel consists of open areas and sparse forest, while the western par-
cel consists of the Lagoon area and denser forest. The Lagoon is an impoundment approximate-
ly 0.4 hectares in size that was originally constructed during the mine operation to serve as a 
settling basin for mine water from the 1500 Level Portal. Impacted soils in this area were 
capped and managed in place. 

Maintenance yard reclamation: Soils in this one 0.4 hectare area ③ contain elevated con-
centrations of metals and total petroleum hydrocarbons in the form of gasoline, diesel fuel, and 
motor oil. Soils exceeding agency-established clean-up standards in the Maintenance Yard area 
will either be capped and managed in place or excavated and consolidated into the tailings piles. 
The extent of the cap or soil removal required will be evaluated based on additional soil charac-
terization. 

Former mill building demolition: The former Mill Building ④ was demolished in 2014 and 
was buried in situ to eliminate the safety risk associated with the dilapidated structure. 

Remediation of surface water retention area soils: This area is located at the west end of the 
site and was formerly used as a water detention pond where fines in water from the mine venti-
lator tunnel (1100 Level) settled out and the water discharged via a decant structure. The depos-
ited fines in this limited area have elevated concentrations of metals. Soils above agency estab-
lished clean-up levels in this area will be remediated by capping and managed in place. 

Groundwater containment, collection, and treatment: Groundwater beneath the tailing piles 
and along the edges of railroad Creek exceeds regulatory levels for drinking water for alumini-
um, cadmium, copper, iron, lead, and zinc. Groundwater adjacent to Railroad Creek exceeds 
some surface water quality standards. Exceedances of drinking water standards have not been 
observed in groundwater downgradient of TP-3. The concentrations of these metals and the 
groundwater flow rate into Railroad Creek vary seasonally along the length of the three tailings 
piles, with greater flow observed in the spring as a result of snow melt. A fully penetrating 
groundwater containment barrier wall ⑤, 1,430 meters in length and with depths ranging from 
7 meters to 28 meters to the east, and collection system was constructed around TP-1, LWA, 
and the portion of TP-2, where Railroad Creek is a gaining stream, to intercept impacted 
groundwater that would otherwise enter Railroad Creek and the lower portion of Copper Creek. 
Collected groundwater will be conveyed to a low energy mine water treatment facility ⑥, with 
5,070 liters per minute treatment capacity, employing high density sludge and lime treatment 
processes. Sludge from the water treatment system will be disposed of on a constructed sludge 
filter cake disposal facility on top of tailings pile TP-1. 

Portal bulkhead installation and hydraulic control: Concrete bulkheads ⑦ were constructed 
in 2014 to control discharge from The Main (1500 Level) Portal and the Ventilator (1100 Lev-
el) Tunnel. Air restricting adit plugs⑧ were placed in the upper mine ventilation to minimize 
air flow through the mine, thus reducing the rate of oxidation of sulfuric materials and attenuat-
ing contaminant concentrations in the portal discharge. The Main Portal bulkhead was equipped 
with a valved discharge pipe to allow controlled flow from the mine. The bulkheads enable the 
mine workings to function as a hydraulic equalization reservoir by allowing water to build up 
behind the bulkheads in the spring and maintain a more consistent flow from the portal to the 
treatment system. 

Surface water control and diversion: Surface water in Railroad Creek has been impacted by 
groundwater discharge from the Main Portal, seeps, and contact with tailings; however, surface 
water quality at the site does not exceed state and federal drinking water criteria. At a few sam-
pling locations adjacent to, and downstream of the site, state and federal regulatory levels in-
tended to protect aquatic life for aluminum, cadmium, copper, iron, lead, and zinc have been 
exceeded. Surface water will be remediated by preventing the erosion of tailings and subse-
quent discharge into surface water, and by controlling the discharge of contaminated seeps. 
Stormwater interception channels ⑨ upgradient from TP-1, TP-2, and TP-3 and the East and 
West Waste Rock Piles will be constructed to divert and control surface water run-on. 
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Sediment control: Iron precipitates have formed in Railroad Creek ② as a result of the re-
lease of ferric sulfate and other constituents from the tailings piles and adjacent seeps. Observed 
effects include ferricrete (stream channel gravels cemented with an iron oxide precipitate) and 
iron flocculent, which fills interstitial pore space in the sediment and coats gravel, cobbles, and 
boulders in the stream channel. Relocation of Railroad Creek has diverted stream flow away 
from most areas impacted by ferricrete formation within the streambed. Some ferricrete was ex-
cavated from the streambed along certain reaches adjacent to TP-2 as part of the Railroad Creek 
stream diversion. 

Institutional controls and reclamation performance monitoring: Institutional controls will be 
implemented to notify the public of contaminated areas that will be left on site, and prevent 
humans from direct contact with hazardous substances by warning of the risk, and to protect the 
integrity of the reclamation by preventing changes in site use that would reduce the effective-
ness of the reclamation. Long-term monitoring of the reclamation will be performed to assess 
reclamation performance, compliance with clean-up objectives and goals, and the overall pro-
tectiveness to the public and environment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Primary reclamation components 

2 RECLAMATION DESIGN AND CONSTRUCTION METHODOLOGY 

2.1 Overview 
The reclamation design was performed in accordance with the USEPA Superfund process in 
accordance with the Site Record of Decision (USDA FS 2012). The reclamation strategy select-
ed in the Record of Decision is to meet the overall closure objectives of preventing future water 
and soil contamination from past mining activities. The selected strategy was based on the as-
sessment of different reclamation alternatives the Site performed under the USEPA Superfund 
process. The primary reclamation design components include surface water management, grad-
ing and tailings stabilization, cover, grading and covering of waste rock piles, creek restoration, 
barrier wall and groundwater collection, and water treatment. Other reclamation components 
included demolition of the mine mill structure, contaminated soil remediation, borrow area de-
velopment, and infrastructure improvements (MWH 2014).  
 

Construction began in 2011 continuing through 2016. The work was limited to seasonal 
summer operations due to the amount of snow fall.  Logistics was crucial in executing the con-
struction due to the site remoteness.  High stream flows in the spring from snow melt, restricted 
work due to fire hazards, and fall high intensity storms, and limited lodging space all required 
eeffective project planning during the off-season which proved to be extremely valuable for pre-
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design investigation development, site logistics, and construction sequencing.  A dedicated lo-
gistics contractor provided barge services, traffic control and construction support.  The number 
of contractors on the site were limited to improve efficiencies and less coordination.  Each of 
the primary reclamation components are described in the following sections.  

2.2 Surface water control 
A network of approximately 6,310 linear meters of surface water channels control surface 

water run-on and runoff at the Site. The channels include both vegetation lined swales and 
riprap-lined trapezoidal shaped channels to convey surface water runoff from the covered tail-
ings piles and divert and control surface water run-on upgradient from the Tailing and Waste 
Rock Piles, respectively. The riprap lined trapezoidal channels are between 1.2 and 2.4 m wide 
with 2H:1V side slopes and range in gradients from 0.5 to 13 per cent. 

The design storm event for the channels included a review of maximum 24-hour precipitation 
events. The majority of maximum 24-hour events occur from November to February, at a tem-
perature at or below freezing more than 50 percent of the time; therefore, the design storm event 
for the channel design considered a rain-on-melting snow event that would occur during the 
spring months of the year. Rain on snow adds significant thermal energy to the snowpack and 
increases the runoff.  

2.3 Grading and tailings piles stabilization  
A primary component of the reclamation was to address the possibility that the three tailing 
piles at the Site may become unstable under seismic conditions and release mine tailings into 
Railroad Creek and Copper Creek. 

The Howe Sound original tailing storage facility design and construction consisted of rea-
ligning Railroad Creek and building a starter dam along the perimeter of the planned tailing pile 
footprint. Upright concrete risers were constructed at strategic locations with drainage pipe 
lines connecting the risers with a water spillage point outside the starter dam. Slurry pipelines 
were  placed  along   the  perimeter  of   the  pile   to  distribute   the   tailing   from   the  mill’s   floatation  
process. Tailings sands and slimes were delivered to the tailings pile areas (Zanadvoroff 1946). 

Due to the limited space in the valley between the steep mountain slope and Railroad Creek, 
the mine identified the need for building up the tailings embankment slopes rapidly using a sin-
gle and double diking method resulting in exterior slopes as steep as 0.8:1. Raises were mainly 
completed in the summer to avoid freeze/thaw sloughing effects. Railroad Creek was realigned 
four times between 1937 and 1948 to provide space for the additional tailings and to repair the 
base of the tailing piles due to erosion caused by high creek flows. 

The tailing piles overlie the stream alluvium and glacial materials overlying bedrock within 
the valley bottom and lower valley walls of the Railroad Creek drainage. The alluvium ranges 
from 12 meters to over 30 meters in depth and consists of silty and sandy gravel to relatively 
clean gravel and boulders containing little to no fine-grained or silty material. Although histori-
cal records suggested that duff and overbank deposits were removed prior to constructing the 
starter dam, this could not be confirmed with certainty and some geotechnical borings revealed 
the presence of overbank material. Material testing of the overbank material combined with ge-
otechnical analyses, including FLAC ®  modelling, of both the existing tailings slopes and the 
north facing regraded tailings slopes suggested the saturated overbank and tailings material at 
the base of the tailings piles would result in unacceptable factors of safety under the maximum 
design earthquake event. The factors of safety were calculated to be less than the minimum re-
quired values under post-earthquake conditions for TP-2 and TP-3, as well as unacceptable de-
formations due to seismic loading conditions. An additional site constraint was the limited 
physical distance available between Railroad Creek and the tailings pile toe, so installing a toe 
buttress was not feasible. To improve the stability for TP-2 and TP-3 under seismic and post-
earthquake loading conditions, a unique design and construction approach was employed. The 
tailing pile embankments were strengthened using Jet Grout columns to improve the material 
characteristics of the saturated tailings layers and overbank material at the base of the tailings 
pile.  
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Jet Grouting is a common method used to improve soil strength when structures are built on 
soft soils (Wang et al. 2013). It consists of injecting fluids at a high velocity through a small-
diameter nozzle to erode the soil and mix it with injected grout to form a soil-cement column. 
Cases of using jet grout columns to stabilise dam embankments have also been used, but to a 
lesser extent. This unique application required a combination of engineering analysis, investiga-
tion, and field trial through a robust quality control program during construction. 

Blocks of jet grouted cement columns (e.g. soilcrete) were installed to intercept the failure 
plane within the potentially liquefiable zone (saturated tailings and overbank material). To ac-
curately define the vertical limits of the saturated tailings-overbank zone, a pre-jet grout inves-
tigation was performed that included cone penetration testing (CPT) and borings with Standard 
Penetration testing (SPT). Prior to production work, a test program was also conducted to verify 
that the proposed jet grouting parameters could effectively achieve the design requirements in-
cluding: column geometry, soilcrete strengths, and soilcrete consistency. The field test program 
was also used to optimize the various parameters including type of jet-grouting (single, double 
or triple), grout mix composition, fluid(s) flows and pressures, rotational speed, retraction rate, 
and number and size of nozzles.  

Regrading the tailing pile slopes included an intermediate bench approximately one third up 
the slope for stability and to provide access for equipment needed to jet grout the over-
bank/saturated tailings zone located between the bottom of the tailings pile and existing alluvi-
um. In addition to jet grouting, slope stability required flattening the slope below and above the 
immediate bench tos 2H:1V and 3H:1V respectively.  Figure 4 shows a typical cross section of 
the regraded tailings with the reinforcing jet grout column anchored into non-liquefiable mate-
rials above and below the potentially liquefiable overbank and saturated tailings layer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Regraded tailings pile typical cross-section 

 
A soilcrete design strength of approximately 2.3 MPA and about 36 per cent coverage of the 

improvement zone was considered to be adequate (based on the stability evaluations) to address 
the shear strength improvement needs. The design also allowed space for internal drainage be-
tween the blocks of columns. The blocks of jet grouted columns varied between a 2 by 3, 2 by 
4, and 2 by 5 (number of columns wide by number of columns deep perpendicular to the axis). 
The block of columns were spaced at 1.4 meter center-to-center in both directions, resulting in a 
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secant-type overlap of 0.15 meter between adjacent columns. A typical 2 by 3 column arrange-
ment on the regraded intermediate tailings bench is shown on Figure 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Typical jet grout block configuration plan 

 
 

2.4 Mill Demolition 
The Mill Building and surrounding structures were demolished and consolidated within the 
former Mill Building footprint. Material from the West Waste Rock Pile was blended with de-
bris and used as fill to achieve a 2H:1V slope with an average length of 55 meters. This avoided 
the need to haul mill debris off site.  Asbestos was removed prior to demolition and hauled to an 
appropriate disposal facility.  

2.5 Creek realignment and restoration 
Approximately 1,143 meters of Railroad Creek has been reconstructed to improve aquatic habi-
tat and ensure long-term hydraulic stability of the tailings piles. The north bank simulates a 
semi-natural stream bank; providing limited and controlled particle recruitment as well as 1.5 
meter diameter boulders for aquatic habitat. Large woody debris was placed at various locations 
to mimic conditions in upstream reference stream reaches. Figure 6 shows the new alignment 
and reconstructed Railroad Creek. 
  

  
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Photograph of restored Railroad Creek looking west up valley and regraded tailings 
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2.6 Barrier wall and groundwater collection system 
To address impacted groundwater at the Site, the remedial action included installation of a low 
permeability barrier wall between Railroad Creek and the Lower West Area and the tailings 
piles. Space limitations between railroad Creek and the tailing piles required the construction of 
a working platform for excavation and placement of the slag-cement-bentonite (SCB) slurry. 
The barrier wall is approximately 1,430 meters long with a 69 meter long segment (wing wall) 
on the east end of TP-1. The barrier wall extends from the west end of the Lower West Area to 
the approximate midpoint of TP-2, where Railroad Creek becomes a losing stream. The final 
alignment was adjusted to avoid large and older cedar trees, while preserving stream bank ripar-
ian habitat, and allowing space for construction equipment. The barrier wall has a nominal 
width of 0.9 meters feet and an average depth of 16.5 meters below the existing regraded sur-
face (e.g. top of the barrier wall working platform) with minimum and maximum depth of 7 me-
ters and 28 meters, respectively. The barrier wall extends vertically to the top of the glacial till, 
and/or bedrock. The mix design incorporated groundwater modelling requirements resulting in 
a 5 × 10-⁷ cm/sec permeability for the constructed hydraulic barrier. The barrier wall was built 
using a SCB slurry trench construction technique. SCB barrier walls are a specific type of ce-
ment-bentonite barrier wall that incorporates slag-cement into the slurry mix. The addition of 
slag cement results in a lower hydraulic conductivity, and superior resistance to sulphate and 
other chemical attack than could otherwise be achieved with a standard Portland-cement-
bentonite barrier wall mix. 

A groundwater collection trench (French drain), located adjacent and parallel to the barrier 
wall, was constructed to collect impacted groundwater and convey it to the mine water treat-
ment plant. The collection trench consists of a drain-rock gravel envelope with perforated col-
lection piping. The groundwater collection trench is approximately 0.9 meters feet wide and 
ranges in depth between 3.0 and 6.10 meters. Figure 6 illustrates a section of the groundwater 
collection, barrier wall, jet grout and regraded tailing slope. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Barrier wall and groundwater collection trench 

 
The hydrologic system at the Site changes considerably between the late spring and early 

summer. From late May into early July, snowmelt causes high stream flows and elevated 
groundwater levels compared to conditions at other times during the year. The aquifer recharge 
is generally from 51 mm to 229 mm of water per year, or approximately 5 to 21% of the annual 
precipitation. There is rapid recharge in the spring due to snowmelt infiltrating along the moun-
tain front and recharging the alluvial aquifer in the colluvium deposits that coincide with the 
debris/avalanche chutes. Mountain-front recharge from snowmelt in the spring is the main com-
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ponent to aquifer recharge. Recharge caused by infiltration of precipitation is a small compo-
nent of the total inflow to the aquifer during the low flow times of the year. These variable hy-
drologic conditions provided a challenge for the designers in determining the collection trench 
depth and design flow rates to use for sizing the groundwater collection piping and other gravity 
powered hydraulic structures including the mine water treatment plant. 

The first step in the design process was development of a groundwater model for the site. For 
the Holden Mine, the model was constructed in MODFLOW. MODFLOW is a three-
dimensional finite-difference numerical code that can simulate steady-state groundwater flow in 
detail over a large area. Model development focused on the reclamation area using a telescoped 
model to allow smaller grid cells with dimensions of 3.1 m by 3.1 meters. The telescoped model 
was divided vertically into five layers to simulate the tailings, glacial till, colluvium and alluvi-
um, glacial till and bedrock. 

The groundwater model was used to establish the optimum configuration of the barrier wall. 
Alternate alignments and depths (fully- versus partially-penetrating) and lining Copper Creek 
was evaluated to determine the best containment and most effective capture of impacted 
groundwater. The most effective configuration consisted of the fully-penetrating barrier wall 
and lining of Copper Creek in the vicinity of the tailings piles. A partial penetrating barrier wall 
provided containment, but allowed a significant volume of clean underflow from Railroad 
Creek into the collection trench. Lining Copper Creek with a low permeability geosynthetic 
clay liner (GCL) reduced the flow of clean Copper Creek water from entering the collection 
system. An eastern wing wall was added that wraps back south along the eastern end of TP-1. 

There is a potential for secondary precipitates to form within the pipeline such as gypsum as 
well as various metal (Mn, Al, Cu, and Fe) oxyhydroxides and hydroxysulphates. These sec-
ondary precipitates can contribute to component scaling within the ground water collection sys-
tem and were addressed by minimising the introduction of atmospheric oxygen to the collection 
system and limiting comingling of flows from various areas and sources. In recognition of the 
potential for secondary participates to contribute to scaling, a unique system of 24 water traps 
and 19 cleanouts were constructed to provide a robust system for cleaning and maintaining the 
groundwater collection system. 

The water traps consists of a vault where there is a break in the collection trench pipe with 
the downgradient collection trench pipe higher than the upgradient pipe. This variance, approx-
imately 0.8 meters, provides a water-trap by controlling the water elevation in the trench such 
that it maintains the pipe and the surrounding gravel envelope submerged during periods of low 
groundwater levels, thus restricting repeated oxygenation from cyclical groundwater levels. A 
low permeability plug is installed on the downgradient side of the water trap to aid in keeping 
the upgradient section of the trench saturated in low flow conditions.  

2.7 Mine water treatment 
The low energy mine water treatment plant (WTP) is located on the east end of the site, down 
gradient of TP-3 and on the north side of Railroad Creek. The WTP will receive mine water 
from the 1500 Level Portal, seeps, and groundwater collected along the barrier wall system. 
Collected water will be conveyed by gravity to the WTP where it will be treated for acidity and 
metals, then discharged by gravity to Railroad Creek. The treatment process employs high den-
sity sludge and chemical precipitation processes that utilise hydrated lime as an alkalinity 
source to neutralise acidity and induce precipitation of metal oxyhydroxides. A sulphide reagent 
is also added as a polishing step to further reduce dissolved metals concentration. A final efflu-
ent filtration step provides additional reduction of suspended particulate metals concentrations. 
Precipitant dewatering is accomplished with plate and frame filter presses. Sludge management 
and storage facilities will be included at the WTP, with final disposal of the sludge planned on 
top of Tailings Pile 1. The anticipated flowrate of collected groundwater is between 2,820 and 
5,070 litres/minute. With minor modifications, the treatment plant has a contingency treatment 
capacity of 8,330 litres/minute. Figure 7 illustrates the layout of the mine water treatment plant. 
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Figure 7. Mine water treatment plant rendering 
 
Minimizing the power requirements is a common goal for most water treatment plants to re-

duce operating cost, carbon footprint and improve sustainability. Since there is no power avail-
able at Holden, power is provided from onsite 480V diesel generators sized to handle the daily 
operating loads of the plant and a contingency. Reducing the power demands was a critical de-
sign criterion for the treatment plant and was accomplished by incorporating power reducing 
concepts into the design. These include: 

 
• Developing a gravity powered treatment system. 
• Using hydraulic head from the mine portal bulkhead to power the lime feed system. 
• Using variable frequency drive motors. 
• Low energy building systems. 
 
Collected water will be conveyed by gravity to the WTP where it will be treated for acidity 

and metals, then discharged by gravity to Railroad Creek. To achieve the low-energy require-
ment, the plant hydraulics are designed to allow gravity flow from the beginning of the process 
to the discharge at Railroad Creek. Dry lime will be slurried with the hydraulic energy from the 
1500 Level Main Portal water using a 51 mm eductor pump having a minimum suction capacity 
of 91 litres/minute to slurry up to 1.8 kg per minute of hydrated lime. The 1500 Level Main 
Portal water pipeline will convey portal drainage collected behind the bulkhead to the mine wa-
ter treatment plant. The 1500 Main Portal is approximately 61 meters higher in elevation than 
the mine water treatment plant providing the hydraulic head necessary to operate the lime educ-
tor pump reducing power demand. Variable speed motors allow efficient use of power. The 
pumps are on variable frequency drives (VFD) to facilitate operational flexibility and reduce 
power consumption. 

Lighting within the building will be via Light-Emitting Diode (LED) lights to conserve ener-
gy. The lighting throughout the building will be controlled by motion sensors, photo sensors 
with manual overrides. Each of the three rooms (Process Room, Filter Press Room and Sludge 
Storage Room) within the main building will be controlled as three separate zones, meaning 
that when unoccupied these rooms will be unlit to conserve power draw. Heating ventilation 
and air conditioning equipment is specified to perform at or above code required minimum effi-
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ciency levels, and all ductwork and refrigerant piping is properly insulated, to prevent heat loss. 
In order to conserve power and match ventilation with heat load, 2-speed fans are used or multi 
fans are used and cycled on and off. 

3 CONCLUSIONS – SUCCESSES AND LESSONS LEARNED 

The Holden Mine reclamation required development of an integrated system of mine closure 
components including infrastructure improvements, surface water control and sediment man-
agement, grading and tailings stabilization, embankment slope stability improvements, grading 
and covering of waste rock piles, mill demolition, creek realignment and restoration, barrier 
wall installation and groundwater collection, mine water treatment, and a multi-purpose cover 
design. This paper provided an overview of the engineering and construction of each remedial 
component and the design and construction techniques for reclaiming remote legacy mine lo-
cated in a sensitive mountain forest environment of the remote Cascades. Integration of these 
mine closure components was critical to develop the reclamation design criteria. In addition, 
consideration and inclusion of site logistic issues also had to be incorporated into the design be-
cause of the site remoteness, a lack of available power or roads to the mine, shortened construc-
tion seasons, and extreme climatic and terrain conditions. Finally, frequent and continuous 
stakeholder involvement, communication and collaboration were necessary to ensure the design 
considered all stakeholder interests. 
 
Project successes and lessons learned included the following: 

 
      The design of surface water channels, which encompass over 6,300 linear meters, 

required consideration of a rain-on-melting snow event as rain-on-snow adds significant 
thermal energy to the snowpack and increases the runoff. 

  Post-earthquake stability modelling confirmed the three tailing piles could become un-
stable under seismic conditions and possibly release tailings into Railroad Creek and 
Copper Creek because of an underlying overbank deposit beneath the tailing piles. 

     Detailed design revealed that inadequate space was available between Railroad Creek 
and the tailing piles for barrier wall construction necessitating realigning Railroad 
Creek to construct a working platform. 

     Since space restrictions precluded the construction of a rock toe buttress along the 
tailing embankments for stabilization, Jet Grouted columns using soilcrete were em-
ployed to strengthen the tailing pile embankments and improve the material characteris-
tics of the saturated tailings layers and overbank material at the base of the tailing piles. 

      Pre-design investigations and evaluations were instrumental to develop the design 
and specification packages; particularly for the pre-jet grouting drilling program for 
tailing embankment stabilization and for the barrier wall installation and construction. 

     The introduction of atmospheric oxygen and the formation of precipitation can foul 
drain rock in a gravity groundwater collection trench. Water traps, and low permeability 
plugs provide a means to keep the drain rock in the groundwater collection trench satu-
rated to reduce the introduction of atmospheric oxygen. Limiting the comingling of 
flow sources with different water chemistry also reduce the formation of precipitates. 

     Power reducing design methods for mine water treatment plant included lime feed in-
ductors powered by the hydraulic head of the portal drain, gravity for hydraulic flow 
through the plant instead of pumps, variable frequency drive motors, and low energy 
building systems. 

     Effective project planning during the off-season proved to be extremely valuable for 
pre-design investigation development, site logistics, and construction sequencing. 
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The History of Risk Assessment of Tailings Facilities 
Jack Caldwell 
Robertson Geoconsultants, Vancouver, BC, Canada 

ABSTRACT 

Terzaghi, Peck, and Cassagrade wrote from the 1950s onward about risk assessment of water 
dams and embankments.  Their scepticism of the methods probably delayed use of risk 
assessment of tailings facilities for decades.  The first paper on risk assessment of tailings 
facilities was in 1978 by Oskar Steffen.  What he recommended then is as relevant today as it 
was then—and equally as ignored now as it was then.  Over the years the methods of risk 
assessment were refined in the context of water dams and mine open pit slopes.  But little 
happened in the tailings field.  In the early 2000 there were a few pioneering papers on risk 
assessment of tailings facilities.  But they were so detailed and of little practical application that 
they too were ignored.  Canadian and Australian guidelines for tailings facility design and 
operation begun from 2000 onwards to call for the application of risk assessment in the tailings 
facility field—but few followed the guidelines.  In 2005 a PhD thesis re-examined the 1974 
failure of the Bafokeng tailings facility using risk assessment methods.  But papers based on the 
thesis were not published.  Then Mt Polley failed.  The British Columbia Ministry of Energy 
and Mine found in their report issued in late 2015 that the mine manager had failed to apply 
relevant Mining Association of Canada guidelines that call for tailings facility risk assessment.  
They concluded the failure may not have occurred had the manager undertaken or considered 
risk assessments.  In late 2015, the Samarco tailings facility failed.  From what we read on the 
web, the design engineer intuited that things were unsafe—but he did nothing substantial.  This 
paper concludes by examining what the Samarco engineers may have concluded had they just 
applied the basics of the Bafokeng risk assessment—and done what the BC Ministry of Energy 
and Mines said should have been done for Mt Polley. 

1 INTRODUCTION 

Risk assessment theory & tools are amongst the many that may be used by the tailings facility 
engineer in the design, operation, and closure of a tailings facility.  Risk assessment will not solve 
the issues any more than a suite of computer codes.  Risk assessment will, however, assist the 
tailings engineer in formulating the problems, focusing their attention, and exercising professional 
judgment.   
 Today risk assessment methods are well advanced, well documented, and ready to be used by 
anybody with the time, need, and interest.  But most risk assessment literature focuses on topics 
other than tailings facilities.  Accordingly, in this paper I seek to introduce the topic by examining 
the history of the application of risk assessment in tailings facilities.  Sometimes I write of the 
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engineers and their papers on the topic.  Sometimes I write of the institutions that introduced and 
applied risk principles.  For as is the case in the advance of any branch of science and engineering, 
the advances are the result of talented individuals and responsible institutions. 
  Hopefully this introductory history will prompt others to expand the use and benefits of risk 
assessment approaches to the goal of zero tailings facility failures. And if I have left out key 
people, important institutions, or seminal ideas and events, I trust that you will point this out to 
me, or write new papers on the topic. 
 Of course the idea of geotechnical risk as applied to large earth structures—and tailings 
facilities are surely amongst the largest of geotechnical structures—has been around a long time.  
In  1948  Terzaghi  noted  “in earthworks engineering the designer has to deal with bodies of earth 
with  complex  structure  and  the  properties  of  the  material  may  vary  from  point  to  point.”    In  the  
same  year  Donald  Taylor  wrote:  “Two  specimens  of soil taken at points a few feet apart, even if 
from a soil stratum which would be described as relatively homogeneous, may have properties 
differing many fold.” 
 In  1964  Cassagrande  defined  “calculated  risk”  in  geotechnical  engineering  thus: 

(a) “The  use  of   imperfect knowledge, guided by judgment and experience, to estimate the 
probable ranges for all pertinent quantities that enter into the solution of a problem. 

(b) The decision on an appropriate margin of safety, or degree of risk, taking into 
consideration economic factors and the magnitude of losses that would result from 
failure.” 

 
We will see these themes or ideas repeated as we follow the history of the development and 
application of risk to tailings facilities, namely: 

 Imperfect knowledge 
 Variable soils and tailings materials 
 The need for  judgment and experience 
 Appropriate factors of safety 
 The consequences of failure. 

 
For these are still the main issues and difficulties—although we now are better able to 
communicate, calculate, and have (sadly) more case histories of the failure of tailings facilities. 
 

2 UMTRA 

2.1  Nelson et al.. 

The Uranium Mill Tailings Remedial Action (UMTRA) Project prompted the first appearance of 
formal papers on the application of risk assessment methods to tailings facilities.  The focus of 
academics and consultants vying to get consulting contracts with the Department of Energy 
(DOE) was on the long-term stability of such facilities.   
 Nelson et al in 1983 prepared a NUREG document that appears to have used fault trees to 
examine the long-term stability of uranium mill tailings facilities.  They included consideration 
of failure due to: erosion; gully formation; river shift; rip rap weathering; and differential 
settlement.   

2.2  Van Zyl and Robertson 

From 1987 we have a paper by Van Zyl and Robertson on probabilistic approaches to the long-
term stability of uranium tailings impoundments.  They discuss and give examples of Fault Trees 
in defining the probability of failure of uranium mill tailings facilities.  Their focus is cover failure 
and control structure failure.  They specifically exclude consideration of the consequences of 
failure, so strictly they do not consider risk per se. 
 They  emphasize:  “The  selection  of  failure  modes  and  their  combination  is  a  very  important  part  
of  the  probabilistic  analysis.”    This  conclusion  still  echoes  with  us  today,  for how few tailings 
facility evaluations explicitly describe or analyze failure modes and their combinations.  Once the 
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dust settles on the Samarco failure, I suspect we will learn that many failure modes combined to 
create a vast failure.  
 

2.3  What we Did. 

In 1985 I joined the UMTRA Project as Manager of Engineering.  By then the standard design 
adopted to deal with the issues of the probability (and risks) of long-term failure were already in 
place.  On the basis that the law required stability of 1,000 years to the extent reasonably 
achievable and at any rate for 200 years, we did the following: 

 Relocate tailings from unsuitable sites to geomorphically stable sites (14 of the 24) 
 Shape the pile sideslopes to five horizontal to one vertical 
 Place a thick layer of clay as a radon and infiltration barrier 
 Place fine sand to act as a filter and erosion control layer between the clay and the 

overlying erosion resistant layer 
 Place durable rip rap rock as the upper erosion control layer. 

 The ongoing stability of these piles attests to the following: 
 In the presence of clear legislation, risk assessments may not be applicable 
 Conservative, stable (low risk) closed tailings facilities are feasible, albeit expensive. 

 
3  OSKAR STEFFEN. 

In 1987, Oskar Steffen wrote what is probably the first paper on the use of risk assessment applied 
to non-uranium tailings facilities.  He notes: 
“The stability of tailings dams is dependent on many factors.  These factors range from 
management techniques, the natural hazards and the engineering properties of materials.  A 
statement on the safety of such a structure must incorporate the risks associated with all 
elements contributing to the stability of the structure.  The author suggests that well established 
probability techniques are adequate in providing a reliable measure for dam safety.  It is also 
recommended that the engineering judgment which has formed the basis for acceptable factors 
of safety in the past can be incorporated into defining acceptable  probability  criteria.” 

   Oskar Steffen does not make a clear distinction between the probability of failure, p(F), and 
the risk of an event, now formally defined as the product of probability and consequence,  
 
Risk = p(F) x c(F).   
 
 He notes the idea of reliability, which may be defined as R = 1 – p(F).  He does not note the 
current concept of a Reliability Index, β,  which  may  be  defined  by  this  equation: 
 
Reliability Index = β=  (μFS – 1)/σFS 
 
where μFS is the mean factor of safety and σFS is the standard deviation of the factor of safety. If 
the factor of safety is normally distributed, then the Reliability Index is uniquely related to the 
Probability of Failure by this equation 
 
p(F) = 1 – Φ(β)      where  Φ  denotes  the  area  of  the  distribution  curve less than unity.   
 

 In practice, Oskar Steffen had been working on the probability of failure of open pit rock slopes 
for many years before he wrote his paper.  In the case of a slope failure in an open pit, the key 
issue is the probability of failure as a function of the slope inclination.  Thus he continued: 

“The  major  contributory  areas  to  risk   in   the  case  of  a   tailings  impoundment  may  be  grouped  
under the following classes: 

(i) Unknown parameters, e.g., undetected geological features within the foundations, i.e., 
faults, weathered zone, dykes, etc. 
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(ii) Incomplete definition of parameters, e.g., physical properties of foundation soils and 
tailings material. 

(iii) Assumptions inherent in design methods, e.g., sizing of drains of stability calculations. 
(iv) Operating techniques, e.g., size and location of pool, material distribution within the 

dam. 
(v) Natural hazards, e.g., storm events, seismic events – natural  or  mining  induced,  etc.” 

  In retrospect, Oskar Steffen pinpointed the causes of failure of Mount Polley, including 
undetected geological features, incomplete definition of parameters, and operating techniques. 

4  BC HYDRO 

British Columbia Hydro in 1993 issued guidelines for the application of risk assessment to water 
dams.  They stated: 

• “Dams  should not impose intolerable risks on any individual. 

• The risk imposed on society by each dam should be sufficiently low as to be considered 
tolerable. 

• The safety of a dam should be proportional to the consequences of its failure. 

• Risks of financial losses beyond  the  owner’s  ability  to  finance  should  be  as low as to be 
considered negligible.” 

Commenting on this in 1996, Vick wrote: 

“The   former   reluctance   to   incorporate   formalized   risk   analysis   procedures   in   dam   safety  
practice was noted earlier, and perhaps when dam safety funds were more forthcoming there 
may have been less compelling need to do so.  However, a growing body of experience by BC 
Hydro and others shows that risk analysis methodologies, if tailored specifically to dam safety 
protocol, can not only address requirements for risk-based financial justification, but can also 
improve engineering insight in ways that supplement, not replace, conventional practices.  
Although  much   development   remains,   BC  Hydro’s   commitment   to   risk   analysis   reflects   it  
belief that these techniques will continue to enhance its dam safety program.” 

None of this entered into mining.  BC Hydro does indeed have a safe dam record.  Not so the 
Ministry of Energy and Mines that did not adopt a similar approach to tailings dams that it 
regulates.  

5  THE GREAT AUTHORS 

In practice very little activity or advance in the application of risk methods to dam or tailings dams 
occurred for the next few decades.  This in spite of some insightful comments by the great 
geotechnical engineers working in dam design. 

In 1996, Robert V. Whitman wrote: “Thoughtful probabilists always emphasize that 
probabilistic methods do not replace traditional tools. Rather probabilistic methods are tools that 
can effectively supplement traditional methods, providing better insights into the uncertainties, 
and providing an improved basis for interaction between engineers and decision-makers.” 

In 2002, Ralph B. Peck wrote:  “When I have had the opportunity to review dam stability, the 
uncertainty has always been in the selection of appropriate shear-strength parameters. Not their 
values or variability, but whether the tests properly reflect field values. In its present state, risk 
analysis provides powerful insights into the relative importance of various factors affecting the 
safety of dams.” 
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While these statements note the value of risk methods, they give no guidance about how to go 
about doing risk assessments.  Peck emphasizes the issue of the shear strength parameters, mainly 
those of the foundations.  He foresaw the issues that lead to Mount Polley. 

In  2002  Steve  Vick’s  book  appeared.    In  Subjective Probability and Engineering Judgment he 
set out to explain and explore subjective probability, risk assessment, decision making, and the 
exercise of engineering judgment.  His ideas did not enter conventional practice, probably because 
it is heavy reading.  Even I could not bring myself to read it then.  I have done so recently with 
more patience, and now conclude it should be mandatory reading for all tailings engineers who 
seek to avoid tailings failures.   

6  ICOLD 

One way to evaluate the advances in the application of risk assessment to tailings facilities, is to 
read the International Committee on Large Dams 2001 Tailings Dams, Risk of Dangerous
Occurrences—Lessons learnt from practical experiences. 

They note, almost in awe, the following fundamental but not informative or exhaustive insight: 

“The  risk  assessment  process  will  identify  a  number  of  risks  associated  with  the  tailings  facility.    
The objective of the Risk Management Plan is to apply compensating factors to reduce the level 
of risk. The main areas of compensating factors include the following: 

 Design [Approach & Details]: [The design approach and the details] may include civil
works that increase the safety of the facility (e.g., berms), or additional technical and
environmental studies that increase the level of confidence in the assessment.

 Security:  This could include both passive and active security systems to safeguard the
public and operating facilities.

 Monitoring and inspection programs: This allows early response to changes and
identifies conditions which may be changing over the life of the facility.  This includes
the requirements of quality assurance and quality control throughout the operations.

 Maintenance programs: These include such items as maintenance of diversion and
water management structures, collection or treatment facilities, access roads, etc.

 Management:  This includes supervision requirements, training of staff, reporting and
Corporate/Public assurance.”

7  MINING ASSOCIATION OF CANADA 

In the 2011 Guide to Audit and Assessment of Tailings Facility Management, the Mining 
Association of Canada discusses the use of risk assessments in these words: 

“Review the risk management system.  Evaluate how it addresses: 
o Hazard identification, risk assessment and risk management, including definition

of unacceptable risk;
o Appropriateness of the hazard identification methodology for the facility and its

unique issues (e.g., what-if, what-if checklist, potential problems analyses, failure
modes effects analysis, hazard and operability studies);

o Training for personnel involved in risk management (e.g., issues identification,
risk assessment, ranking);

o Ranking and prioritizing risks, setting action thresholds (risk tolerance) and
communicating the results of risk assessments;

o Maintaining a risk register to ensure that issues raised are not eliminated until
actions are taken, or the risk reassessed and found to be below an acceptable
threshold;
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o Recommendations for mitigation of unacceptable risks; and 
o Ensuring that risk assessments are current and adequately reflect current 

conditions, operations and processes.” 

In spite of promises, most mines did not do this.  The British Columbia Ministry of Energy and 
Mines found that failure by Imperial Metals to do this was a root cause of the Mount Polley 
failures, and I suspect we will find that this is also a root cause of the Samarco failure—soon after 
the failure of Samarco, BHP announced that they used Failure Mode and Effect Analyses (FMEA) 
plots to manage the facility.  That announcement was quickly wiped from the internet and I can 
no longer find it.  Clearly FMEAs alone are insufficient.  

8  FACTOR OF SAFETY 

Traditionally tailings engineers have used the factor of safety as an overall, catch-all substitute for 
risk assessment or establishing the probability of failure.  As the following brief discussion shows, 
there was an unfortunate drift from high factors of safety to low factors of safety in tailings 
practice, partially a result of overconfidence and partially as a way to save money. 
 
In 1965 Cassagrande wrote: 

“An embankment is to be built on a clay foundation.  From his investigations the designer 
concludes that the in situ shear strength of the clay may range between 1 and 2 tons per sq. ft. 
If this project is an important dam whose failure would cause catastrophic losses, he might 
decide to use the very conservative design value of 0.6 tons per sq. ft.  Thus, he would protect 
himself against the wide range of uncertainty by an ample margin of safety.   i.e. with a factor 
of safety ranging between the limits of about 1.6 and 3.3.” 

Meyerhof in 1983 wrote: 

“The margin of safety in earthworks and foundation engineering depends mainly on the 
uncertainties and variability of the soil conditions and to a smaller extent on the variability of 
the loads, other than environmental loads, the approximations in the stability analysis, and the 
quality of construction.  Customary total safety factors used in stability analyses relating to 
shearing failure and seepage considerations are, therefore, mainly governed by the degree of 
variability and uncertainty assessment of the soil resistance and the seriousness of failure.” 

In 1999 the Canadian Dam Association set things on an erroneous path.  For water dams they set 
these factors of safety: 

 1.3 during construction before fluid impoundment 
 1.5 during operation. 

Tailings engineers seized on them and made them standard practice.  Except perhaps Steve Vick 
who in 2002 had this sad commentary on the factor of safety used in tailings engineering: 

“There was once a day, now lost in the fog of time,  when some engineers got together—
nobody really knows who—and decided what the minimum factor of safety should be for 
various structures and analysis methods.  These minimum factors of safety are now embedded 
in codes and standards of practice. The factors of safety in codes account for  uncertainty and 
failure consequence, albeit in an unstructured way.” 

The Canadian Dam Association fell totally into the trap when in 2014 they repeated these 
factors of safety in the Updated Application of Dam Safety Guidelines to Mining Dams.  By then 
the damage was complete.  Many tailings engineers were using 1.3 during the active life of the 
tailings facility and claiming that 1.5 applied only at closure.  The argument was that the tailings 
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facility is in construction when it is being operated, i.e., tailings deposited.  The fact that the 
tailings are generally fluid seems to have escaped the profession.  

The factor of safety of Mount Polley at failure was 1.3 or less and the regulators had accepted 
this as adequate.  Most Brazilian tailings facilities hare designed to a factor of safety of 1.3.  If 
we assume that a factor of safety of 1.3 is normally distributed, the probability of failure is 0.3 to 
0.4, nearly forty percent.  No wonder Mount Polley and Samarco failed!  One wonders how 
many incipient 1.3 facilities are out there just waiting to fail.  

9  THE RECENT PAST 

In 2014, Genki  Taguchi completed a master’s thesis at the University of British Columbia of 
the use of fault trees in the analysis of tailings facility failure.  In particular, he analyzed the 
failure of the Bafokeng tailings dam in 1974 using fault trees.    This thesis is very valuable as a 
source of many possible fault trees that may govern tailings facility failure, and a clear 
exposition of how to compile and work with fault trees to gain insight into the causes and modes 
of failure.  His fault trees emphasize this:  there are most often many causes of failure that 
working together bring down the facility.  There is seldom a single cause as is implied by so 
many lists of  tailings  failures  and  their  “single”  cause.  We need more such studies.  

In October 2015 my on-line course Risk Assessment, Decision-Making, and Engineering
Management for Mine GeoWaste Facilities., was load on EduMine.   It has proven poplar—
although the topic has expanded faster than we can update the course.   

10 THE PATH FORWARD 

Many structural codes and many geotechnical codes dealing with foundations, retaining walls, 
and slope stability, have moved away from the use of a simple, one-size-fits-all factor of safety.  
The most recent is the 2014 Canadian Highway Bridge Design Code.  Their new equation is 
this: 

φgR  > or =  ΣIiήiάiFi 
Where  φg is a geotechnical resistance factor, R is the characteristic geotechnical resistance 
(based on characteristic ground parameters), Ii is a structural importance factor,  ήi is a load
combination factor, άi is the load factor, and Fi is the characteristic load effect.   It would take us 
far from our topic to discuss these factors.  But it is clear this equation incorporates 
consideration of varying soil resistance, the importance of the structure (hence consequence of 
failure), varying load resistance ability (a probability function), and so on.   

I submit the challenge to the tailings community is to come up with something similar. Of 
course it will take research and much discussion and deliberation to settle on the values for the 
various parameters as a function of site-specific factors.  But I suggest this is a good and proper 
way to move forward to the goal of zero tailings facility failures.  

11 CONCLUSIONS 

The application and use of risk assessment in tailings facility management has stumbled and 
stuttered along in the past fifty years.  Partly this reflects the inherent complexity of tailings 
facilities, the slow development of usable risk tools, and skepticism on the part of leading 
writers.  Yet as Oskar Steffen said in 1987 with regard to the use of risk methods for tailings 
facilities: 

 Well established probability techniques are adequate in providing a reliable measure
for dam safety.

 Engineering judgment which has formed the basis for acceptable factors of safety in
the  past  can  be  incorporated  into  defining  acceptable  probability  criteria.”
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With the great impact and great news dissemination of recent tailings failures, it is now more 
important than ever to heed his advice from so long ago. 
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1 SETTING THE STAGE 

The   term   “Engineer   of   Record”   (EOR) is applied universally, but interpreted differently by 
owners, regulatory agencies, and professionals within the mining industry. Tailings storage 
facilities (TSFs) are ever-expanding leviathans with service lives transcending generations. The 
recent dam failures at Mount Polley and Samarco have brought into question the EOR paradigm 
with mining companies, regulatory agencies, and engineering firms alike who are looking for 
guidance on how to approach the successful management of these persistent and ever-transient 
facilities. This paper reviews issues surrounding the topic and proposes the development of a 
common sense and sustainable approach. 

1.1 What is the engineering paradigm?
The  word  paradigm  comes  from  the  Greek  word  paradeigma,  meaning  “a pattern, example, or
sample.”   It   is  defined  as  “a philosophical and theoretical framework of a scientific school or
discipline within which theories, laws, and generalizations and the experiments performed in 
support of them are formulated,”   or   broadly   as   “a philosophical or theoretical framework of
any kind.” 

A paradigm represents a structure or path—in other words, a way of doing business. It also 
becomes a well-worn path and a safe haven for those resistant to change and who lead with the 
battle cry, “It’s  always  worked  that  way,  why  change  it?” The problem is that a paradigm, by its 
intrinsic nature, does not accommodate change. It is a set pattern, a process with boxes to be 
checked and protocols to be followed. A paradigm is prescriptive and predictable, and thus in 

Engineer(s) of Record – Changing the Dam Paradigm 

K.F. Morrison 
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C.N. Hatton
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ABSTRACT: The broadly-used   term  “Engineer  of  Record”   (EOR) is applied universally, but 
interpreted differently by owners, regulatory agencies, and professionals within the mining 
industry. Tailings storage facilities are ever-expanding and an undesirable, and yet necessary, 
expense occurring throughout the life of mining operations and post-closure. These leviathans 
can have service lives that transcend generations as they pass between mine owners through 
acquisition and divestment and are subject to the inherent transient support system of 
engineering firms responsible for design, construction, operational support, and closure. The 
recent Mount Polley (Canada) tailings dam failure in August 2014 and Samarco (Brazil) 
tailings dam failure in November 2015 have brought into question the EOR paradigm with 
mining companies, regulatory agencies, and engineering firms alike who are looking for 
guidance on how to approach management of these enduring and ever-changing facilities. This 
paper reviews issues surrounding the topic of tailings EOR, and proposes to develop a 
sustainable approach to address the situation.  
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some applications can be the antithesis of change. However, we all know change is 
unavoidable. 

The engineering construct we operate in is complex, and has been gradually shaped by nature 
and reality. The foundation is rather simple. Engineers are trained in the ways of Newton and 
thus bound by the laws of nature. We thrive in a world of structure. We avoid change and abhor 
risk.  We reinvent and modify processes to increase efficiency. While we cherish our orderly 
and structured world, we pride ourselves on “building a better mousetrap.”  

Our engineering processes are rigid. A properly-executed design follows a detailed planning 
process, state-of-the-practice analytics, and a suitably conservative exploration and engineering 
design process that accounts for inherent uncertainties. The tenants of the engineering practice 
are systematic and borne of robust research and experience, following a peer review process 
subjected to industry scrutiny, producing a tangible understanding and prescriptive and 
repetitive process. This tried-and-true course of action is intended to produce quality and reduce 
error. 

The purity of the construct is, however, clouded by reality. Newton operated with 
unencumbered freedom. He had no financial constraints or edicts to consider cost or schedule. 
Herein lies our conundrum. We now have multiple constraints that can directly affect, and even 
encroach upon, our ability to properly engineer.  

First, we are challenged by those less-informed in ways that make us uncomfortable. Our 
uncertainty is exposed, shaping the paradigm. We are challenged with need and utility, veiled 
by fancy words such as “value” and “benefit,” taking them out of an engineering context and 
rooting them firmly in the vernacular of the accountant. We are then bound by the unwelcome 
chains of budgets, schedules and change management.  

The engineering paradigm is then further shaped and more firmly constrained by business 
practice and our financial brethren who adhere to fundamental accounting principles and seek 
profitability. Our work is often marginalized and commoditized by a competitive bid process 
that measures success by achieving the lowest cost. This creates a situation where we design 
and build some of the largest structures on the planet through a process that awards work to the 
lowest bidder. The inherent constraint of our paradigm pulls us in multiple directions and forces 
us, as engineers, to take necessary risks and push limits in order to survive.  

1.2 What is the tailings paradigm?
The design and operation of a TSF employs a unique set of engineering talents. The requisite 
skills are borne of civil engineering principles, tempered by the disciplines developed and 
applied to water retention structures, and modified by experience to account for a 
geochemically-harsh environment and the safe containment of manufactured materials (i.e., 
mine tailings).  A TSF is a complexly-constructed dam that permanently retains solids and 
water. In most cases, the TSF is ever-expanding during the life of the mining operation through 
vertical raises and/or lateral expansions. These structures are unique, and since the construction 
process typically continues until the ore reserves are uneconomical to recover or “play out”, 
their construction can cover many years, multiple decades, and even generations. Attrition is 
inherent. 

TSFs are sited in close proximity to the mining facilities they serve, which are typically non-
idyllic locations for constructing an impounding structure. The mine location is selected 
because of the earth enrichment and associated fracturing, faulting, and weathering that occurs 
in these settings. The most economic sites are often faced with challenging local geology and 
formidable foundation conditions. We seldom have the luxury of siting or designing a TSF in 
flat, stable terrain with low seismicity and unlimited real estate.  

Ore reserves are not characterized by the quantity of extractable mineral, but rather by the 
economics of mining and beneficiation. It is nearly impossible to fully characterize the resource 
limits. The sustainability of ore reserves fluctuates with market conditions and is influenced by 
the economics of improving extraction methods. A once small TSF designed for a limited 
capacity expands and grows as the mineralized limits are further defined, the market conditions 
cycle, and technological advances improve mineral recovery. The end, in many cases, is a mine 
and an associated waste storage structure that transcends generations, differs significantly from 
the original design, and, equally important, reflects the ever-evolving engineering practice. 
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A guiding principle for operating and constructing TSFs is the “observational” approach used 
successfully by Terzaghi in applied soil mechanics, as outlined by Ralph Peck (1969). This 
method consists of designing with only limited information, applying a conservative approach, 
constructing using quality practices, and then re-evaluating performance and adjusting the 
design based on repetitive observations. The process results in a fundamental and continuous 
comparison between the evolving design basis and observed performance. The systematic re-
evaluations thus become an enduring quality assurance (QA) and quality control (QC) process, 
extrapolated over the life of the facility with QA/QC responsibilities extending for decades.  

The observational approach requires a strict technical and financial commitment to be 
successfully implemented. Failure to consistently execute the observational approach at any 
stage can have catastrophic consequences. If the observational approach is not executed 
properly, it is no longer the “observational” approach, it quickly denigrates to the “hope-for-the-
best”  approach. 

Both the engineering principles and our understanding of the behavior of these unnatural 
fine-grained materials (i.e., tailings) under dynamic and static loading conditions has changed 
over the decades. We are presently in the middle of a mini-geotechnical renaissance, as our 
understanding of tailings behavior has dramatically changed in just the last 10 to 15 years.  
While  today’s tailings structures are in various degrees of construction, many, if not all of them, 
are being constructed to heights and covering surface areas that were never envisioned by their 
designers. We see and attempt to model stresses that, in some cases, far exceed our ability to 
recreate and measure them under laboratory conditions.   

Thus, the inherent life of these structures and the cyclical nature of mining economics has a 
profound impact on the operation of these facilities. An element of long-range investment and a 
strategy to do what is right prevails during robust times. However, during lean times, the 
sustainability of these structures and the mines themselves are questioned.  The ability to do 
what is right can be challenged, and, with lack of proper support, can be compromised by 
financial constraints and burdens emplaced by outside stakeholders. Singular autocratic 
engineering leadership is infeasible. 

1.3 The man in the arena - enter the critic 
Enter the critic; he who shapes our paradigm and vilifies our profession out of ignorance and/or 
malice.  The sideline critic has existed for millennia. Society and social media, however, have 
given detractors a much louder and more pervasive voice. Theodore Roosevelt famously quoted 
in his 1910 speech at the Sorbonne,  “It is not the critic who counts; not the man who points out 
how the strong man stumbles, or where the doer of deeds could have done them better. The 
credit belongs to the man who is actually in the arena, whose face is marred by dust and sweat 
and blood; who strives valiantly; who errs, who comes short again and again, because there is 
no effort without error and shortcoming; but who does actually  strive  to  do  the  deeds…who  at  
the best knows in the end the triumph of high achievement, and who at the worst, if he fails, at 
least fails while daring greatly, so that his place shall never be with those cold and timid souls 
who neither know victory nor defeat.”  

Society,  as  the  “critic,” does not have an appreciation for the scientific process. Anyone with 
a computer and a semblance of writing prose can produce an ostensibly coherent document that 
in fact marginalizes the scientific process for the sake of a philosophical or political agenda, 
creating what is affectionately known as pseudoscience (or garbage science). If you say it 
enough, it becomes the truth (unless subjected to rigorous science, terrific scrutiny, and peer 
review).  

Societal development has also distanced the populace from the necessity of the extractive 
industries. This process first started with the Industrial Revolution; however, the need for 
source raw materials was still somewhat understood and appreciated. As we moved into the 
technological renaissance, society became estranged from industry, and even further from the 
extractive industries, creating a chasm of naïveté and ignorance.   

The mining community is now vilified by ecologists, politicians, and the media. We have lost 
touch with fundamentals and the absolute need for natural resources and the extractive 
industries in order to maintain and responsibly grow our society. The mining community, 
however, clearly understands and is committed to producing environmentally-compliant 
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technologies such as wind turbines, solar panels, electrical conveyances, computers, cars, 
batteries, and the like. 

Politically, the  world’s  view  of  mining  has  changed  significantly  over   the   last 30 years.  A 
once thriving and beneficial cornerstone of a growing economy has been severely threatened by 
environmental activism and downright disdain for mining. It is led by emotional discussions 
founded in pseudoscience and fanned by the flames of a “live-in-the-moment” media.  The 
political discussion associated with this issue is for another time and place. The point, however, 
is that these views and behaviors clearly shape our engineering paradigm. 

Thus professionally, we are bound by Newtonian physics and constrained by finance, 
schedule, and profitability to produce a product that society does not fully understand, nor 
wants to take the time to understand, and we continue to be criticized for our success. To 
complicate matters, we design structures that continue to push the limits of design and 
operational experience. These forces and conditions shape the challenges facing the EOR with 
the associated uncertainty placed firmly at his or her foot. It is therefore a lofty and 
unreasonable expectation that a single person can effectively take on these challenges. It is best 
approached by a team. 

1.4 Paradigm paralysis
The beauty and challenge of engineering design is that we work within a systematic construct 
based on consistency and repeatability. This structure and predictability limits our ability to 
effect and embrace change. Opportunities to seek out new and innovative solutions exist; 
however, the challenge of demonstrating that these new approaches will be successful, 
combined with our tendency to be averse to risk tends to steer us away from strategies that are 
not “tried and true.” This limits creativity and progress, forming the current engineering 
paradigm.   
We   suffer   from   the   reality   of   paradigm   paralysis,  which   is   “the inability or refusal to see

beyond the current models of thinking.”  It is the fear of change and the avoidance of risk that 
forces individuals into a safe and comfortable repetitive process, which produces consistent 
results, but in the end, hampers us with stagnation.  

The industry record on tailings dam performance, as measured by failures, has been generally 
unchanged over the last 50 years. This is demonstrated by the cumulative trend in recorded 
instances of tailings dam failures for the period from 1960 through mid-2016 as illustrated in 
Figure 1.  The figure presents cumulative failures through each decade (since 1960) and shows 
a remarkably constant trend.  

Figure 1. Cumulative recorded instance of tailings dam failures per decade since 1960 (through mid-
2016) (using data from the WISE Uranium Project, 2016). 

We recognize that these structures are ever-expanding in size, both vertically and laterally, 
continually raising the engineering and operational bars to a whole new level. This creates a 
need for change and necessitates a revision to the present industry paradigm. We must come 
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together as a group to safeguard our profession and these important structures moving forward. 
This will require a collaborative approach. 

2 INDUSTRY WAKE-UP CALL 

The recent Mount Polley (Canada) tailings dam failure in August 2014 and Samarco (Brazil) 
tailings dam failure in November 2015 have brought into question the EOR paradigm with 
mining companies, regulatory agencies, and engineering firms alike who are looking for 
guidance on how to approach management of these dynamic facilities. 

As previously discussed, the global mining market is cyclical, characterized by boom and 
bust periods. Davies & Martin (2009) argue that copper is an excellent bellwether commodity, 
with its viability dictating global mining conditions like no other commodity. Following this 
guidance, Figure 2 shows that both the Mount Polley and the Samarco TSF failures occurred 
when copper prices were on the decline, and that, as of this writing, the copper price continues 
to be on a downward trend.  

 

Figure 2. Copper price (unadjusted) from 1990-2016 compared to recent significant TSF failure events 
(data from Investing.com, 2016). 

2.1 Mount Polley TSF - Canada 
On August 4, 2014, the TSF perimeter  embankment  at  Imperial  Metals’  Mount  Polley  gold and 
copper mine in British Columbia breached, releasing an estimated 10 billion liters of water and 
4.5 million cubic meters of tailings into the environment (Moskowitz, 2014). The breach was 
coined  as  the  “largest environmental disaster in modern Canadian history” (AMSJ, 2014).   

An incident such as this, and in a first world nation in particular, receives significant press. 
Enter the critic. Anyone nearby with a camera or cell phone can immediately post photographs 
and video for worldwide consumption. What is most concerning is that this information, 
provided without context or interpretation, leaves the recipients to render judgment and produce 
opinions without the benefit of the scientific process. Anyone with scant knowledge and a 
willingness to go on camera instantly became an ad hoc expert. 

News headlines quickly hit the streets. Failure mechanisms were hypothesized and discussed 
at length without viable data. Included in the headlines were threats of significant monetary 
fines (CBC, 2014a); discussions of environmental implications such as elevated selenium in 
fish (CBC, 2014b); statements from tailings dam designers that they had warned the mine that 
more water was being stored in the tailings than the design accommodated (Jamasmie, 2014); 
and a general attitude of the complacency of the mining industry in Canada (Moskowitz, 2014).  
Shortly  after  the  breach,  British  Columbia’s  Ministry  of  Energy  and  Mines (BCMEM, 2014) 

issued a news release stating that they had commissioned an independent expert engineering 
review panel to study the Mount Polley dam breach. The   investigation   that   ensued   “was the 
largest and most complex of its kind in more than a century of regulated mining in British 
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Columbia”   (BCMEM,  2015).  The panel report (Morgenstern et al., 2015) concluded that the 
dominant contribution to the failure resided in the design. Specifically, the report states that the 
“design did not take into account the complexity of the sub-glacial and pre-glacial geological 
environment,” and that the tailings engineers “failed to identify a continuous [Glaciolacustrine] 
layer in the vicinity of the breach and to recognize that it was susceptible to undrained failure”.  

The operations management of the TSF by the mining company also contributed to the 
failure. Specifically, the failure was triggered by constructing the downstream rockfill zone at a 
steep slope of 1.3H:1V (horizontal:vertical), which was constructed steeper than the 
downstream slope of 2H:1V proposed by the tailings engineers as part of the original design 
(Morgenstern et al., 2015). Ironically, the downstream slope was on the way to being flattened 
to meet its ultimate design slope at the time of the incident. Regardless, the root cause was 
vastly different from what was initially postulated by the press and pundits. 

BCMEM published their own investigative report conducted by the Chief Inspector of Mines 
in November 2015. BCMEM applied the concepts of Root Cause Analysis to determine the root 
and contributory causes of the breach event, which is summarized in Figure 3. Most 
interestingly, this analysis concluded that the root causes of the event were organizational 
(BCMEM, 2015). It is important that we objectively learn from our mistakes, and, more 
importantly, extrapolate these experiences to the future. 

 
Figure 3. Mount Polley root cause analysis summary (BCMEM, 2015). 

2.2 Samarco TSF - Brazil 
At the conclusion of the Mount Polley failure studies, another major tailings dam failure 
occurred, once more ringing the alarm bells. This failure occurred at the Samarco iron ore mine 
in the state of Minas Gerais, Brazil, a joint venture between Vale and BHP.  
Samarco’s  Fundão  tailings  dam  failed  releasing  an  estimated  60  million  cubic  meters  of  mine  

waste into the town of Bento Rodrigues and nearby water sources, and was believed to have 
killed at least 17 people and injured 50 others (mining-technology.com, 2016). The Samarco 
TSF failure is currently undergoing forensic evaluations by an investigative team in an effort to 
better understand the failure cause(s).  
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2.3 Where are we now? 
We had an active EOR in each of these instances. It begs the question, where do we go from 
here?  Or,  more  importantly,  the  question  is  “Where do  we  want  to  go  from  here?”  We need to 
first understand where we are at in order to chart this course. 

In light of these recent and significant tailings dam failures, tailings storage facility owners, 
regulatory agencies, and engineering firms alike are looking for or developing guidance on how 
to better define and improve the role of EOR for these long-lived, yet dynamic facilities. The 
issue is further complicated by the fact that mine owners and tailings operators change from 
time-to-time due to acquisition and divestment and engineering firms responsible for 
design/construction/operations support of these ever-expanding facilities experience similar, if 
not more dramatic, change. 

3 THE INDUSTRY AT WORK TO ADDRESS THE ISSUE 

3.1 Canadian Dam Association  
After BCMEM released the panel report (Morgenstern et al., 2015), the Canadian Dam 
Association (CDA) Board of Directors established a Mount Polley Task Group comprised of 
members of their Dam Safety and Mining Dams committees to coordinate follow-up to the 
panel report (McLeod et al., 2015). McLeod et al. (2015) made recommendations to CDA 
regarding issues such as regulatory roles and responsibilities; means of improving tailings dam 
safety with a focus on best practices, new innovations and Best Available Technologies to 
reduce the risks during operations and closure; proposed revisions to factor of safety criteria; 
enhanced guidance on the assessment of consequences of dam failure; and the need to improve 
the definition of the EOR. McLeod   et   al.   (2015)   states   that   “the definition of Engineer of 
Record (EOR) for tailings dams is an important issue for owners, dam designers and 
regulators…[and]the   guidance in the CDA Mining Bulletin is a good starting point, but 
revisions could provide clarity leading to better management of dam safety through the 
appointment of a designated engineer.” 

Following the recommendations by the Mount Polley Task Group, the CDA proposed a 
revised definition for the Dam Safety Engineer of Record. The introduction to the revised 
definition is summarized as follows (Small & McLeod, 2015): 

“The Owner is ultimately responsible for the safety and operation of their dam(s) 
during construction, operation, and closure. Section 2.3 of the Dam Safety Guidelines 
(CDA,   2013)   states   that   the   “Owner’s   policy   should   clearly   demonstrate   the  
organization’s   commitment   to   safety   management   throughout   the   dam’s   life   cycle.”  
This  includes  “delegation of responsibility and authority for all dam safety activities.”  
Further,   “the   owner’s   staff   and   any   consultants   or   contractors   who   carry   out   dam  
safety activities on behalf of the Owner should be aware of the decision making process 
and who is accountable for that.”   In   support   of   these   requirements,   this   Bulletin  
considers the Dam Safety Engineer of Record (EOR) as an integral part of risk 
management for mining dams. The EOR should be an individual clearly identified by 
the Owner with the concurrence of the EOR. In the case of a change in the EOR or 
Owner, the Owner shall be responsible to ensure that reports, files, knowledge, and 
dam safety records are comprehensively transferred to the new Owner and/or new 
EOR.” 

The revised definition, first and foremost, states that the responsibility for tailings dam safety 
should lie firmly on the shoulders of the mining company. Secondly, the revised definition goes 
on  to  state   that   the  EOR  is  an  “individual”  clearly   identified  by   the  Owner,  but   that  the  EOR  
must both know that they are the designated EOR, as well as concur with that responsibility. 
This single person approach is impractical and is a huge responsibility to place upon an 
individual.  

The guidance goes on to state that the EOR can be either a consultant, or an employee of the 
Owner.  If  a  consultant,  the  “individual should be supported by a firm that has the capability to 
support the EOR with respect to dam safety”  and  that  the  “EOR and the firm that employs the 
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EOR must develop a succession plan for the EOR”  (Small  &  McLeod,  2015).  In  the  case  where 
the designated EOR is an employee of the Owner,   the   EOR   “must understand the design, 
construction, and operation of the dam and facilities,”  and  “can be supported by the designer 
or by a third party carrying out a comprehensive [Dam Safety Review]”   (Small  &  McLeod,  
2015).  The EOR, in either case, needs to be a qualified professional engineer with experience 
in the design and construction of tailings dams. Further, the CDA guidance recommends that 
the roles and responsibilities be clearly defined and updated, as needed, in the operations 
manual. Thus, the current paradigm places responsibility on a single individual. Rather, the 
responsibility should be shared by a collaborative team. 

3.2 Canadian Oil Sands Industry 
The oil sands industry in Canada applies a similar approach to the EOR issue with some subtle, 
yet important, differences. Morgenstern (2010) opines that the dam safety system applied by the 
oil sands industry is the best in the world, relying on the responsibilities of a number of 
stakeholders, and is based on an intimate understanding and application of the observational 
approach. The system comprises the following components (excerpted, with slight 
modification, from Morgenstern, 2010): 
 Each Owner is cognizant of its responsibilities to provide a tailings management system 

consistent with regulatory guidelines. 
 Each Owner has staff qualified in the management of tailings dams. 
 Owners retain consulting engineers for design and construction supervision who are well-

known for their expertise in tailings dam design, with a special emphasis on the oil sands 
industry, and with a designer who acts as the EOR with supporting senior internal review of 
design submissions. 

 Designs are compliant with at least the CDA guidelines. 
 Designs rely on the detailed application of the observational approach for risk management. 
 Designs are reviewed by the regulator, who employs staff well-versed in dam design and 

construction. 
 An annual report (or Dam Safety Inspection) is submitted each year to the regulator by the 

Owner, supported by the EOR, that the dam is behaving as intended, or, if not, that actions 
have been or need to be taken as indicated. 

 A third-party Dam Safety Review is performed every five years to undertake an independent 
assessment of dam safety in accordance with CDA guidelines. 

 Each Owner retains an Independent Geotechnical Review Board comprised of senior 
specialists to provide ongoing third-party review of geotechnical issues of significance to the 
operation.  

A key component of this system is the team approach and the requirement of the independent 
third-party review board. This approach is similar to a three-legged-stool, with the owner, 
design EOR, and the independent review board each signifying a leg of the stool to ensure dam 
safety. The key point is that each of these legs is comprised of a “team” rather than a single 
“individual.” 

4 THE ENGINEERING TEAM OF RECORD 
 
If one were to review each of the large base metal producers within the continental US and 
evaluate their respective TSFs, one would identify that the ownership of a large majority of 
these mines, as well as the designers of the TSFs, have changed hands multiple times over the 
last 50 years. Consistency is therefore not only difficult to maintain, but having an individual 
responsible for these large tens of millions to multibillion ton structures is wholly impractical. It 
is, furthermore, a dangerous proposition. 

The feasibility of a single professional serving as the engineer responsible for large tailings 
facilities is impractical. The challenges can be immense and warrant a team approach. A 
program for internal sustainability needs to be developed within the collaborative team 
framework with built-in attrition planning and focused training.  
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Currently developing external review systems applied to tailings storage facilities are based 
on a team approach and so the concept is not too far afield. This practice is accepted and uses 
the terms “tailings stewardship team” and “tailings review board” or associated permutations 
ubiquitously. The key point is that we are moving in the direction of developing collaborative 
teams to review these structures. 

4.1 Organizational support 
No specific collegiate or post-graduate training exists for the design, construction, and 
operation of TSFs (i.e., no tailings engineering degree exists). Requisite skillsets are learned on 
the job. However, their refinement requires structured, repetitive, and focused on-the-job and 
in-the-field training under experienced leadership, which in turn requires a significant 
organizational commitment. The development of talent is a cyclic process that often presents 
challenges. For example, an exceedingly small and specialized group of individuals exist who 
want to commit their entire careers to developing experience at TSFs. In truth, not everyone 
wants to be a tailings dam engineer.  

Proper development of these skillsets requires a long-term commitment to a career path that 
will sufficiently refine and develop the necessary engineering talent needed to apply these skills 
as a usable resource. The process is further complicated by the fact that many individuals just 
lack the desire to focus in a single area, and subsequently move on to broadening their 
geotechnical experience and skillsets elsewhere. Thus, a strategic plan requires that not only do 
the individual and the organization commit to developing these skillsets, but that the 
organization evaluate the individual and his or her development to verify that it coincides with 
the larger need.   

The supporting infrastructure for mining further complicates matters. In the 1970s, much of 
the engineering support for tailings storage design came from within the mine itself (i.e., self-
performed design). As mining companies grew, they transitioned to outside engineering 
consulting firms for support. This has infused the industry with a cross-industry distribution of 
knowledge and experience to counter balance the sterile, myopic focus of singular internal 
teams.  

In the past 20 years, we have seen an unprecedented consolidation of resources, prompted by 
the need to increase profitability and mitigate the risks associated with the cyclic nature of the 
mining industry and increasing insurance costs. A growing attention by stakeholders to the risks 
and rewards associated with the mining industry, in general, along with insurance company 
concerns, in light of two recent well-publicized and costly failures, creates an uncertain future.  

4.2 More on the EOR paradigm 
This leads us to the EOR service life. For the majority of engineered structures, the construction 
period is short, the required experience base is limited, and the operational requirements are 
nominal. The typical approach allows for a single person to serve as the EOR. However, this 
approach is impractical and its application to TSF design and operation is untenable, with 
potentially negative consequences.  

The typical life of an engineer working within the mining industry will span 40 years, 
including initial personal development within the industry, followed by the application of tools 
acquired during the on-the-job educational process. The life of a world-class successful mine 
can exceed the career span of multiple engineers. Thus, a team with built-in attrition 
mechanisms is required for consistency and sustainability.  It is also important, and even 
essential, to realize that the EOR for a TSF is not a title to be worn by an individual, but a 
responsibility to be carried by a team(s). 

When the life of a project covers a period of 20 to 80 years, which is typical in the mining 
industry, a process for identifying, developing, and maintaining talent to support the EOR is 
crucial. From a human resources standpoint, it requires the ability to objectively generate talent, 
maintain interest, and provide an experience base from which to grow. The experience base can 
be specific to the facility or within the industry. At the end of the day, it is more important to 
maintain sustained experience within the organization and have the ability to plan for attrition 
(i.e., change management).   

579

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



4.3 Engineering team of record
The   term   “Engineer   of   Record”   (EOR)   is   applied   universally, but interpreted differently by 
owners, regulatory agencies, and professionals within our industry. The EOR role can only be 
accomplished by an experienced and committed TEAM. When properly executed, the team 
approach provides long-term sustainability and a platform for continuous improvement. This 
requires a commitment to develop a collaborative team and maintain a sustainable strategy to 
serve as EOR, now and into the future.  The term “team” can be adjusted based on the size and 
the project needs. At a minimum, it represents three committed individuals with a development 
strategy, and, for larger projects, may consist of up to two separate firms working 
collaboratively. 

It is important to recognize the need for providing sustainable engineering support at each 
TSF. The process requires a committed partnership between the engineer(s) and the operator 
that provides consistent state-of-the-practice technical resources and continuous creative 
improvement. A proposed strategy for maintaining EOR team sustainability is best illustrated in 
Figure 4. The process begins with a core EOR team dedicated to sustainable development and 
continues by identifying quality technical resources with varied levels of experience.   

Through on-site training and project experience, team members develop and improve their 
skills with a specific goal of supporting the EOR team.  By employing an EOR team, instead of 
focusing on the EOR as an individual, the ability to manage change and uncertainty is greatly 
enhanced. 

Figure 4. EOR team sustainability cycle. 

4.4 Third-party review board
We mentioned earlier the concept of the three-legged-stool, with an independent or third-party 
review board signifying one of the three legs. Combined with the design EOR Team and the 
mine owner, who each also signify a leg of the stool, this approach, illustrated in Figure 5, is 
considered critical to ensuring safe design, construction, operations and closure of a TSF. 

Employing a third-party review board is a highly beneficial, but yet under-utilized, risk 
management tool. Though not the case in the recent Samarco TSF failure, Morgenstern (2010) 
observed that, for documented case histories of TSF failures that had occurred to that point in 
time,  “in no case was there systematic third party review.”  Key benefits to employing a third-
party review panel include gained familiarity and inherent scrutiny of the design and operations 
of the TSF and an assurance that decisions on design alternatives are not based purely on 
minimizing capital and operating costs (i.e., inherent accountability).  
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Many large mining companies are beginning to retain a board of prominent consultants to 
provide independent review and advice regarding the design, operation, and management of 
their respective tailings facilities (Martin & Davies, 2000). Typically, these are individuals 
whose careers have been devoted to the design and operations of TSFs. A review board 
typically includes a minimum of two, but preferably three to four individuals, coming together 
as a team with diverse practical experience and expertise. But, more importantly, these review 
boards comprise a team who operates independent of the EOR Team and the owner. 

An important benefit of the third-party review board is the continuity it provides. Martin & 
Davies (2000) indicate that over the 25-year period during which Syncrude maintained a review 
board, considerable turnover in staff and consultants had occurred, but the members of the 
review board remained more or less constant. As such, a third-party review board should be 
engaged by the mining company throughout the life-cycle of the facility, alleviating many of the 
issues associated with change management. 

 

Figure 5. Three-legged-stool concept to TSF sustainability. 

5 FINAL NOTES 

Though applied universally, the term EOR is interpreted differently by owners, regulatory 
agencies, and professionals within the mining industry. The recent dam failures have challenged 
the EOR paradigm, with the industry seeking guidance on how to approach the management of 
these facilities. The authors believe that the answer does not lie in an individual acting as the 
EOR, but rather requires a shared responsibility that incorporates a collaborative team approach 
to ensure a sustainable level of continuity through unforecasted, but nevertheless inevitable, 
change. The EOR needs to be a sustainable team of professionals committed to learning and to 
dam safety. 

An infrastructure and strategy needs to be in place that promotes the development and 
cultivation of the team.   The term  “team”  applies  not to a single engineer but to a group of 
appropriately qualified professionals working collaboratively, and, for larger projects, a group 
(more than one) of committed engineering firms working collaboratively in support of 
successful mining operations. Engineering responsibilities need to be shared within a larger 
group and potentially within competing companies. This process has inherent stability and 
benefits when properly executed by providing further continuity through implementing more 
frequent third-party reviews. This approach to development of the EOR Team, combined with 
less frequent, but more intensive, tailings review boards gives rise to an increasingly more 
important benefit of enhanced risk management.  
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ABSTRACT: At the beginning of their careers, design engineers and those serving in similar 
capacities are filled with an eagerness to learn, and the energy to fulfill that enthusiasm. A good 
mentor is able to take that enthusiasm and combine it with their own experience in a way that will 
give newer professionals a step up in the industry. As our team of experienced engineers reflect 
on things they wish they had known when they started their careers, they have put together this 
short presentation of what bolstered or would have bolstered their careers most when they were 
starting out. The discussions, perhaps not surprisingly, focused less on technical learning and more 
on general life abilities: Relationships, Communications and Life Lessons. 

1.  INTRODUCTION 

Ralph Peck delivered a talk to members of the 1977 graduating class of West Point. Specifically, 
the speech was given to individuals who were about to be commissioned into the Army Corps of 
Engineers. His advice came from his decades-long career, and much of his advice still stands the 
test of time. In a nutshell, Peck advised his audience to develop engineering judgment, which he 
said could be gained by: 
 

1. Making every assignment count, large or small – there is always something that can be 
learned. 

2. Carrying a notebook,   and   filling   it   with   notes,   thereby   improving   one’s   observational  
skills. 

3. Getting a feeling for the size of things. This  is  especially  valuable  in  today’s  computer-
driven workforce. If your car tires have an inflation pressure of 220 kilo Pascals (kPa) 
[32 pounds per square inch (psi)], does it make sense that your foundation has an allowable 
bearing capacity of 70 kPa [10 psi]? 

4. Reading technical literature to continue your education (Peck, 1977). 
 

While that advice is very insightful and helpful, it is also helpful to step back and appraise 
matters from a fresh perspective. In order to accomplish this goal, a team of people were solicited 
to become authors of this paper. While business journals produce a steady flow of information 
and instructions on how baby boomers can appreciate and get the most out of millennials, the idea 
of the process presented herein is to reverse the question, and ask how millennials can excel in 
the workplace. The obvious topic of work-life balance was discussed. Especially with regard to 
the  company’s  expectations  of them and how they should comprehend those expectations before 
starting out on a new job or assignment. 

The authors of this paper represent people at a broad range of experience in their careers, 
anywhere from less than one year of professional employment to a few decades. The intent of 
gathering this diverse group was to capture people at various stages in their career and to ask them 
what advice they wish they had received early in their employment. The first activity of the authors 
was to brainstorm through a list of topics that would form the basis of the advice. 
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2.  ADVICE FOR DESIGN PROFESSIONALS AT THE BEGINNING OF THEIR CAREERS 

The topics of advice gleaned from the brainstorming session broadly fit into one of the following 
three categories: 
 

- Relationships, 
- Communications, and 
- Life lessons. 
 
These topics are discussed below. 

3.  RELATIONSHIPS 

Both professional and personal relationships are very important to everyone. All-in-all, we may 
spend more time with our coworkers than with our family or friends. Getting to know and 
understand the people in the workplace, co-workers and clients, therefore can be very important 
to our job satisfaction. It can also be important to your long-term successful career itself. 

Many millennials jump from job to job to satisfy, among other things, their need for change. It 
takes time to get to know the people you work with. If you change jobs every couple of years you 
will shortchange yourself from building relationships with people. Early in the life of a 
relationship, people often make hasty judgments of one another, but this is not the best practice 
because if you dismiss people without getting to know them you may miss out on some aspect of 
those people that you would really admire. Remember, as Peck (1977) said, you can always find 
some good in people, no matter what. Different people will have different perspectives. It  doesn’t  
make one right and one wrong. You  can  learn  from  other  people’s  perspectives,  even  if  it  seems  
painful to do so. 

It is important to develop inter-personal skills. Once you do, you may find new respect for 
others. In fact, one good way to accomplish this is to find out the job skills of your co-workers. 
Don’t  rely  on  the  opinions  of  others. Find out for yourself. This may enable you to work with as 
many different people as possible, because if you do, you may be able to do your job in ways you 
otherwise  couldn’t. All of this will help you to be able to do your job more enjoyably—after all, 
it is the people in our lives that make a difference. 

Also, building relationships extends beyond the office walls. The old saying that ‘friends do 
business with friends’ not only applies within the work place, but between the consultants and 
their client. Would you not want to associate with somebody you are comfortable with and trust, 
rather than a complete stranger? Good communication, one of the topics discussed herein, is 
essential to building client satisfaction and ultimately a long-term business relationship. Clients 
give out the vast majority of their work based on established relationships that have been built on 
trust over a long period of time. 

Personnel relationships take time to develop, and as you build relationships you build that sense 
of community and belonging. Don’t  you  want  to  have  the feeling of belonging in your workplace? 
Of knowing that your co-workers and clients want to be associated with you? 

4.  COMMUNICATION 

The two very fundamental forms of communication are speaking and writing. Both are very 
important to professionals and are skills that one needs to begin developing early in their career. 

Firstly,  speak  up  when  it  is  appropriate,  but  you  don’t  have  to  talk  just to talk. Speak up when 
you  don’t  understand. Speak  up  when  you  think  things  aren’t  right,  no  matter  who  is  involved. 
Debate is okay and is often needed and necessary. It is healthy and can help you to grow 
professionally. 
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Remember that communication requires a receptor and people may not be listening. Since a 
person  can  think  faster  than  they  can  talk,  the  listener’s  mind  rapidly  travels  to  somewhere  else. 
They miss parts of the information even though they think they are listening carefully. The 
information you provide should be meaningful to the individual who is receiving it. If not, they 
will not pay attention. 

However, perhaps more important than speaking is listening, not partially, but fully-engaged 
effective listening. Effective listening is an art, and like any other skill takes real practice. Are you 
not really listening? Pretending to listen? Hearing only selective parts? Paying attention but not 
focusing? Or are you listening with empathy? Listening is the act of gathering information, not 
simply waiting your turn to speak! 

Ask questions. There is no shame in not knowing all the answers. People will still respect you 
for your honesty. That is what early career development is for. If you do not have all of the 
answers, it is perfectly acceptable to let the person know that you will write down a note and get 
back to them with the answers. Even inexperienced people can be reliable and valuable if they are 
willing to acknowledge and effectively communicate places in their work where they were unsure. 
This means that the senior staff will feel comfortable giving you more responsibility because they 
know if you are ever in over your head, that you will find a way to get the help you need. Don’t  
bury your mistakes, acknowledge them and use them as a chance to learn. 

Learn to write. It is usually the end product of our efforts and the thing that lasts beyond our 
involvement with a project. It deserves to be done well. It  doesn’t  matter  how  smart  you  are  if  you  
can’t   communicate   your   ideas   effectively. Possibly even more importantly, make a conscious 
effort to understand what others are communicating to you. Taking good notes throughout a 
project can go a long way in being able to write a complete report. When you ask a question of 
someone with more experience, figure out how you are going to make sure that what they say 
sticks with you. Reading can be just as important as writing and talking to design professionals. 
Not just to grow technically, but there will be occasions when it will be necessary to teach yourself 
a new skill. Sometimes being self-taught can be an important growth opportunity. 

An important aid to help develop writing skills is to read documents produced in your field, 
perhaps by your co-workers. You will quickly detect good writing from poor, learn how to 
structure your writing so that the message is clearly communicated, and develop key phrases you 
may carry with you for the rest of your career. Read, read then read some more. 

Another important part of communication is the art of review. Reviewing is an essential part of 
commination to assure that before the messages reaches its intended receptor (usually your client) 
that it is clear and concise. A key to being a good reviewer is to assume it is wrong, no matter who 
was the author. Even world-noted engineers have published papers with obvious errors, yet the 
reviewers glossed over these assuming that the information presented was correct. If you assume 
the commutation is correct you may slightly disengage,  but  you  if  know  it’s  wrong  you will focus 
on finding the errors (and there always is at least one!). After you have made your edits (whether 
authoring or reviewing) now it is time to pull out the trusty red pen, and read and markup a hard 
copy! 

One of our young design engineers mentioned that when he asked a question that he knew 
would have a complicated or drawn out answer he would carry a pen and record everything that 
was said. Afterwards, he would review his notes, and ask follow-up questions until he understood 
the answer. He was practicing the art of writing, reviewing, listening and speaking to get the 
information needed! 

Communication needs practice. It requires you to be comfortable with what you are 
communicating, and like a musician, practice is essential. However, remember to also be aware 
of your non-verbal communication, what did that have to say to the speaker or your receptor? 
When writing remember there are no non-verbal clues for the receptor to use to interpret your 
intent, be clear in your communication. 
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Some rules to aid in improving communication are: 
 
- To communicate there must be an exchange of information. 
- All information exchanged should be as clear and complete as possible, but no longer than 

necessary. 
- The information should be meaningful to the individual who is receiving it. 
- Always get confirmation that the message you are communicating has been understood 

and the listener agrees. 
- The same message should be given in many ways. 

5.  LIFE LESSONS 

Life is basically a series of lessons. You can either repeat the lessons or you can choose to learn 
from them and grow. The importance of learning from your mistakes can be very significant; it 
determines what kind of person you are. Be positive. Try different and things. Keep an open mind 
about new experiences; you never know how something will go until you actually try it. 

Everything is a learning experience whether big or small. Especially to a young professional. 
It can be almost nauseating to have to be completely mentally involved in everything you do 
during the first few years of a career. Everything  is  a  challenge  and  you  aren’t  sure  enough  of  
anything to present anything proudly. But  don’t  get  caught  in  the trap of doing the easy thing and 
avoiding more responsibilities. Advance as quickly as you can and stop being the new guy as 
quickly as you can. 

One of our young engineers noted that when they first started working, the mining sector was 
in a slump. The first goal they set for themselves was to become indispensable as soon as possible. 
They knew they had to be a contributing part of the team right out of the gates, couldn’t   be  
deadweight. When things were slow, they would seek out their shortcomings, or challenges of 
their own making, and find ways to improve. They would take assignments people had already 
done and try to repeat their process. Being indispensable is about finding somewhere in the team 
where you can excel and become the go to person. As  they  said  ‘If  you’re  not  sure  what  that  thing  
is, say yes until you have to start choosing between those things.’ 

The importance of your professional conduct was also discussed. For  example,  gaining  one’s  
professional license. It may not be obvious to people starting out in their career that they should 
pursue licensure as soon as they are able, but it is an important advancement of their professional 
development. And as one advances, they should become more and more aware of the implications 
of their design on the actual construction of that work. Only by observing construction can one 
learn valuable lessons on the implementation of designs, and how such designs can be improved 
through attending construction sites. 

Last, but not least, and following the previous point, safety is of the utmost importance on 
construction sites. There is indeed a heightened sense of the value of job safety at construction 
sites, but in large part, safety is up to the individuals attending the site. When first arriving at a 
construction job, become aware of the hazards and let your presence be known to those around 
you. 

6.  CLOSING 

While it is critical to develop and hone your technical skills your ability to develop relationships 
and communicate to co-workers, clients and people in general is key to success. We all know that 
change is inevitable, but slow. 

Do not be afraid to fail, ask questions or seek help; been there, done that, draw on the 
experiences of others to help yourself grow and flourish. Be willing to share your experiences, 
viewpoints and thoughts in a respectful manner that will be well received. When it is your time to 
pass along your experiences be willing and able, remember when you were in their shoes! 
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Work hard and be diligent, and you can develop the skills to provide yourself with a long and 

happy consulting career. 

7.  REFERENCES 
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1 INTRODUCTION 

According to FEMA (2004), “There  have  been  about 200 notable dam failures resulting in more 
than 8,000 deaths in the twentieth century. Dam failure is not a problem confined to developing 
countries  or  to  a  compilation  of  past  mistakes  that  are  unlikely  to  occur  again.” 

A more worrying trend in recent times has been the substantial increase in breach flow vol-
umes associated with catastrophic failures of tailings dams. 

Unless we as a tailings industry are able to do something about this trend, the mining industry 
runs the risk of losing their social licence to operate. 

2 THE ECLECTIC INCREASE IN TAILINGS FAILURE SIZE 

Bowker & Chambers (2015) show that while the overall number of tailings failures per decade 
is decreasing, the number of serious failures is rising, (Figure 1).  

The analysis in Figure 1 concludes in 2009. More recent failures suggest an even bleaker pic-
ture, when considered in terms of breach volume, as may be seen in Figure 2. 

 
 
 
 

The Avoidance of Imponderable Consequences in Tailings 

Jeremy Boswell & John Sobkowicz 
Thurber Engineering Ltd., Calgary, Alberta, Canada 

 

ABSTRACT: Robertson (2011) suggested that the maximum height of hydraulic fill structures 
world-wide has been doubling every third of a century, and that contained waste volumes have 
increased tenfold over the same period. He argued that the increase in potential risk for the 
largest tailings dams has increased 20-fold per third of a century. Mature geotechnical engi-
neers develop a very sensitive nose for risk and learn to be very cautious in their practice – the 
higher the consequence of failure, the more cautious one needs to be. There is a school of 
thought   that   suggests   that   structures  with  extremely  high  (i.e.,  “imponderable”)  consequences  
of failure should simply be avoided – that no low level of probability can reduce the risk to an 
acceptable level. The level of risk for any particular failure mode of a tailings facility may be 
defined as the product of the likelihood of failure and the consequence of failure. The reduction 
of risk associated with tailings facilities relies on two strategies: reducing the likelihood of fail-
ure, and/or reducing the consequences of failure. In this paper the argument is presented that in 
the event that a catastrophic tailings failure would lead to imponderable consequences, then no 
matter how infinitesimal the likelihood is calculated to be, the level of risk is unacceptable. 
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Figure 1. Increasing number of severe TSF failures globally between 1940 and 2009 (modified from 
Bowker & Chambers, 2015). 
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Figure 2. Eclectic volumes of catastrophic tailings failures: some well-known examples. 

 
Robertson (2011) suggested that the maximum height of hydraulic fill structures world-wide 

has been doubling every third of a century, and that contained waste volumes have increased 
tenfold over the same period. He argues that the increase in potential risk for the largest tailings 
dams has increased 20-fold per third of a century.  

Those worrying trends appear to now be confirmed by recent tailings failure statistics from 
the past two years. Closer examination of selected tailings failures show that substantial loss of 
life can result from even a very small breach flow volume (Table 1). 
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Table 1. Eclectic volumes of catastrophic tailings failures: some well-known examples. _________________________________________________________________________ 
Failure         Fatalities   Breach Volume (Mm3) _________________________________________________________________________ 
El Cobre, Chile, 1965     300         2.4 
Aberfan, Wales, 1966     144         0.2 
Bafokeng, SA, 1974        13         3.0 
Stava, Italy, 1985      268         0.2 
Merriespruit, SA, 1994      17         0.6 
Omai, Guyana, 1995         0         5.3 
Los Frailes, Spain, 1998        0         5.0 
Kolontar, Hungary, 2010       10         0.7 
Mount Polley, Ca, 2014        0       24.4 
Samarco, Brazil, 2015       17       60.0 _________________________________________________________________________ 
Sources: 
http://www.tailings.info/casestudies 
http://www.infomine.com/library/publications/docs/ 
http://www.wise-uranium.org 
http://en.wikipedia.org/wiki/Dam_failure 

 
In the case of the El Cobre failures, over 300 people lost their lives from a collective flow 

breach volume of 2.4 million m3. In the case of Stava, 268 lives were lost, from a flow breach 
volume of only 200 000 m3.  Recent large tailings breaches have been fortunate to not cause any 
loss of life (Los Frailes – 5 million m3, and Mount Polley, 24.4 million m3). It is unconscionable 
to imagine what further human devastation may have resulted had the loss of life for those fail-
ures been proportional to the loss of life caused by the Stava failure. 

It is clear that in order for mining to continue sustainably, more needs to be done to ensure 
the safety of mine tailings storage facilities. 

3 DAM SAFETY CLASSIFICATION AND SOCIETY 

The Canadian Dam Association (CDA) has developed a dam safety classification approach 
(CDA, 2007, 2013) which is being used increasingly on an international basis. The guidelines 
present a classification scheme that is used to provide guidance on the standard of care expected 
of dam owners and designers. According to these guidelines, a dam is classified in one of five 
consequence categories: Low, Significant, High, Very High and Extreme. The appropriate in-
flow design flood (IDF) and earthquake design ground motion (EDGM) for the dam are selected 
based on its class. Table 2 summarizes the CDA dam classification and recommended IDF and 
EDGM return periods. 

Other jurisdictions have promulgated similar regulations governing the safety of dams. A 
comparative reference was published by the World Bank in 2002 (Bradlow et al. 2002), which 
gives a good overview of dam safety regulation in 20 countries around the world. It does not go 
into detail in comparing classification systems, but it appends the British Columbia, Canada 
classification system in place at the time. In North America, FEMA (2004), FERC and others 
have published similar classification systems. 

Most classification systems consider loss of life of over 100 lives as an extreme (or as a very 
high, topmost category) risk. Some jurisdictions advocate an ALARP (as low as reasonably 
possible) management approach to extreme risk. Others consider that any scheme posing risk to 
greater than 1000 lives not be considered at all. As illustrated in Table 2, the CDA defines a 
level of Extreme Risk for dam safety and appears to allow it. 

Experience has shown (for example, at El Cobre, Aberfan and Stava) that for loss of life of 
more than 100 from tailings failure, society will not allow business as usual to continue. After 
the El Cobre failure, upstream tailings construction was declared illegal in Chile. The dam safe-
ty record in Chile has been very good since 1965, despite high seismic activity and large scale 
and substantial mining activity. Even if one visits the sites of the Aberfan and Stava failures to-
day, the communities still speak in hushed tones of the devastating losses of children and fami-
lies to the whole community. 
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Table 2. CDA 2007 dam safety classification (modified from CDA, 2007). 

Dam 
Class 

Population 
at Risk 

Incremental Losses IDF 
Return Pe-
riod 

EDGM 
Return Pe-
riod 

Loss of 
Life 

Environmental and 
Cultural Values 

Infrastructure and 
Economics 

Low None Zero; 
None 

Minimal short-term loss; 
No long-term loss 

Low economic loss-
es; area contains lim-
ited infrastructure or 
services 

100-year 500-year 

Signif-
icant 

Temporary 
only 

Unspec-
ified 

No significant loss or dete-
rioration of fish or wildlife 
habitat; Loss of marginal 
habitat only; Restoration 
or compensation in kind 
highly possible 

Losses to recreational 
facilities, seasonal 
workplaces, and in-
frequently used 
transportation routes 

100-year 
to 1,000-
year 

1,000-year 

High Permanent 10 or 
fewer 

Significant loss or deterio-
ration of important fish or 
wildlife habitat; Restora-
tion or compensation in 
kind highly possible 

High economic losses 
affecting infrastruc-
ture, public transpor-
tation, and commer-
cial facilities 

One-third 
between 
1,000-year 
and PMF 

2,500-year 

Very high Permanent 100 or 
fewer 

Significant loss or deterio-
ration of critical fish or 
wildlife habitat; Restora-
tion or compensation in 
kind possible but imprac-
tical 

Very high economic 
losses affecting im-
portant infrastructure 
or services 

Two-thirds 
between 
1,000-year 
and PMF 

5,000-year 

Extreme Permanent More 
than 100 

Major loss of critical fish 
or wildlife habitat 
Restoration or compensa-
tion in kind impossible 

Extreme losses af-
fecting critical infra-
structure or services 

PMF 10,000-
year 

 
Over the past two years we have witnessed world reaction to the catastrophic tailings breach 

failures at Mount Polley, BC, Canada and at Bento Rodrigues, Minas Gerais, Brazil (Samarco). 
In response to the Samarco failure, a responsible and technically accurate article was published 
in the Wall Street Journal (Kiernan, 2016) which led the authors of this paper to make the fol-
lowing observations: 
 The   risks   posed   by   the   design   and   construction   of   “mining   dams   to   colossal   heights”   (to  

quote the WSJ headline) are now better known to investment and business sectors and to so-
ciety at large. 

 Future mining decisions are likely to be strongly influenced by more close examination of the 
risks presented by tailings facilities. 

 Unless risks to dam safety can be demonstrably limited and mitigated, it may be anticipated 
that investment, regulatory, environmental and community decisions regarding mining will 
be delayed or denied. 
 
Over the past two years many mining projects have been subjected to closer scrutiny in re-

gard to tailings, notably in British Columbia, Canada, and in Alaska, USA. 
The ground swell of opinion is changing in regard to tailings incidents, especially those in-

volving loss of life and environmental impact. Whereas in the past catastrophic failures were ei-
ther isolated events or not very widely publicized, this has changed in recent years. Access to 
information through the use of the internet and social media has accelerated and heightened 
community and societal mobilization, especially where loss of life is involved. 

The shareholding of large mining companies is publicly traded. A tailings failure represents 
one of the most destructive events affecting a mining share price and associated mining compa-
ny value, as may be seen in Figure 3. 

592

Risk Informed Decision Making



This situation can clearly not continue indefinitely. What can be done to improve the risk 
profile of tailings dams, and to avoid catastrophic flow failures with the many direct and indi-
rect negative consequences? 

 

 
Figure 3. Impact on Samarco share price from Bento Rodrigues tailings dam breach and subsequent legal 
action (modified from Bloomberg, 2016). 

4 A DEFINITION OF IMPONDERABLE CONSEQUENCES 

What consequences might be considered imponderable? This paper proposes some impondera-
ble consequences in Table 3. 

 
Table 3. Imponderable consequences for tailings dam failure ______________________________________________________________________________________ 
Direct consequences 

Loss of life of more than 100. 
Permanent loss of critical environmental habitat with no chance of recovery. 
Extreme losses of critical infrastructure. 

 
Indirect consequences 

Costs exceeding $1 billion. 
Criminal liability and imprisonment. 
Extreme reputational damage. ______________________________________________________________________________________ 

 
It may be noticed that there is a strong correlation between the factors listed above and those 

contained in the CDA definition of Extreme Risk. The suggestion is implied that Extreme Risk 
as defined for tailings dams (and as distinct from hydro or irrigation dams) may no longer be 
acceptable to society. 

One may question whether a loss of 100 lives is in fact the right number. Consider other dis-
astrous events that have almost become commonplace in our society, such as the death of a few 
hundred people in a plane crash. However, the circumstances are perhaps not comparable. The 
differing responses from the El Cobre, Aberfan and Stava communities suggest that maybe 100 
is the right number – that any more than that is imponderable, for tailings failures. It could be 
argued that residents who choose to live below hydro or water dams are more acutely aware of 
the inherent risks associated with their choice of location. However, those communities located 
downstream from tailings dams are more often than not completely unaware of the nature of 
tailings dams and the risks involved. 
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Mature geotechnical engineers develop a very sensitive nose for risk and learn to be very 
cautious in their practice – the higher the consequence of failure, the more cautious one needs 
to be.   

The authors support and promote the school of thought that structures with imponderable 
consequences of failure should simply be avoided – that no low level of probability can reduce 
the risk to an acceptable level.  

The level of risk for any particular failure mode of a tailings facility may be defined as the 
product of the likelihood of failure and the consequence of failure. The normal approach to re-
duction of risk associated with tailings facilities relies on two strategies: reducing the likelihood 
of failure and/or reducing the consequences of failure. In this paper the argument is presented 
that, in the event that a catastrophic tailings failure would lead to imponderable consequences, 
no matter how infinitesimal the likelihood is calculated to be, the level of risk is unacceptable. 
In other words, the challenge for the tailings engineer is to design tailings facilities that have no 
imponderable consequences of failure. 

5 OPTIONS TO AVOID IMPONDERABLE CONSEQUENCES 

In response to recent tailings failures at the time, Boswell & Sobkowicz (2015) outlined further 
guidance regarding best available technology (BAT) for tailings. The paper was published two 
weeks before the Samarco failure. The paper suggested: 
 Before considering BAT, it is perhaps worthwhile to first consider what BAT is not. In this 

paper, it is suggested that many interventions, strategies, programs and ideas are not actually 
BAT at all, but are rather better defined as Best Applicable Practice (BAP). 

 Risk or hazard may be defined as the product of probability of failure (or likelihood) and the 
consequence of failure (or severity). What is needed in the tailings industry is a reduction in 
both the probability and the consequence of failure. It is suggested that, in broad terms, BAP 
is best focused on the probability of failure, while BAT may be substantially more effective 
in reducing the consequences of failure. 

 
The Samarco tailings facilities made use of many of the best applicable practices already in 

use in tailings management. A senior external geotechnical review board was already in place. 
Clearly, more could have been done. What else might have been considered, to prevent this 
failure? 

Boswell & Sobkowicz (2015) listed and described some interventions which in their view fo-
cused more on reducing consequences (i.e., BAT): 
 Reduce or, if possible, eliminate water from the tailings prior to or during disposal. 
 Avoid storage of water within tailings facilities. 
 Minimize pond size / optimize pond location. 
 Avoid inherent failure modes. 
 Design for / use inherently stable structures and/or enhance the stability of structures. 
 Deposit stabilized tailings. 
 Reduce risk by compartmentalization (i.e., reduce consequences). 
 Avoid the risk of cascading failures. 
 Pursue in-pit or underground disposal. 
 Approach very high or extreme consequence/risk with extreme caution. 

 
Clearly there are improvements and additions that can be made to this list. One such is an 

evolution of risk assessment methodology that would focus on identifying imponderable conse-
quences and then identifying mitigation measures that would reduce them below the levels pro-
posed in Table 3. Another one might be simply avoiding the construction of tailings dams di-
rectly upstream of residential communities. 

The critical point of departure in this journey, though, is an acceptance by the engineering 
community and by society in general that our present practice in the risk assessment of extreme 
consequence structures is taking us down an increasingly dangerous course, and that a funda-
mental change in philosophy is necessary to avoid a future disaster. 
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6 CONCLUSIONS 

The pursuit of economy of scale and excellence of engineering has led us to build structures 
with increasingly imponderable consequences, with ever reducing likelihood of failure. As the 
practice of geotechnical and hydrotechnical engineering continues to improve, the likelihood of 
failure may continue to be reduced. However, tailings dams continue to fail regularly, with in-
creasingly dire consequences and damages. Detailed attention should be paid to reducing the ac-
tual consequences of failure, by not building structures with imponderable consequences.   

For mining to be sustainable in the future, and for the practice of tailings management to be 
acceptable to society, it is not sufficient just to reduce the risk of failure of tailings dams; in the 
case of imponderable consequences, the risk must effectively be reduced to zero by avoiding 
those consequences in the first place. 
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1 INTRODUCTION 
 
Tailings management is a key component of successful mining and milling operations.  The con-
sequences of poor tailings management are significant concerns shared by mining companies and 
their stakeholders. Affected stakeholders include local communities, government and non-gov-
ernmental organizations, shareholders, institutional investors, and financial institutions.  Stake-
holder concerns, combined with stricter regulatory standards, challenge mining companies to op-
erate to higher and more effective standards.   

Goldcorp, as a progressive leader in the mining industry, strives to maintain best practices 
throughout its global operations.  This guiding principal motivated Goldcorp to develop a tailings 
stewardship program (TSP) for tailings and water storage facilities.  Recent tailings failures, in-
cluding the Mt. Polley tailings dam failure in British Columbia, Canada, provided additional im-
petus for Goldcorp to enact its program and ensure that operations are managed using best prac-
tices and risks are proactively identified and mitigated. Subsequent dam failures, such as the 
Fundão dam in Mariana, Brazil, reinforced the importance of best practices in tailings manage-
ment.  

This paper describes Goldcorp’s TSP, discusses improvements in best management practices 
to date and their impact on operations, and presents plans for future TSP actions and tracking of 
program benefits.   

Using Tailings Stewardship to Enhance Best Management 
Practices - Case Studies from 2015 

 
Melanie Davis, PE, Clint Strachan, PE, and Jason Cumbers, PE 
MWH now part of Stantec, Fort Collins, Colorado, USA 

 
Andre Gagnon, PEng, and Mike Jacobs, PE, CPEng 
Goldcorp Inc., Vancouver, British Columbia, Canada  

 

ABSTRACT: Goldcorp initiated a tailings stewardship program in 2015 to review its existing 
operational facilities, further improve best management practices, and reduce risks.  The tailings 
stewardship program was organized to encompass key aspects of tailings and water storage facil-
ities, including design, construction, operation and management from conception to closure.  
Goldcorp’s proactive approach to tailings stewardship is already showing benefits to both indi-
vidual operations and the company as a whole.     

This paper presents the results of the tailings stewardship program from the first year of initia-
tion, including the improvements in best management practices made to date, and their impact on 
Goldcorp’s operations and risk management.  Goldcorp’s program for 2015 was aggressive, in-
cluding dam safety inspections or complete dam safety reviews of its operational facilities, facil-
itated risk assessments, and training of operations staff.  These activities formed the basis for 
prioritizing on-site activities and tracking performance in subsequent years.  The paper describes 
the risk management approach taken for each tailings facility as part of the program and the sig-
nificance of data management as a component of tailings stewardship.  This paper also discusses 
Goldcorp’s tailings stewardship plans for the future, including incorporating inactive properties 
and how tracking and quantifying metrics could further enhance the program. 
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2 TAILINGS STEWARDSHIP BACKGROUND 
 
The significant risks associated with tailings management, and increasing pressure from mining 
stakeholders to improve practices and minimize failures, contribute to the necessity for better 
practices, which include tailings stewardship.  Stewardship is the responsible management and 
care of resources.  Tailings stewardship focuses on tailings facility management from design to 
closure.  Associated facilities and activities that can impact tailings risks are also included in the 
stewardship program.    

Various organizations involved with the mining industry have published documents that outline 
best management practices related to tailings dams and emphasize the importance of tailings stew-
ardship practices (MAC, 1998; MAC, 2011, CDA, 2013; CDA, 2014; ICOLD, 1989; ICME-
UNEP, 1998; ICOLD, 1996; Martin et al., 2002; Australian Government, 2006, 2007; ANCOLD, 
2012).  These organizations include the Mining Association of Canada (MAC), Canadian Dam 
Association (CDA), International Committee on Large Dams (ICOLD), United Nations Environ-
ment Programme, the International Institute for Environment and Development, the Australian 
Government, and Australian National Committee on Large Dams (ANCOLD).  

Although the design and operation of tailings facilities have improved over the years, tailings 
failures continue to occur.  Recent significant failures of the Mt. Polley tailings dam in 2014 and 
the Fundão dam in 2015, emphasize that further work is needed.  Many mining companies main-
tain dam safety programs and have tailings dam design and tailings management practices that 
meet the standard of care.  A number of mining companies are also enacting tailings stewardship 
programs and sharing information on their stewardship policies.  These actions push the industry 
to continue to improve practices.   

Regulatory agencies do not currently require specific tailings stewardship practices besides 
standard dam safety programs and reporting; however, effective tailings stewardship is beneficial 
to meet the stricter regulations for tailings facilities.  It is ultimately up to the mining company to 
develop its own tailings stewardship program to address site-specific and corporate concerns.   

3 GOLDCORP’S TAILINGS STEWARDSHIP OBJECTIVES 
 
Goldcorp developed a tailings stewardship strategy in 2014 for its operating and inactive tailings 
storage facilities and water retention dams worldwide.  The strategy was developed to ensure best 
management practices are implemented for proper construction, operation, maintenance, moni-
toring and closure of Goldcorp’s tailings and water storage facilities. The strategy was designed 
to assure that facilities are managed using best practices that provide secure storage, reduce costs 
and impacts, improve operational excellence and consistent monitoring, and address stakeholder 
concerns.  These benefits can be realized both within and outside operational boundaries. 

Goldcorp’s objectives are to proactively identify, manage and mitigate potential environmental, 
social and technical risks and liabilities associated with mine tailings management and help safe-
guard Goldcorp’s long term business interests and reputation.  The program promotes interdisci-
plinary learning among Goldcorp employees within and across sites and helps implement and 
maintain Goldcorp standards of site and community safety practices more consistently across op-
erations.  Initial objectives included:   
� Data management and review.  Evaluate procedures for data collection, review, security, and 

access. Implement a standardized system for consistent and thorough facilities performance 
reviews, relative to best practices. 

� Education.  Provide effective education for key mine personnel in general dam safety, opera-
tional risks and best practices, technological developments, and lessons learned from other 
sites.  

� Best practices and concerns.  Identify best practices in operation, monitoring, and closure of 
these facilities. In addition, identify opportunities for cost reduction and operational efficiency 
or improvement, and provide input into planning for closure. Identify issues and concerns 
related to construction, expansion, operation, and closure of facilities. 

� Manage liabilities.  Apply a risk management program to the facilities to identify key con-
cerns for operations and closure. 
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4 2015 PROGRAM 
 
In 2015, Goldcorp selected two Tailings Stewards, MWH and Tierra Group International, Ltd. 
(Tierra Group) to assist with implementing its TSP for North America and Latin America sites, 
respectively.  The Engineer of Record (EOR) for each site is a key contributor to the TSP, provid-
ing input as part of his or her routine reporting, and during the TSP site visits.  The Tailings 
Steward’s duties do not overlap with EOR responsibilities, but align with the EOR’s objectives 
for a given facility.  The following sections present information on the overall program and 2015 
results primarily for the North America sites.   
 The 2015 TSP focused on tailings and water dams at operating sites in North and Latin Amer-
ica.  The 2015 program consisted of one or two visits to each site, with the program review result-
ing in a Dam Safety Review (DSR) report or report review by the end of the year. TSP components 
are described in the following sections.   

4.1  Data Management 
One objective for the Goldcorp TSP is to improve the management of data related to the tailings 
and water storage facilities.  Typically mine sites manage data locally and may use different data 
management structures.  Goldcorp developed a data organization approach focused on storing site 
data and reports pertinent to the TSP in a central location, allowing quick and easy access for both 
site and corporate personnel.  Design, construction, operation and management documents for the 
tailings and water management facilities, and TSP documents are included on the data manage-
ment system.   Documents are categorized to be easily searchable by report type and for data 
within reports.  TSP specific documents (i.e. dam safety inspections forms, Dam Safety Review 
reports) were developed to be consistent across sites.  The framework accommodates variable site 
conditions, facility complexity, and local issues.   

4.2  Site Visits and Inspections 
Site visits are a key part of the TSP, and 2015 work included dam safety inspections, as well as 
key staff interviews and training, and information collection.  EORs attended the site visits to 
present background design, construction, and operation information for the facilities, and provide 
input for the risk assessments.   

Dam safety inspections included surface reconnaissance and inspection of the crest and up-
stream and downstream slopes of tailings and water storage facility dams and dykes.  Associated 
infrastructure and instrumentation systems inspections were also observed.  A standardized dam 
safety inspection (DSI) form was used that was tailored to record observations and other findings 
during the DSI.  The inspection categories and items included on the DSI forms provide a com-
prehensive evaluation of the dam in accordance with internationally accepted industry practice.  
Observations and assessments recorded on the DSI forms were incorporated into dam safety ob-
servations and assessments for DSRs.  

Interviews were conducted with key mine site staff during the site visits.  Discussions with the 
staff focused primarily on current operations and daily observations, but also included future 
plans.  Issues identified by mine staff or the Tailings Stewards, if any, were also discussed with 
mine staff.     

Informal training of key mine site staff was conducted during the site visits as needed for staff 
that work on tailings-specific tasks and perform instrumentation readings. One to two training 
sessions were provided at each site.  Topics were site-specific. Some of the topics included:    (1) 
an overview of tailings design basics (peak flow, water storage, design storm events, slope stabil-
ity); (2) a review of tailings dam incidents, characteristics, and causes; (3) examples of design, 
operation, monitoring, and closure of other facilities; (4) a comparison of case history technical 
issues; (5) a comparison of tailings facility operating conditions with other Goldcorp mines; (6) a 
review of the issues associated with the Mt. Polley tailings dam failure; and (7) a summary of dam 
inspection and emergency response.   
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4.3  Risk Assessments 
Goldcorp conducted risk assessment workshops for all operating sites during the site visits.  The 
risk assessment process and forms were developed by Goldcorp’s Director of Enterprise Risk 
Management and were consistent across the operating sites.  A preliminary risk identification and 
clarification was conducted prior to the workshops, and the risk register was pre-populated with 
draft risks and opportunities.  Workshop participants and contributors included key mine site staff, 
Goldcorp corporate TSP personnel, the Tailings Steward, EOR, and support staff.   The workshop 
structure included (1) risk identification (preliminary risks were reviewed and refined, and new 
risks added), (2) risk controls identification (identify controls in place and their effectiveness, (3) 
risk impact assessment (rank the risks’ likelihood and consequence, taking into account controls 
in place), and (4) risk mitigation (define risk mitigation plans, owners, and timelines to implement 
mitigation plans for medium to high level risks).  The risk register was completed during the 
workshop, as well as a heat map for the identified risks.  General risk categories included (1) 
construction and operation (such as dam instability or key staff changes), (2) environmental issues 
(such as tailings and/or water pipe damage and failure), (3) regulatory issues (change in regulatory 
framework or regulations), and (4) health and safety (such as a traffic accident or personnel injury 
while accessing monitoring equipment).  Risk ownership and mitigation plans were defined for 
identified risks as part of the risk assessment process.  

4.4  Dam Hazard Classification 
 Goldcorp conducted a dam classification workshops as part of the TSP.  This workshop was 
held for Goldcorp internal purposes to review hazard classifications for the tailings and water 
storage facility dams using CDA (2013) and MNR (2011) guidelines, as applicable.  The intention 
of the workshop was to classify the dams according to a consistent rating system among Goldcorp 
operating mines as part of the TSP and to be able to determine if dam classifications are adequate 
with regards to corporate risk.  Standardized dam hazard classifications were used.  Workshop 
participants included key mine site staff, Goldcorp corporate TSP personnel, the Tailings Steward, 
and the EOR.  

4.5  Dam Safety Reviews 
 The 2015 TSP concluded with an independent DSR or an independent review of the most 
resent DSR report by the EOR, for each operating site. The elements of the DSR were consistent 
with DSR guidelines for tailings dams in CDA (2014) and included (1) document and data review, 
(2) site visit, dam inspections, and personnel interviews, (3) risk assessment, (4) dam hazard clas-
sifications review, and a (5) dam safety analysis.  Site records related to the design, construction, 
operation, and management of the active tailings and water storage facilities were reviewed prior 
to the site visit and documented in the DSR.  As part of the document review, the Operation, 
Maintenance, and Surveillance documents and Emergency Preparedness Plan(s) were assessed in 
comparison to CDA Dam Safety Guidelines (CDA, 2013) and other guidance documents such as 
the Mining Association of Canada (2011), as applicable. Recommendations were provided in the 
DSR with the focus on safety and performance of the dam, with planning, environmental, and 
operational issues considered as well.  The recommendations were prioritized and will be re-
viewed as part of annual dam safety inspections and recurring DSRs.  

4.6  2015 TSP Results 
An initial benefit from the 2015 TSP is an improved management system for tailings management 
data, which allows for easy sharing of best management practices between sites and faster infor-
mation retrieval.  TSP data management consistency assists with comparing data from various 
sites.   

Goldcorp has seen improvements in best management practices across its operating sites.  Gold-
corp is profiting from increase efficiency, improved tailings deposition, and enhanced water man-
agement.  Safety is a key concern for Goldcorp and the TSP promotes improvements in health 
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and safety. Mitigation plans in place are actively reducing risks identified in 2015. Goldcorp’s 
goal is to reduce risks to a low or negligible level.     

5 FUTURE TAILINGS STEWARDSHIP PLANS 
 
Goldcorp’s TSP plan for 2016 and beyond consists of follow-up assessments for its operating sites 
and initial assessments and then follow-up assessments for inactive sites.  Goldcorp will add select 
inactive sites to the TSP in 2016, then continue to add inactive sites to the program in order of 
higher to lower risk after 2016, with all inactive sites eventually included in the TSP.   
 For operating sites, site visits will include dam safety inspections, key staff interviews and 
supplemental training, updated risk assessments and critical controls analysis.  Pertinent docu-
ments prepared after the 2015 program was completed will be reviewed prior to the site visits. 
The dam safety inspections will focus on observing current conditions and concerning areas iden-
tified by Goldcorp site staff, as well as following up on recommendations provided after 2015 
inspections.  Interviews will include discussing current operating conditions and issues, and status 
of best management practices. Training that supplements the 2015 training will be provided to 
key personnel and will be specific to site needs.  Improving best management practices will con-
tinue to be the training focus.  The risk assessments will be updated and Goldcorp will follow up 
on mitigation plans identified during the 2015 risk assessments, with an emphasis on moderate to 
high level risks. Goldcorp internal policy for the TSP requires a DSR every 5 years.    

6 TRACKING PERFORMANCE 
 
The Tailings Stewards will prepare DSI reports for each TSP site visit.  The reports will include 
site visit component descriptions, risk assessment results, and recommendations.  Goldcorp will 
compile site reviews and risk assessments to conduct comparisons between sites, and identify key 
risks and areas where best management practices can be improved. 

Goldcorp will track TSP performance using the information collected to date and for subse-
quent years.  Goldcorp will compare annual DSIs, risk assessments, and DSRs, evaluating trends, 
improvements in best management practices, and reduction in risks.  Goldcorp will also compare 
data between sites to evaluate the TSP effectiveness for various differences in the sites.  Goldcorp 
is in the process of developing metrics to track the TSP progress and relate the improvements to 
such items as reduced costs, reduced risks, and improved health and safety.   

7 CONCLUSIONS 
 
Poor tailings stewardship, and tailings failures such as the Mt. Polley tailings dam and the Fundão 
dam impact the entire mining industry.  These failures misrepresent the safe tailings management 
practices being provided by the majority of mining companies and put public pressure on regula-
tors to provide further oversight and stricter regulations for all mining companies, regardless of 
their current tailings management practices.   

Successful tailings stewardship is a benefit for all mining stakeholders, including mining com-
panies.  The investment in tailings stewardship is worth the long-term cost savings of preventing 
future accidents. Goldcorp is one of a number of mining companies promoting tailings steward-
ship, and is actively engaging in actions to improve its best management practices for tailings 
management.  Goldcorp supports sharing information on its TSP with the mining industry with 
the intent to provide benefit to others, and with shared information from others, improve its own 
program.   
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1  PROJECT DESCRIPTION 

1.1 William E. Warne Powerplant Complex 
The William E. Warne Powerplant (WWPP) Complex is an energy recovery unit of the State 

Water  Project’s  California  Aqueduct,   the  State’s  principal  conveyance system.  Located along 
the  Southern  Field  Division’s  West  Branch,   the  Complex  starts  at  Quail  Lake  which  provides  
water storage and recreation as well as being the regulating pool for the Lower Quail Canal.  
Quail Dam (also known as the Peace Valley Intake Embankment) serves as the terminal plug of 
the Lower Quail Canal while the Quail Detention Embankment provides flood attenuation in 
case of embankment overtopping or breach of the Lower Quail Canal.  The Lower Quail Canal 
delivers water to the Peace Valley Pipeline via the Peace Valley Intake, which is embedded in 
Quail Dam.  The Peace Valley Pipeline serves as the penstock for the 78 megawatt (MW) 
WWPP, located at the upper reach of Pyramid Lake, south of the Lower Quail Canal.  Quail 
Lake and Lower Quail Canal serve as the forebay for the WWPP and Pyramid Lake provides 
the afterbay.   
 

 
 

 

Case Study:  Lessons Learned from FERC’s   Potential   Failure  
Modes Analysis Process  
 
Dean B. Durkee, Ph.D., P.E. 
Gannett Fleming, Inc. Phoenix, AZ USA 

ABSTRACT: California Department of Water Resources (DWR) operates a hydroelectric com-
plex in Southern California that falls under the jurisdiction of the Federal Energy Regulatory 
Commission (FERC).  The system is licensed as FERC Project No. 2426 (P-2426) and is com-
prised of four interrelated facilities under the FERC Part 12D process.  The four facilities com-
prise the West Branch Division, which includes Pyramid Dam and Quail Dam and the East 
Branch Division, which includes Cedar Springs Dam and Devil Canyon Second Afterbay.  

FERC has recommended procedures and criteria to develop Dam Safety Performance Moni-
toring Programs for hydroelectric projects subject to the Part 12D Inspection process. This pro-
cess   is   outlined   in  FERC’s  Chapter  14  Engineering  Guidelines  dated   July  1,  2005.  The  Dam  
Safety Performance Monitoring Program is based on three key components: 

 Developing and maintaining a Supporting Technical Information Document (STID), 

 Performing a Potential Failure Mode Analysis (PFMA), and 

 Developing  a Dam Safety Surveillance and Monitoring Plan (DSSMP) 

This expanded abstract presents a summary of PFMAs that were performed on the DWR P-
2426 Dams. 
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1.2 Castaic Power Complex 
Pyramid Dam is located on Piru Creek, approximately 14 miles northwest of Castaic Lake. 

Pyramid Dam is part of the Castaic Power Complex which is a cooperative venture between the 
DWR and the Los Angeles Department of Water and Power (LADWP).  Castaic Power 
Complex  consists  of  DWR’s  Pyramid  facilities  (Pyramid  Dam  which  impounds  Pyramid  Lake,  
and Angeles Tunnel which delivers water to Castaic Powerplant)   and   LADWP’s   Elderberry  
facilities (Castaic Powerplant and Elderberry Forebay, which is impounded by Elderberry 
Dam). The facilities are operated in close coordination between DWR and LADWP.  LADWP 
maintains and operates Elderberry Forebay Dam and Castaic Powerplant. 

1.3 Mojave Power Complex 
The  Mojave  Power  Complex  is  an  energy  recovery  unit  of  the  Southern  Field  Division’s  East  

Branch and surrounds Silverwood Lake which is located in San Bernardino County, 13 miles 
north of the City of San Bernardino.  Silverwood Lake is impounded by Cedar Springs Dam 
which is located on the north side of the lake along the Mojave River.  The lake is fed through 
the Mojave Powerplant and provides recreation, and fisheries and wildlife enhancement. Deliv-
eries to water users are  made  through  the  San  Bernardino  Intake  on  the  lake’s  south  side.  Deliv-
eries  pass  through  the  San  Bernardino  mountain  range  to  the  Devil  Canyon  Powerplant,  DWR’s  
most southern powerplant along the California Aqueduct. 

 
 

2.  FERC DAM SAFETY PERFORMANCE MONITORING PROGRAM 
 

The FERC initiated procedures to develop Dam Safety Performance Monitoring Programs 
(DSPMP) for hydroelectric projects subject to the Part 12D process in their Chapter 14 Engi-
neering Guidelines dated July 1, 2005.  The identification of credible Potential Failure Modes 
(PFMs) through the PFMA workshop process is a key part of the procedure.  The DSPMP can 
then focus dam safety efforts on the identified PFMs. 

Potential failure mode analysis (PFMA) for the Southern Division Dams was performed in 
December, 2014 and January, 2015.  The general process used for the PFMA is summarized be-
low. 

 Distribute Background Information:  DWR distributed technical background information to 
the core team, including board members, facilitators, DWR staff, and regulators. The core 
team was asked to thoroughly review, at a minimum, Section 1 of the dam's supporting 
technical information document (STID) for each dam prior to the PFMA, including previ-
ous  PFMA’s  for  the  project  and  Bulletin  200  (general  overview of the dam). 

 Preliminary PFMA Questionnaire:  A PFMA Questionnaire was sent to the core team prior 
to the workshop to solicit preliminary potential failure modes and encourage the core team 
to start thinking about how the dam could fail. 

 Site Inspection:  Site inspections were performed at the four dams and associated facilities 
prior to beginning the PFMA in 2014.  

 Technical Overview Presentations by Project Engineers and Geologists:  The first days of 
the PFMA were occupied largely by technical presentations and briefings from project en-
gineers and engineering geologists familiar with the design, construction and post-
construction performance of the dams.  The presentations and discussions focused on pre-
senting key design features, construction observations and photos, instrumentation behavior 
during construction and post-construction, and important post-construction events and re-
lated analyses.   

 PFMA Process Overview: The Facilitator presented the basic PFMA process and the Core 
Team discussed the ground rules and selected the voting Core Team.  During this initial 
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session and throughout the next week and a half there continued to be on-going discussions 
among the Core Team about the PFMA process.  In particular the rationale and meanings of 
the FERC screening categories (I-IV) seemed to be a major stumbling block and source of 
confusion.  FERC representatives and the facilitators provided clarification at several points 
during the introduction and throughout the workshop.  An example of one particularly con-
fusing discussion revolved around the Category IV classification and whether monitoring 
would be needed or appropriate.  It was stated that by current FERC definitions, a failure 
mode which is being monitored by instrumentation should not fall under a Category IV 
classification.  This seemed to be a surprise to several of the Core Team Members.  At the 
time of this workshop, FERC representatives indicated that FERC may consider reviewing 
their procedures in the near future and there may be revisions to the PFMA Category defini-
tions. 

 Clarification of FERC Procedures:  FERC representatives clarified with the facilitators and 
the Core Team that for the purposes of this workshop, we were to follow the existing 
(2005) Chapter 14 definitions.  It was understood that consensus by the entire core team 
would be ideal, but for purposes of this workshop PFM categories would be assigned on the 
basis of a majority vote by the core team.  Vote counts for each category would be docu-
mented, as well as the rationale for voting, as expressed by both the majority and minority 
voting members.     

 Initial PFM Example:  To illustrate the process the Facilitators introduced and fully devel-
oped the first candidate PFM-S1 which involving internal erosion of fines from the dam 
core into coarser downstream filter zones that do not meet modern filter criteria.  The gen-
eral process involved the following steps: 

1. A sketch is prepared, or appropriate drawings are displayed to illustrate the conditions 
and location of the candidate PFM.   For PFM-S1 a sketch of the maximum dam section 
was put up on a white board to illustrate the dam template and facilitate discussion of 
the internal erosion process and where it might initiate and progress.  Other data, 
graphs, photos, etc. may be displayed as appropriate to the discussion. 

2. Once the Core Team determines that a candidate PFM is potentially credible, the PFM 
must be described fully, from initiation through the step-by-step progression and to 
failure or uncontrolled release (incident).  In general, there are three basic parts to the 
PFM description, as follows:  

o The initiator.  This could include filter incompatibility and sufficiently high hydrau-
lic gradient, increases in reservoir level due to flooding, strong earthquake ground 
shaking, malfunction of a gate or equipment, deterioration, an increase in uplift, or 
a decrease in strength.  

o Failure progression. This includes the step-by-step mechanisms that lead to the dam 
breach or uncontrolled release of the reservoir. The location where the failure is 
most likely to occur should also be highlighted. For example, this might include the 
path through which materials will be transported in a piping situation, the location 
of overtopping in a flood, or anticipated failure surfaces in a sliding situation.  

o The resulting impacts. The method and expected magnitude of the breach or uncon-
trolled release of the reservoir is also part of the description.  

3. The Core Team then listed positive and adverse factors associated with development of 
the PFM, defined as follows:   

o Positive factors are those that make the PFM less likely to develop and progress to 
failure 

o Adverse factors are those that make the PFM more likely to develop and progress to 
failure 
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4. After the PFM is identified, described and discussed, it is categorized in accordance 
with the categories summarized on Table 1.   

Table 1 Description of PFM Categories (FERC, 2005) 

Category Description Definition 

I Highlighted Those potential failure modes of greatest significance consid-
ering need for awareness, potential for occurrence, magnitude 
of consequence and likelihood of adverse response (physical 
possibility is evident, fundamental flaw or weakness is identi-
fied and conditions and events leading to failure seemed rea-
sonable and credible) are highlighted.   

I Considered, but 
not Highlighted 

These potential failure modes are judged to be of lesser signif-
icance and likelihood.  Note that even though these potential 
failure modes are considered less significant than Category I 
they are all also described and included with reasons for and 
against the occurrence of the potential failure mode.  The rea-
son for the lesser significance is noted and summarized in the 
documentation report or notes. 

III More Infor-
mation or 
Analyses are 
Needed in or-
der to Classify 

These potential failure modes to some degree lacked infor-
mation to allow a confident judgment of significance and thus 
a dam safety investigative action or analyses can be recom-
mended.   Because action is required before resolution, the 
need for this action may also be highlighted.   

IV Ruled Out Potential failure modes may be ruled out because the physical 
possibility does not exist, information came to light which 
eliminated the concern that had generated the development of 
the potential failure mode, or the potential failure mode is 
clearly so remote a possibility as to be non-credible or not rea-
sonable to postulate.  

 

5. Initial   Brainstorming   of   “Long  Lists”   of  Candidate   PFMs:  Once   the  Core  Team  was  
made aware of the general process that would be required for each candidate PFM, and 
understood how long it might take to get through all the PFMs identified for this large 
of a project it was suggested and agreed that it would be more efficient to first develop a 
comprehensive  “long   list”  of  candidate  PFMs,  allowing  for  only   limited and brief dis-
cussion of each candidate at this step.  The long lists of PFMs were developed under the 
following main headings:  (a) seepage, (b) instrumentation, (c) foundation, (d) earth-
quake, (e) hydrologic, and (f) operational.  The recorder displayed the long lists with 
key notes from the initial discussions on a projector so that the Core Team could follow 
along as the lists were developed. 

6. Screening of Candidate PFMs to Carry Forward for full PFMA: After all the long lists 
were developed, each PFM was re-visited by the Core Team and discussed in more de-
tail.  For this intermediate step, the candidate PFM was more fully described and dis-
cussed and the Core Team assigned it to one of three possible (color-coded) categories: 
(1) yellow:  carry forward for full PFMA, (2) green:  carry forward, but more infor-
mation needed (to be developed during workshop, if possible), and (3) grey:  non-
credible/ruled out (not carried forward).  Candidate PFMs that were ruled out at this in-
termediate screening step were documented and listed in the PFMA report as   “Other  
Considerations”. 
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7. Full Development of all PFMs Carried Forward:  All candidate PFM’s  assigned  to  yel-
low or green categories under the intermediate screening step were then fully developed
using the process as outlined above.  Notes from discussions during the initial brain-
storming and intermediate screening were carried forward as appropriate for the PFM
description, positive and adverse factors, etc.

8. Risk Reduction Measures and Other Considerations:  Over the course of the PFMA
workshop, the Facilitators kept a running list of potential risk reduction measures or
other considerations that were identified as the PFMs were discussed, or technical
presentations were made that clarified issues and questions.  These were noted in con-
nection with the relevant PFMs in the PFMA Report.

3 SUMMARY OF PFMAS AT P-2426 

The first PFMA workshops for the dams in the P-2426 project were completed in 2005, 
shortly after FERC adopted the PFMA process.  Very few PFMs were developed in the 2005 
PFMAs.  The PFMA reports were audited in 2010 as part of the 5-year FERC Part 12D inspec-
tion requirement.  The updated PFMA reports consisted of the 2005 reports with revisions not-
ed in the report including re-categorization of some PFMs. 

As part of the 5-year FERC Part 12D inspections in 2015, DWR coordinated three weeks of 
PFMA Workshops for the P-2426 dams.  This is significantly more time than has been previ-
ously devoted to review of the PFMAs for the project.  The effort utilized the results of the 
2005 and 2010 PFMA reports, while evaluating PFMs with consideration to possible future risk 
assessments, and the benefit of additional time to perform the workshops and provide more de-
tail.   The PFMA workshops were performed in December 2014 and February 2015.   

The 2015 PFMAs were performed following the current interpretation of the FERC Chapter 
14 Guidelines (2005) and provided for a more exhaustive effort to fully develop PFMs.  It is an-
ticipated   that  DWR’s   investment   in  the  recent  PFMA  better  prepares  DWR’s  P-2426 staff for 
continued safe operation of the facility. 

4 SUMMARY OF PFMA RESULTS 

Table 1 below summarizes the number of PFMs identified in 2005 and in 2015 for the four 
DWR P-2426 dams.  In 2010 PFMA audits were performed on all four dams and the results 
generally tracked with the original findings in 2005.  The 2015 PFMAs for the P-2426 dams re-
sulted in significantly more identified PFMs than the 2005 workshop and the 2010 audit.  Rea-
sons for this difference relate to a number of  issues,  including  FERC’s  recent  efforts  to  develop  
Risk Informed Decision Making (RIDM), re-interpretation of failure mode category descrip-
tions, and emphasis by FERC to establish more rigid correlation of the DSSMP with identified 
PFMs. 

Table 1 Summary of the number of PFMs from 2015 PFMA 
Category I Category II Category III Category IV 

2005 2015 2005 2015 2005 2015 2005 2015 
Pyramid Dam 0 2 0 10 1 3 0 2 
Quail Dam 0 4 3 16 0 1 0 1 
Cedar Springs 0 0 0 11 0 0 0 1 
Devil Canyon 
AB 0 2 0 3 0 0 0 0 

Other federal agencies (US Army Corp of Engineers and Reclamation) have advanced the 
use of risk analysis and risk informed decision making for dam safety over the last ten to fifteen 
years.  More recently FERC has initiated development of guidelines for dam owners to be used 
in development of risk-informed approaches to dam portfolio management.  Since the guide-
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lines are still in development, it is not clear exactly how the PFMA process (Chapter 14) will be 
incorporated into RIDM.  However, from the outset, FERC and DWR agreed that the PFMA for 
the P-2426 Dams should refocus efforts to fully develop PFMs and develop consensus on the 
intent and meaning of the PFM Category definitions.  Full development of the PFMs, by 
FERC’s   guidance  meant   that   each  PFM  would   be described in a sequential nature beginning 
with loading, initiation through development and ending with description of the uncontrolled re-
lease  of   the   reservoir.     FERC’s   intent   is   that   these  PFM  descriptions   can  one  day  be  used   to  
construct event trees for risk analysis calculations.  With respect to Classification categories, 
the Core Team for the P-2426 PFMAs revisited the Category definitions several times through-
out the workshop to move toward consistency in their interpretation and to ensure that PFMs 
were not moved too quickly to non-credible (Category IV or Other Considerations). 

5   LESSONS LEARNED 

The discussion presented in this section relates directly to the FERC process and the experi-
ence of DWR.  While tailings dams are constructed and operated differently than hydropower 
projects and are not regulated by FERC, the lessons learned presented below are relevant to tail-
ings dams as the mining industry moves to more widespread use of risk informed decision mak-
ing.  The first and arguably most important step in risk informed decision making is develop-
ment of credible failure modes.  Through recent conversations with FERC, it is now generally 
understood that Category I and II was never intended to include only failure modes that need 
remediation, however that was not the interpretation during the 2005 PFMA workshops.  FERC 
has  clarified  that  the  intent  is  to  highlight  PFMs  that  need  to  be  front  and  center  in  an  owner’s  
DSSMP.  These may include things in existing dams that should be remediated but the need to 
fix something is not the only criteria for a credible PFM.  For example, if a dam owner designs 
a new embankment dam and includes filters, drainage features, and other modern components 
that are consistent with state-of-the-art design for mitigating the potential for seepage related 
failure modes, because of potential hidden defects, flaws during construction, or other unfore-
seen circumstances, a piping failure can never be completely ruled out.  Therefore, a diligent 
dam owner would always include some level of surveillance and monitoring for the initiation of 
a piping or internal erosion event.  This perspective holds true for tailings dams and may be 
even more important due to the nature by which tailings dams have been constructed and oper-
ated historically and the associated inherent uncertainties.  

Generally, Category I and Category II are credible failure modes with higher and lower de-
grees of likelihood and consequences, respectively.  The likelihood might be very low but not 
so low as to completely ignore the possibility, thus the need to monitor.  On the other hand Cat-
egory IV is considered to be of such low likelihood as to be considered not credible, and there-
fore the need for monitoring or surveillance specific to that failure mode may not be necessary 
or desired.   

Although not required by FERC, DWR repeated an in-depth evaluation of its four P-2426 
dams during the 2015 PFMA workshops.  For the 2015 PFMA workshop a number of presenta-
tions by DWR staff and subject matter experts led to productive, but lengthy discussions.  
While these discussions benefited the process by re-familiarizing participants to the dams, they 
did not focus exclusively on PFM development.  Further, the PFMA process and scope, PFM 
categorization, and level of detail necessary to meet FERC expectations required repeated clari-
fication.  Specifically, DWR realized that FERC expected PFMs leading to uncontrolled releas-
es, not just dam failure, to be included in the process and that failure to do so could potentially 
lead to an inadequate and non-compliant submittal.  The PFMA reports on record clearly fo-
cused on dam failure rather than uncontrolled releases.  Because of these expectations, DWR 
planned a full three weeks for the P-2426 PFMAs.  Ultimately, only ten working days were 
needed to complete the PFMA workshop.  The facilitation team delivered new, comprehensive 
PFMA  reports  for  all  four  dams  for  use  by  DWR’s  Board  of  Consultants  in  their  Part  12D  Safe-
ty Inspection effort.     

The 2015 PFMA workshops for Project 2426 represented a large percentage of the State Wa-
ter  Project  Dam  Safety  Program’s  2014  fiscal  year  budget.    However,  from  an  owner’s  perspec-
tive, the investment provided great value on several fronts.  The workshop brought together cur-
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rent and former DWR staff, subject matter experts, and regulators with varying experience and 
roles   in   the   stewardship   of   the   dams.      The   facilitation   team   captured   the   group’s   collective  
knowledge, experience, and judgement in the PFMA reports and these reports will undoubtedly 
enhance the understanding of the dams by future generations of DWR staff, consultants, and 
regulators.  The workshops benefited the Board of Consultants and DWR engineers by bringing 
to light subject matter and issues that were buried in the vast quantity of documentation or 
communicated for the first time by Operations personnel during the workshop.  The Category I 
PFMs identified and documented in the reports provide DWR dam safety engineers with strong 
justification to pursue and prioritize applicable risk reduction measures in advance of other 
competing projects.  Lastly, DWR dam safety engineers believe the PFMA effort and reports 
provide an excellent resource and basis for any future RIDM efforts if needed. 

Moving forward, a number of lessons learned suggest improvements are needed within the 
PFMA  process.    In  particular  from  an  owner’s  perspective  it  is  important  that  the  process  pro-
vide for a cost effective effort for maintaining safe dams while not sacrificing the value of thor-
ough treatment of the subject matter.  Issues relevant to cost and the process that developed dur-
ing the P-2426 PFMAs are described below. 

• The cost and duration of the PFMA workshop is driven by the number and collective
knowledge of the PFMA participants.  Because most participants had not familiarized
themselves to the level needed prior to the workshop, an inordinate amount of time was
needed   to   familiarize   attendees  with   each   dam’s   design,   construction,   and   historical   per-
formance.

• Voting members should be limited to core members only.  Allowing too many voting partic-
ipants makes achieving general consensus on a PFM category difficult and time consuming.

• Early clarification and statement of expectations by FERC in advance of a PFMA workshop
should streamline the schedule, remove confusion, and limit debate.  However, the duration
of a workshop will still be difficult to predict as it depends on numerous factors, such as the
number  of  participants  and  their  preparation,  PFM  brainstorming  effort,  the  dam’s  complex-
ity,   the   recorder’s   speed,  and   the  Facilitator’s  ability   to  keep   the  participants   focused  and
on-task.

• Because of the complexity of the P-2426 facilities, having co-Facilitators and using multi-
ple note-takers greatly enhanced the ability to capture critical information, expedite the pro-
cess, and develop a comprehensive document.  However, the increased cost of these bene-
fits must be weighed against the value of the final product, and may not be warranted for
other less complex projects.

• The development of the risk reduction measures is a brainstorming exercise during which
the concepts are minimally vetted and discussed amongst the participants.  However, the
risk reduction measures can be applied indiscriminately within the Part 12 recommenda-
tions, potentially increasing the cost of Part 12 compliance without fully understanding
their feasibility or actual risk reduction benefit or cost.  Dam owners and Part 12 Independ-
ent Consultants should thoroughly vet risk reduction measures to ensure they effectively
and efficiently address their respective PFMs.  It is possible that the implementation of
RIDM, while adding another required step to an already expensive and time consuming
process, could allow for the proper vetting of the risk reduction measures.
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1 PROJECT INTRODUCTION 

During the construction of a raise to an existing tailings storage facility (TSF) (lined with a com-
posite geosynthetic liner system consisting of a geosynthetic clay liner (GCL) secondary liner 
overlain by a textured 1.5-mm (60-mil) linear low density polyethylene (LLDPE) primary liner, 
gaps were identified between adjacent panels of GCL deployed during the previous construction 
stage. The previous construction stage was completed in 2007; the composite liner system was 
left in an unconfined (unloaded) exposed condition for approximately 6 years. The GCL was 
“heat   tacked”   and   the   standard   overlaps   increased   over   the  manufacturer’s  minimum   recom-
mended overlap to mitigate potential GCL movement from tension necking or shrinkage due to 
repeated wetting and drying cycles.   

2 PROJECT BACKGROUND 

2.1 Project Location and Description
The project site is located in the Great Basin Region of the western United States at an elevation 
of approximately 1765 meters (5800 ft). The TSF is a fully lined (with geosynthetics) facility, 
consisting of lined rockfill embankments on three sides of the facility and contained by natural 
topography that slopes into the impoundment area on the remaining side. The TSF has been raised 
multiple times using a modified downstream construction method on the embankments and in-

Field Identification and Mitigation of Geosynthetic Clay Liner 
Seam Separation in a Tailings Impoundment Composite Liner 
System 

P.E. Kowalewski, PE, K.S. Sessions, PE, J.W. Knudsen, PE, A.K. Butler, PE 
Tierra Group International, Ltd., Elko, Nevada, USA 

A. Jung
CETCO, Evergreen, Colorado, USA 

ABSTRACT: The use of geosynthetic clay liners (GCLs) as a component of composite liner sys-
tems in landfills, ponds, heap leach facilities, and tailings impoundments has increased signifi-
cantly over the past 5 to 10 years. Field observations (Thiel and Richardson, 2005 and Koerner 
and Koerner, 2005) and laboratory testing (Thiel et al., 2006) have indicated that under specific 
unconfined and exposed conditions, seam separation may potentially occur due to several differ-
ent mechanisms, including tension necking or shrinkage due to repeated wetting and drying cy-
cles. During the construction of a raise to an existing tailings storage facility in the western United 
States, it was suspected that the GCL secondary liner, installed during construction of the previous 
stage, experienced seam separation in a limited area. A field investigation was conducted to iden-
tify affected areas, a root cause analysis was completed, and measures were developed and im-
plemented to repair the identified affected seams. New installation procedures and both destruc-
tive and non-destructive testing protocols were developed to prevent future occurrences. 

611

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



dustry-standard slope lining methods for the impoundment area. The facility has been in contin-
uous operation for over 20 years and has not experienced any significant operational or environ-
mental issues during its operation.      

2.2 Site Climate 
The site’s  climate is characterized as semi-arid, with approximately 276 mm (11 in) of average 
annual precipitation compared to approximately 1400 mm (55.1 in) of average annual evapora-
tion.  Approximately  half  of  the  site’s  precipitation  occurs  as  snowfall  during  winter months and 
rainfall events during warmer months are often in the form of short duration, high intensity thun-
derstorms. Temperature at the site ranges from lows of approximately -29°C (-20°F) in winter to 
highs of approximately 32°C (90°F) during the summer. The site experiences significant surface 
water flows during the annual freshet event each spring, which often occurs over a very short 
duration (several weeks). 

3 FIELD IDENTIFICATION OF GCL SEAM SEPARATION 

During construction of the TSF raise, the leading edge of the composite liner system from the 
previous stage of construction was exposed and removed from the anchor trench to allow for the 
composite liner system of the new construction stage  to  be  “tied  in”  to  the  existing  system. When 
the leading edge of the composite liner system was exposed and removed from the anchor trench, 
the  Liner  Installer  and  Resident  Engineer  observed  that  there  were  “gaps”  between  the  adjacent  
panels of the GCL (secondary liner) and the prepared low permeability soil foundation was ex-
posed. The Resident Engineer and Liner Installer walked the seam down the slope and, using both 
tactile (applying pressure with toe or heel of boot to primary liner) and auditory (tapping the 
primary liner with the handle of a shovel or rake) methods, they were able to identify several 
areas along the seam where they suspected the GCL panels may have separated. In all of these 
locations, the primary LLDPE liner was intact and showed no signs of distress or damage. The 
primary liner was then cut to expose the underlying secondary liner. As can be seen in Photo 1, a 
section of the GCL liner had separated, resulting in a loss of continuity of the secondary liner 
system. 

Following the identification of the initial GCL panel separation, the Liner Installer, Resident 
Engineer, and Design Engineer consulted with the Owner to identify a plan for identifying the 
potential extent of the seam separation in the field and develop a mitigation plan. The initial in-
vestigation plan consisted of the following: 

 Review the GCL and Liner Panel Deployment Plans from the previous stage of construc-
tion; 

 Review  the  Liner  Installer’s  Quality  Control  (QC)  data  from  the  previous  stage  of  con-
struction; 

 Review  the  Resident  Engineer’s  Daily  Reports  from  the  previous  stage  of  construction; 
 Extend the field investigation area of the GCL seams in both directions away from the 

initially identified seam. Use both the tactile and auditory methods on the primary liner 
to try and identify potential areas where the GCL may have separated. Mark the primary 
liner using spray paint for follow-up investigation (cutting of the primary liner to expose 
the underlying GCL); 

 Develop a field repair procedure to repair the seam separation in the GCL and repair the 
overlying LLDPE primary liner;   

 Review the Design Report for the facility to determine if any unique features exist in the 
area of concern; 

 Conduct a literature review on seam separation to aid in the root cause determination; and 
 Consult  with  the  GCL  manufacturer’s  technical  staff  to  discuss the observed conditions 

in  the  field.  Have  the  manufacturer’s  technical  staff  visit  the  site  and  observe  the  condi-
tions firsthand to aid in the identification of the root cause and aid in the formulation of a 
mitigation plan.  
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Photo 1. Example of Observed GCL Panel Separation 
 
 

3.1 Field investigation 
The Resident Engineer and Liner Installer walked the primary LLDPE liner along the approxi-
mate alignments and locations of the underlying GCL panel seams, as determined from the Panel 
Deployment Plans, to identify additional areas where seam separation may have occurred. Over 
50 areas of potential seam separation were identified using the tactile and auditory identification 
methods. A total of 49 seam separation areas were positively identified after cutting open the 
primary liner and exposing the underlying GCL. Each separation was numbered, measured, and 
photographed prior to repairs. Panel separation was surveyed either prior to patching the primary 
LLDPE liner or after LLDPE patching by surveying marls on the liner showing the extents of the 
GCL separation (made by Resident Engineer at the time of patching). The seam separation widths 
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(measured at their maximum aperture) ranged from approximately 9 cm (3.6 in) to 101 cm (3.3 
ft) and ranged in length from 0.3 m (1 ft) to 22.9 m (75 ft). 

The following observations were noted during the initial inspection of the separated GCL pan-
els, which occurred in July 2013: 

 The majority of the GCL panels inspected (43 of the 49) showed no wrinkles or folds 
near the separation or in the middle of the panels; however, six of the identified 49 sepa-
rations did have some folds at the edge where the GCL had appeared to be folded back 
on itself (later concluded to be a result of installation or removal of the primary textured 
LLDPE liner over the GCL and not related to the dimensional change of the GCL); 

 There was no tearing or other damage to the GCL; 
 GCL was moist but not near saturation. Individual bentonite grains were evident at some 

of the edges of the GCL but was sufficiently dry that loose bentonite crystals could be 
shaken out of the GCL at the edges; 

 There was no evidence of heat bonding (tacking) in the middle of the separations; 
 Original installed width of the panels was approximately 4.4 m (14.5 ft). Some of the 

installed panels were as narrow as 3.2 m (10.5 ft); 
 One of the observed separations was held together by a short stretch of heat-bonded seam 

with separation occurring on either side of the heat bond; and 
 Subgrade below the GCL was moist but not saturated. 

The observation that the seams did not appear to be separated where an adequate heat-bonded 
seam (tack) was present (Photo 2) and incorporated into the field repair method used on the iden-
tified separations. 

3.2 Field repair method 
The Owner, Liner Installer, Resident Engineer, and Design Engineer collaborated to develop a 
field repair method to use on the separated GCL panels. The TSF was actively receiving tailings 
at the time of the investigation; as a result, the liner system could not be fully removed and rein-
stalled, instead, an in-situ repair (patching) needed to be used. The following method was used to 
repair each of the identified separations: 

 Expose the entire GCL panel separation (seam) area; 
 Measure the length and maximum width of panel separation; 
 Survey the GCL panel separation extents (if surveyor was available); if surveyor was not 

available at the time of the repair, survey the extent of the LLDPE patch on the primary 
liner to identify approximate extents of the GCL repair; 

 Install seaming bentonite at the edges of the GCL panel separation; 
 Place a GCL patch over the panel separation area, with at least 15 cm (6 in) of overlap 

onto the existing GCL in every direction; 
 Continuously heat-bond seam (tack) all edges of the GCL patch to the existing GCL; and 
 Repair the primary LLDPE liner and perform installation QC measures according to the 

Project Construction Documents. 
The field repair method was implemented to minimize the amount of time the primary LLDPE 

liner was open, exposing the secondary GCL liner. Minimizing GCL exposure was a significant 
concern during the repair process due to the frequency of thunderstorms occurring at the site 
during the time of the repairs.   
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Photo 2. GCL Panel Separation (Note Lack of Separation at Heat Bond)  

 
 

4 ROOT CAUSE ANALYSIS 

Once the panel separations were identified, the primary concerns were to identify the extent of 
the panel separations, repair the separations to ensure continuity of the secondary GCL liner, and 
determine why the panel separations occurred to aid future geocomposite liner system design. 
The results of the field investigation, literature review, review of construction documents, review 
of design documents, and consultation with the GCL manufacturer were used to formulate a root 
cause, which in turn led to the development and adoption of mitigation measures to prevent future 
GCL seam separations.  
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4.1 Literature review 
At the time the GCL seam separation was identified in the TSF, the GCL panel separation issue 
was not undocumented; the first reported cases of GCL separation were reported in 2005 (Koerner 
and Koerner, 2005). In all reported cases, the geomembrane was left exposed (no cover soil placed 
over the liner) and no steps were taken to mechanically seam adjacent GCL panels. Subsequent 
laboratory and field investigations have been undertaken to better understand the issue. Research 
points to two main causes of GCL seam separation: repeated cycles of wetting and drying and 
tension  “necking”  leading  to  the  narrowing  of  the  GCL  panel. 

In response to these findings, laboratory testing (Thiel et al, 2006) was performed to further 
evaluate the effects of cyclic wetting and drying on the dimensional stability of GCLs. Five dif-
ferent geotextile-encased GCL products were tested, each made with different types of cap and 
carrier geotextiles, various water contents (of the bentonite encased in the GCL), and various 
needlepunch densities. Laboratory testing procedures consisted of placing 36 cm x 61 cm [14 in 
x 24 in] GCL samples in aluminum pans; clamping the ends (to simulate field conditions on a 
slope where there is anchorage or ballast at both ends); and subjecting the samples to 40 cycles 
of hydration and oven-drying at 60°C [140°F] (to simulate cooling and heating extremes expected 
under an unconfined, exposed geomembrane in the field). After each cycle, the sample width was 
measured and divided by the initial width to calculate shrinkage. The data show that all the geo-
textile-encased GCLs tested, regardless of geotextile type or manufacturer, exhibited significant 
shrinkage in unconfined conditions with repeated wetting and drying cycles. The final shrinkage 
after 40 cycles ranged from 12.8% to 23.0% (Athanassopoulos, 2013b). Applying these results to 
the 4.4-m (14.5-ft) wide GCL panels would equate to shrinkage on the order of 0.56 m (1.85 ft) 
to 1.01 m (3.32 ft), which is consistent with the observed magnitude of shrinkage observed at the 
TSF. 

Based on the results of the laboratory testing, it was recognized that the potential for GCL 
shrinkage exists under unconfined conditions. A novel approach to address this issue was imple-
mented at the Carlota Mine in Arizona (Thiel and Thiel, 2009). At Carlota, GCL seams were 
overlapped and heat-bonded with the application of a flame from a torch followed by the appli-
cation of light pressure either by foot pressure or by dragging a sandbag over the heat-seamed 
area. The GCLs were then covered with the primary geomembrane for up to 60 days. In subse-
quent months, holes were cut into the primary liner to check on the GCL seams. There was no 
evidence of GCL shrinkage in any of the locations. 

Rowe et al (2010) obtained samples of the GCL seams that had been heat bonded at Carlota 
and subjected them to 40 wetting and drying cycles in laboratory pan tests similar to those per-
formed by Thiel et al (2006). Following the repeated wetting and drying cycles, the shrinkage 
was measured at the seams as well as in areas outside of the seams. The areas outside the seams 
showed shrinkage of a similar magnitude as that previously identified (Thiel et al, 2006) but noted 
that the seams all remained intact. The seam strength was then tested and determined to be as 
strong, or stronger, than the GCL material itself. 

Based on the results of these findings, in cases where it is not possible to place cover soil over 
the liner system in a timely manner and the cover system will remain exposed for prolonged 
periods, heat bonding the seams of geotextile-encased GCLs was recommended (Thiel and Rowe, 
2010). 

Joshi et al (2011) prepared heat bonded seams with four different GCL products and measured 
the tensile strength of the seams. The seam strength varied depending upon the geotextile types 
(woven versus non-woven) used in the GCL but overall ranged from approximately 4.38 to 7.88 
N/mm (25 to 45 lb/in) for non-woven/woven GCLs and 9.11 to 13.48 N/mm (52 to 77 lb/in). 
Similar testing was completed by TRI in 2013 to determine the tensile strength of heat-bonded 
seams on a non-woven/non-woven GCL made with either a torch or a hot air gun. The results 
showed high seam strengths ranging from 7.01 to 8.76 N/mm (40 to 50 lb/in]. 

Bostwick (2009) devised a test to measure the tensile forces generated as a fully hydrated GCL 
shrinks due to drying. In the study, a non-woven/non-woven GCL sample was placed in an alu-
minum plan, similar to the previous studies (starting with Thiel et al, 2006). Rigid aluminum side 
pieces were attached to the edges of the GCL and an aluminum bar was connected to the side 
pieces. The plate and bar configuration allowed the full shrinkage force to be transferred to the 
aluminum bar. Strain gages were placed on the aluminum bar and measured to determine the 
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forces as the GCL shrunk. The maximum shrinkage force measured using this approach was 1.66 
N/mm [9.5 lb/in], which is significantly less than the measured strength of the heat bonded seams 
(as per Joshi et al, 2011 and TRI, 2013). 

4.2 Review of liner installation records 
The Resident Engineer and Design Engineer reviewed all of the liner installation records for the 
area in question to determine if there were any issues encountered with regard to the material 
quality  (for  either  the  GCL  or  LLDPE),  reviewed  the  Liner  Installer’s  start-up records from each 
day (documentation of trial welds, etc.) to determine if any significant changes had occurred while 
deploying the liner in this area. The Liner Deployment Plans were reviewed to understand the 
orientation of the GCL panels with respect to the slope of the underlying foundation. No points 
of concern were identified that could be attributed to contributing to the observed seam separation 
issues with the GCL. 

4.3 Review of facility design reports 
The design report prepared for the previous stage of construction was reviewed to identify any 
issues that could contribute to the observed seam separation. Upon reviewing the design report, 
one item stood out: the area where the seam separation had been identified was roughly bounded 
on the north and south by two spring drains that had been installed to convey observed surface 
expressions of groundwater (springs) below the liner system. As mentioned above, the site expe-
riences a significant amount of surface runoff each spring in response to the annual freshet. 
Around the site (particularly on the hillside to the east of the mine), numerous springs and seeps 
flow for short durations as shallow groundwater flows exit the hillside and report to surface drain-
ages. The spring drains constructed beneath the facility capture these flows and convey them 
beneath the TSF in a pipe constructed in a gravel-filled/geotextile-wrapped trench. The fact that 
the seam separation was observed in the vicinity of the spring drains guided the Team to the 
observation that it was very likely the GCL had experienced multiple cycles of wetting and dry-
ing. At this site, each spring, there is a significant amount of water available in the subsurface 
(east side of the TSF only, the other three sides are rockfill embankments), then during the sum-
mer months it can get extremely hot (especially on the black primary liner). These conditions 
would appear to be very similar to those envisioned and tested by Thiel et al (2006).    

4.4 Consultation with GCL manufacturer 
The consultation with the GCL manufacturer proved to be very informative. The manufacturer 
was engaged to perform an independent literature review, conduct a site visit, and collaborate 
with the Design Engineer to develop a mitigation plan for the current and future stage construction 
activities. The following is a summary of the observations made by  the  GCL  manufacturer’s  tech-
nical representative following the site visit: 

 No evidence of heat bonding (heat tacking) was observed on the upper or lower panels of 
GCL in the areas where the GCL panels had separated; 

 Exposed subgrade was moist approximately 1 cm (0.4 in) below the surface; and 
 Bentonite, in some areas, was in crystal form but was coarse-grained, cracked, and dis-

similar to the condition of the bentonite crystals during GCL production/manufacturing. 
The GCL manufacturer initiated an independent research program in conjunction with the Ge-

osynthetic Research Institute (GRI) to evaluate options for heat bonding the seams to achieve 
adequate strength and develop both destructive and non-destructive test methods for implemen-
tation during construction. This research has led to the development of three draft GRI Test Meth-
ods (GCL6 through 8, respectively), which are summarized below:  

GRI Test Method GCL6: Field Seaming 
Six methods are described for field seaming, including thermal fusion, adhesives, tape, and sew-
ing. The standard recommends thermal fusion seaming (heat bonding), using either a hand-held 
hot air or propane torch device. For heat bonding methods, the specification recommends the 
following: 
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 Seaming should be performed on clean, dry GCL that has not been hydrated and is free 
of fugitive bentonite or other debris; 

 Heat should be applied to melt but not burn the geotextiles of the GCL; and 
 Normal pressure should be applied to the seam immediately after heat is applied (simple 

foot pressure is acceptable). 
The specification concludes with recommendations regarding QC/QA procedures, such as doc-

umenting the ambient conditions during seaming, field seaming identification, trial seams, and 
destructive/non-destructive test documentation. 

GRI Test Method GCL7: Destructive Testing 
This specification addresses destructive testing of field seams, performed either in the laboratory 
or at the work site. Highlights of the destructive test recommendations include: 

 Destructive testing to be performed on field seams or on trial (startup) seams and destruc-
tive test frequency should be determined on a case-by-case basis; 

 If destructive tests are taken from field seams, the destructive test location should be 
patched with heat-bonded GCL with a minimum overlap of 0.3 m (1 ft) past all cut edges; 

 Five specimens (cut perpendicular to the seam) should be tested in tensile shear to the 
point of failure and the average value should be reported; 

 Failure modes can be seam failure or geotextile failure; 
 Loss of bentonite/clay during the destructive test will not affect the test results as the 

geotextile seam strength is irrespective of bentonite; and 
 Destructive test can be performed using a laboratory constant rate of extension (CRE) 

machine or a typical field tensiometer fitted with 2.5×10 cm (1×4 in) clamps. 
The method also lists typical expected test values and required reporting such as precision, 

identification, and recordkeeping. The standard does not specify a destructive test frequency or 
minimum required seam strength. The Design Engineer recommended performing destructive 
tests only on trial welds, which should be performed at the beginning of each shift, after breaks, 
and per machine, per user. This will eliminate the need for repairs over destructive test locations 
and will provide a more consistent final product. Additional destructive tests will be required at 
the discretion of the Owner, Engineer, or Quality Assurance (QA) Provider during construction. 
The Design Engineer also recommended establishing a minimum required seam strength value 
equal to the maximum shrinkage force of 3.50 N/mm (20 lb/in), which is greater than the maxi-
mum observed shrinkage force of 1.66 N/mm (9.5 lb/in) reported by Bostwick (2009). 

GRI Test Method GCL8: Non-Destructive Testing 
GRI Test Method GCL8 asserts that non-destructive testing can be compared to destructive test 
results at a magnitude less than the ultimate strength. In this standard, the in-situ test is performed 
using a spiked plate, a 4.54-kg (10-lb) weight, and typical luggage scale to apply a horizontal 
force to the GCL seam. CETCO recommends a target horizontal load of 1.75 N/mm (10 lb/in) for 
a duration of 5 seconds and a test frequency of 1 per 45.7 m (150 ft). The test should be performed 
under dry conditions and with a target ambient temperature range of 4.4 to 37.8°C (40 to 100°F). 
Any separation, geotextile delamination, or rotation under loading should be observed and noted. 
In  the  event  any  of  these  occur,  the  test  should  be  viewed  as  “failing”  and  the  seam  should be 
repaired and re-tested or a patch should be installed over the tested area. 

The standard also lists recommended reporting requirements, such as load applied, length of 
load application, and photographs documenting equipment and field technique. 

4.5 Root Cause Determination 
Following the completion of the field investigation to determine the extents of the seam separa-
tion, literature review, construction document review, design report review, and consultation with 
the GCL manufacturer and leading researchers at GRI and TRI, the Team concluded that the 
separations in the field were likely caused by GCL shrinkage in response to repeated wetting and 
drying cycles induced by subsurface drainage in that specific area of the TSF and inadequate heat 
bonding of the seams. The Design Team had identified the possibility of seam separation during 
the design and had incorporated heat tacking of the seams into the deployment plan for the GCL. 
However, the specification did not require continuous heat seaming. The review of the GCL seam 
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performance strongly indicated (and was reinforced by laboratory observations) that continuous 
heat bonding of the seams was required to prevent separation. Field evidence (condition of the 
bentonite) indicated that the bentonite had been hydrated and dried. The presence of moisture 
below the GCL (observed in July) also reinforced the hypothesis that moisture was being intro-
duced to the GCL through the foundation. The temperature of the primary LLDPE liner elevates 
every summer during daylight hours, which provides a mechanism similar to the oven drying of 
the GCLs used in the laboratory experiments (Thiel et al, 2006). 

5 MITIGATION MEASURES 

The Team implemented the following mitigation measures to ensure that GCL seam separation 
does not occur: 

 Adoption of the recommendations contained in GRI Draft Test Methods GCL6, GCL7, 
and GCL8. GCL will be overlapped and continuously heat-bonded using either a torch, 
hot air device, or similar apparatus. A Liner Installer worked in conjunction with GRI to 
evaluate the modification of a hot wedge welder to perform the continuous heat seaming 
of the GCL. The modifications allowed continuous welding of the GCL seam and pro-
vided seams with tensile strengths that consistently exceeded minimum required values; 
and 

 Covering of the liner system (LLDPE and GCL) as soon as practicable. Scheduling of 
TSF staged construction should seek to minimize the window of unconfined exposure of 
the liner system, especially in areas where subsurface moisture (seeps, springs, etc.) may 
hydrate (and subsequently dry out) the underlying GCL.    

6 CLOSING REMARKS 

Heat bonding of GCL seams provides a bond that is significantly stronger than the shrinkage 
forces developed within the GCL material and mitigates the potential for shrinkage of the GCL 
during repeated cycles of wetting and drying in an unconfined (unloaded) condition. While heat 
bonding  the  GCL  seams  does  require  some  additional  effort,  the  authors’  experience  has  shown  
that it does not significantly increase the overall time required for installation of the composite 
liner system. 

During the preparation of this paper, as well as during the design of other facilities and subse-
quent raises to the TSF discussed in this paper, GCL manufacturers have asserted that their ma-
terials of construction or manufacturing methods minimize (or in some cases eliminate) the po-
tential for GCL shrinkage. While not doubting their assertions, the authors strongly advise 
product-specific laboratory testing before determining the seaming method to be used. The au-
thors are also aware of several field studies of GCLs (in progress) that are aiming to provide 
additional information regarding the shrinkage of GCLs and how to mitigate the seam separation 
issue. Based on the observed field performance and studies reviewed during this project, the au-
thors strongly recommend heat seaming of all GCL seams when there is a potential for repeated 
wetting and drying of the GCL in an unconfined condition. In the event a Design Engineer is 
considering waiving this requirement (heat bonding of seams), the authors strongly recommend 
product-specific laboratory testing using a procedure similar to that originally presented in Thiel 
et al (2006) prior to approving this type of variance. The magnitude of shrinkage observed as a 
result of the repeated cycles of wetting and drying in the laboratory did line up well with those 
observed in the field and are believed to be representative of the potential shrinkage that can 
occur.       
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1 INTRODUCTION 

In 2014 Golder Associates (CQA Consultant) was contracted to conduct Construction Quality 
Assurance (CQA) observations and testing for expansion construction of a Tailings Storage Fa-
cility (TSF) that included the use of a Geosynthetic Clay Liner (GCL).  The GCL installation, 
CQA, and testing requirements of this TSF expansion project differed compared to those of past 
projects.  Details on why the changes were necessary are presented in a Tierra Group Interna-
tional (TGI) paper (TGI, 2016), which is a sister paper to this one.  However this paper can be 
reviewed and used as a standalone reference. 

This paper focuses on implementing the revised procedures for installation, CQA and testing 
of GCL at a full-scale construction project.  As far as we know, this was the first full-scale con-
struction project to use these revised procedures, and we want to share our learnings and expe-
riences with these new procedures. 

2 DESIGN AND SPECIFICATION CHANGES 

The concern for panel separation at seams prompted changes in the GCL engineering design 
and installation specifications for the subject project.  For detailed information see the TGI pa-
per. 

2.1 Past Procedures 
Past procedures for geosynthetic installation, including GCL seaming and testing, have com-
monly been prescribed through project specifications developed from Geosynthetic Institute 

Improved Construction Techniques and Testing Of GCL Liner 
Seams  

J. Snyder, P.E. 
Golder Associates Inc., Elko, Nevada, USA 

A. Del Toro 
Golder Associates Inc., Elko, Nevada, USA 

ABSTRACT: The new Geosynthetic Clay Liners (GCL) installation procedures and both de-
structive and non-destructive testing protocols were implemented for the construction of a raise 
to an existing tailings storage facility (TSF) in the western United States.  In response to the 
concerns of panel separation, Geosynthetic Institute (GSI) produced three draft publications 
that outlined these new procedures.  As these new procedures had not been previously used on 
a full scale construction project, field modifications had to be developed during construction.  
Through great team work between the TSF owner’s technical and construction management 
staff, design engineer-of-record staff, construction quality assurance team, and geosynthetic 
contractor, the GSI’s draft procedures were refined to ensure that the objectives of the new pro-
cedures were met, and that regulatory concerns were addressed. 
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(GSI) publications.  Historically, GCL seams had been overlapped and/or spot fused using a 
propane torch or heat gun. 

2.2 Revised Procedures 
This particular TSF expansion project required a new seaming method to prevent panel separa-
tion.  New draft GSI recommendations for seaming were referenced in the TSF Technical Spec-
ifications for the project that modified the historic seaming procedures.  The TSF project team 
worked together to implement these new and revised procedures. 

3 GEOSYNTHETIC INSTITUTE PUBLICATIONS 

3.1 GRI Methods 
In response to the concerns of panel separation, GSI produced three draft publications. These 

three publications were referenced in the GCL section of the Technical Specifications of the 
subject TSF project construction documents produced by the TSF Engineer of Record. 

3.1.1 Test Method GCL6 – Field Seaming of Overlapped Geosynthetic Clay Liners (GCLs) 
This publication provided guidelines for field seaming of GCL and described six methods: three 
using thermal fusion and three using adhesives, double sided tape, and sewing.  
 
GSI developed GRI test method GCL6 for field seaming of overlapped GCL panels. During the 
development of GCL6 the GSI determined that heat welding would provide a superior bond of 
overlapped GCL panels, and that the specific use of a hand-held hot air tool (Leister®) would 
provide the best combination of safety, efficiency, effectiveness, and flexibility when working 
on undulating surfaces. (Geosynthetic Institute, December 2013) 

3.1.2 Test Method GCL7 – Determining the Tensile Shear Seam Strength of Geosynthetic Clay 
Liners (GCLs) 
This publication focused on tensile shear strength testing procedures on destructive samples 
from GCL seams.  
 
Once installed, it is crucial to test welded seams to ensure that the minimum required strength is 
achieved. The GSI developed GRI test method GCL7 to provide a protocol to test seam quality. 
This technical reference provides a standard sampling and testing method where samples of the 
welded GCL seam are removed and subjected to destructive testing in a tensiometer. (Geosyn-
thetic Institute, December 2013) 

3.1.3 Test Method GCL8 – In-situ Tensile Strength Verification of Geosynthetic Clay Liner 
(GCL) Seams 
This publication presented test procedures for conducting non-destructive testing on GCL field 
seams. 
 
It is not desirable or practical to remove a piece of installed GCL and destructively test it.  To 
avoid having to destructively test every seam the GSI developed GRI test method GCL8 to pro-
vide procedures and protocols to test seam quality in-situ without damaging the installed GCL. 
The method uses a small spiked attachment plate for gripping the upper geotextile surface of the 
GCL, a known weight for applying a small normal force, and a luggage scale to measure a hori-
zontal force which is applied by hand in the direction of the seam. (Geosynthetic Institute, De-
cember 2013) 
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Figure 1: Original GRI In-situ Testing Apparatus   

4 CONSTRUCTION TECHNIQUES 

4.1 Recommended Seaming Methods 
Hot air (or hot wedge) automated fusion, hand-held hot air fusion, and hand held propane torch 
are the three thermal fusion seaming procedures outlined in the GRI publication.  Two of the 
three thermal fusion seaming procedures were used on the subject TSF project; hot wedge au-
tomated fusion and hand-held hot air fusion. 

4.2 Hot wedge automated fusion procedure-  
Hot wedge automated fusion was used as the primary method to seam adjacent GCL panels dur-
ing the TSF expansion project.  Two hot wedge machines were used on this project: Pro-Wedge 
Model VM-20 and Pro-Wedge Model 3XL automated hot wedge devices, see Figure 2. The 
VM-20 proved to be the preferred machine and was used for most GCL seaming.  Adjacent 
GCL panels were overlapped approximately six inches on each leading edge prior to commenc-
ing seaming. 
 

 
Pro-Wedge Model VM-20           Pro-Wedge Model 3XL 

Figure 2: Hot Wedge Fusion Machines 
 

The procedure for welding GCL was very similar to other geosynthetic liner welding tech-
niques which allowed the contractor to adapt the procedure easily in the field.  The contractor 
used a similar procedure that was used to seam the project primary liner, linear low density pol-
yethylene (LLDPE) liner. The GCL overlaps must be dry and free of debris before being weld-
ed, but they did not need to be wiped. The GCL was overlapped 6 inches and fused together 
with a single solid seam that welded the top layer of a GCL panel to the bottom layer of the 
overlapped GCL.  The hot wedge machine was able to seam together GCL panels without re-
moving the clay that is sandwiched between the top and bottom layer of the GCL. When weld-
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ing LLDPE geomembrane, double-wedge welding leaves a small channel which the contractor 
uses to test the seam under air pressure. When welding the GCL together, the contractor’s 
wedge welding equipment created a full continuous seam that eliminated a channel and avoided 
the need to air test the seam (GCL is not airproof). Instead, GCL installed on this project used a 
Cetco system called SuperGrooveTM which was used on all seam edges that were heat bonded. 
Super-groove technology incorporates a groove in the bottom non-woven geotextile layer that 
allows the bentonite to migrate out and self-seam at the overlap.  The bentonite migration would 
occur during hydration.  This feature eases the installation process by eliminating the need for 
supplemental bentonite.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Photos of Cetco GCL SuperGrooveTM 
 
There are three variables that are involved in the seaming process; rate of seaming, tempera-

ture, and applied pressure.  CQA Consultant and Engineer of Record provided assistance to the 
contractor to implement the new GCL seaming and testing procedures with field modifications.  

Initially the geosynthetic contractor tried both hot wedge welding machines; the VM-20 was 
found easier to maneuver on the GCL seams and produced better overall results.  Contractor 
quality control staff and CQA Consultant observed the contractor attempting the various seam-
ing techniques, and provided quality assurance by recording operator performance and weld in-
tegrity. Quality assurance tasks consisted of: recording wedge welding machine settings and re-
sults of GCL trial welds/pre welds shear tests.  In cases where the new techniques did not 
produce acceptable results, modifications to temperature and speed were made and the seaming 
tasks were repeated until acceptable results were attained. 

Speed and temperature of the welding equipment were varied until acceptable results on the 
GCL panel seams were achieved.  The Contractor adjusted temperature and speed in order to 
not burn the GCL, too hot or too slow would damage the panels, too cold or too fast would not 
provide acceptable welds.  The acceptable procedure was developed prior to the production 
seaming.   

The temperature was varied between 600 to 750 degrees 
F.  For the site conditions encountered 700 degrees F 
was found to be the ideal temperature. See Figure 5 for 
plots of shear testing at various temperatures. The speed 
setting on the hot wedge welding machine was varied 
between 9 and 10; with 10 producing the better results.  
Contractor set wedge welding machine pressure to pro-
vide adequate squeezing of the GCL and was not 
changed as adjustments to the speed and temperature 
were made to produce the best results.  The wedge 
welding machine was manufactured to propel itself 
across geomembrane so, when used on GCL the opera-
tor had to assist the machine to maintain the desired 
speed.  This procedure was used throughout the project  

Figure 4: Typical Hot Wedge Seaming       and produced excellent results.  No failures in the shear 
                                                               testing were recorded once the procedure was perfected. 
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Figure 5: Fusion Weld Shear Values at Various Temperatures 

4.3 Hand held hot air fusion procedure-  
Hand-held hot air fusion welding was used on tie-ins, repairs, and on odd-shaped GCL panels 
with major overlaps, including fish mouths. This procedure was used after placing granular ben-
tonite in between each panel at the seams in combination with using the correct overlap. One of 
the drawbacks in this procedure is that it was highly dependent on the skills and consistency of 
the operator, and required much practice to become proficient.  The temperature settings on the 
hand-held hot air fusion gun from 7 to 10 were tried; 9 generally produced the best results.  
When used correctly, hot air fusion welding was a good choice to seam GCL where hot wedge 
automated fusion welding could not be used.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Typical Hand Held Hot Air Fusion 
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4.4 Shear Testing Strategy and Results 
GRI test method GCL7 recommends a tensiometer with a 4-inch clamp be used to test the GCL 
seam samples.  However, contactor was only able to find tensiometer with 2-inch clamp.  

 
 

 
Figure 7:  Tensiometer with 2-inch Clamps Used to Shear Test GCL Seam Samples 
 
Project specifications required 4-inch coupons.  For the trial weld and pre-shift testing, five 4-
inch coupons were tested for each operator and machine. For this project a minimum require-
ment of 20 pounds per inch was specified.  For each sample 4-inch field coupons were cut and 
shear tested.  Minimum shear of 80 pounds, (20 times 4) was established for the project.  When 
this requirement was not met, a new sample was welded and retested. 

Prior to seaming activities, the contractor performed trial seams on GCL samples from seams 
made from both hot wedge and hot air welding procedures to verify operating equipment and 
operator competency. Pre-shift seams were performed at least twice a day. Pre-shift seams were 
typically performed at the beginning of the day, during mid-shift and when substituting either 
the welding equipment or the operator.  Trials were performed using similar material and condi-
tions encountered in the field.   

Hot wedge welds were typically stronger than 
hot air welds.  When failures would occur gener-
ally would be immediate with shear test results of 
well below 80 pounds. Typically, failures for 
wedge welding occurred because seams were wet 
or had bentonite powder trapped in the weld.  
Typical failures for air welding were due to 
equipment and operator inconsistency.  No fail-
ures were recorded once the seaming method was 
perfected.  The range of hot wedge welded seam 
shear test results was from 83 to 174 pounds with 
an average of 115 pounds; the range of hand held 
hot air gun seams shear test results was from 81 
to 204 pounds, with an average of 102 pounds.  
All trial testing results were recorded by CQA 
Consultant and the contractor.  

It was established that cutting and removing in-
stalled GCL was not desirable. Destructive testing 
on seams for subject project was not performed; 
destructive testing was only performed on trial 
and pre-shift samples. To verify weld strength on 
installed panels, non-destructive in-situ testing 
was performed.  

 
Figure 8: Contractor Performing Trial Welds Using a Tensiometer 
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Figure 9:  311 Fusion Weld Shear Test Results  
 
 Shear testing was performed on 311 destructive samples, 165 from fusion welded seams and 146 from 
extrusion welded seams. All destructive samples were taken from the trial and pre-shift samples performed 
during production placement of the GCL. 

4.5 In-situ Testing Strategy and Results 
To test the seam strength of installed panels, a new method for this project was developed. It 
used an apparatus that consisted of a 4-inch x 6-inch metal plate with quarter inch spikes on 
quarter inch spacing bent into two opposing 90-degree turns, and a five pound flat steel weight 
which was used to attach the plate to the GCL panels.  A digital luggage scale operated under a 
spring load was attached to the overall plate.  The contractor would insert the spiked plate onto 
the GCL and pull. The GCL had to resist a horizontal force of 80 pound for a minimum of five 
seconds.   

Different attempts to develop a consistent and acceptable testing techniques are described as 
follows.  At first, the contractor had difficulty getting the plate to remain attached to the GCL 
during the test.  CQA Consultant and Engineer of Record worked with the contractor to develop 
an alternative solution, which involved welding the 5 pound 4-inch x 6-inch metal weight to the 
plate.  Even with this added weight the plate would not stay attached to the GCL.  The contrac-
tor solved this by applying a minimum vertical force to the plate by hand to keep the plate at-
tached to the GCL.  Just enough force was applied to the plate so that the spikes would grab the 
upper GCL fabric, and not the lower layers.  This technique was used throughout the entire pro-
ject.  This technique required that the technician apply constant pressure on the plate so that the 
spikes would remain attached to the top geotextile layer.  Therefore some variation was in-
volved with the test procedure. 
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Figure 10:  Side View and Bottom View of Field Modified Non-Destructive Seam Testing Plate.  
 
In order to complete this project with assurance that seams on adjacent GCL panels were ad-

equately welded Contractor QC staff and Project CQA team visually inspected and hand pulled 
virtually every lineal foot of the GCL seams.  As the non-destructive seam tests were only per-
formed every 150 lineal feet of seam.  This inspection method was used for both hot wedge 
welded seams and hot air fusion seams.  No specific numerical data was recorded for the non-
destructive testing.  A pass or fail was noted and failing seams were repaired as described in the 
following paragraph.  The liner contractor recorded 1,434 passing non-destructive tests on com-
pleted seams during the TSF lining project. 

A test failure would occur when one GCL panel would peel away from the other seamed 
GCL panel when being pulled by hand or before reaching the required load with the testing ap-
paratus.  When a failure happened, the contractor would move the location of the test, 10-feet 
forward (repair x) and 10-feet back (repair y) from the failed test and retest the seam. If these 
retests provided passing results, the contractor would place a GCL cap from repair x to repair y, 
covering the original failed test. However, if any of the new retest locations would fail, the con-
tractor would keep testing every 10-feet away from the failed test and cap everything between 
two final passing tests. A typical cap was welded to the defective area using hot air welding 
gun.  Repairs were in-situ tested with the metal plate system at the discretion of CQA Consult-
ant and Engineer of Record. This repair method was used for both hot wedge welded seams and 

hot air fusion seams. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Contractor Performing Non-Destructive Testing On GCL 
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5 CONCLUSIONS AND FURTHER DEVELOPMENT 

To mitigate the risk of GCL seam separation, this project developed and implemented new in-
stallation and testing procedures.  GCL was able to be successfully welded using common in-
dustry tools such as hot wedge and hot air welding equipment. A plan was developed and tested 
in the field to satisfy project specifications. The quality of the seams on the welded panels was 
recorded and every seam was subject to testing. Quality control and repeatability for this pro-
gram was very good. Hot wedge welding provided consistent minimum strength and reliable re-
sults and provided the best combination of safety, efficiency, effectiveness, and flexibility when 
working on undulating surfaces. Hot air welding, when used properly, can be used for seams 
where a hot wedge cannot be used.  Hot wedge welding is desired over hot air welding and 
should be used exclusively where possible.  Any failures or repairs were able to be corrected 
and quality tested in the field. 

Both the destructive and non-destructive in-situ testing of the GCL seams performed during 
the construction of this TSF project provided tangible results that resulted in an improved liner 
system.  The improved installation and testing techniques alleviated owner’s and engineer of 
records concerns and resulted in a liner system that provides maximum practical protection to 
the local groundwater system.  

To our knowledge to date no GCL seams in the subject TSF have separated.  The owner and 
engineer of record continue to monitor the performance of the liner system including the GCL. 

5.1 Recommendations for Further Development 
Contractor indicated that tensiometer with 4-inch clamps was not available, but one with 2-inch 
clamps was available and was used on this project.  Therefore, it is suggested that additional re-
search be performed using 2-inch GCL coupons for shear testing.  On this project 4-inch sam-
ples were tested in a 2-inch machine, we expect that acceptable results would be achieved on 2-
inch wide samples. 
 
The non-destructive in-situ seam testing apparatus should be improved so the quality control 
testing technician can perform the test without having to hold the testing plate to the GCL fabric 
surface.  Some possible modifications identified are as follows: 

x Develop modified hooking plate with barbs or directional hooks to keep plate attached 
to top layer of GCL while conducting test. 

x Specify angle between GCL surface and testing apparatus to achieve more consistent 
results. 

x Develop and test variations of apparatus in the field under real construction conditions 
to design system that provides consistent results 
 

The modified construction and testing techniques implemented during the construction of the 
subject TSF were successful in mitigating concerns of GCL panel separation. With improve-
ments to the in-situ testing apparatus these techniques could become the future industry GCL 
seaming standards. 
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1 INTRODUCTION 

Geosynthetic clay liners (GCLs) are hydraulic barriers consisting of bentonite clay between 
layers of geotextiles or adhered to a geomembrane. The use of GCLs has increased in 
geotechnical engineering since the 1980s due to numerous advantages, which include low 
hydraulic conductivity, competitive costs relative to other design alternatives, ease of handling 
and installation, reduced volume requirements, self-healing of hydraulic resistance, and 
effectiveness against freeze-thaw cycling (Koerner 1997; Bouazza 2002).  As a manufactured 
product, GCLs are used in applications such as waste containment systems, surface 
impoundments, storage tanks, canals, and heap leach ponds (Koerner 1998). 

Shear strength of GCLs is a critical design consideration as GCLs are commonly used on 
sloped surfaces that induce shear stresses on the surface of the GCL (interface) or within the 
GCL (internal).  Internal shear strength of GCLs is particularly important considering hydrated 
sodium-montmorillonite (i.e., primary mineral in bentonite clay) can have internal friction 
angles as low as 0° to 4° (Mesri and Olson 1970).  The internal shear strength of GCLs can be 
increased above the frictional angle of hydrated sodium bentonite via stitch-bonding (SB) or 
needle-punching (NP) carrier and cover geotextiles together to create internal reinforcement. 

 The range of normal stress used to assess GCL shear strength depends on the intended 
application; e.g., low normal stress (10 to 50 kPa) is relevant to cover systems, whereas a broad 
range of normal stress (up to 2000 kPa) is relevant to liner systems in landfills and heap leach 
pads. An increase in peak (τp) and large-displacement   (τld) shear strength coincides with 
increasing normal stress (n) such that internal failure of GCLs exhibit frictional behavior and 
failure criteria can be defined via Mohr-Coulomb strength parameters (Fox and Stark 2004).  

A Novel Direct Shear Apparatus to Evaluate Internal Shear 
Strength of Geosynthetic Clay Liners for Mining Applications 

M. R. Soleimanian & C. A. Bareither
Colorado State University, Fort Collins, Colorado, USA 

ABSTRACT: The objective of this study was to develop a direct shear testing apparatus to 
measure the internal shear strength of geosynthetic clay liners (GCL) for use in mining 
applications.  Innovative aspects of the apparatus include the ability to test GCLs exposed to 
non-standard  solutions   (e.g.,  pH  ≤  1  or  pH  ≥  12),  high  normal   stresses  (up   to  2000  kPa),  and  
elevated temperatures (up to 80 °C). Ultra-high molecular weight polyethylene GCL shear 
boxes were developed to facilitate testing 300-mm-square and 150-mm-square specimens under 
displacement- and stress-controlled conditions. Experiments conducted for this study were used 
to document effectiveness of gripping GCL specimens between stainless steel pyramid-tooth-
plates and a 2-stage hydration procedure that were ultimately used in the shear testing protocol. 
Shear tests on 150-mm-square and 300-mm-square GCL specimens were used to (i) assess shear 
behavior and shear strength, and (ii) validate the direct shear apparatus via comparison to a 
previous study on a comparable GCL.  
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Fox and Ross (2011) reported a transition from interface failure between a textured 
geomembrane and NP-GCL for n < 1380 kPa to partial interface / internal GCL failure for n 
between 1380 kPa and 2070 kPa, and ultimately complete GCL internal failure for n > 2070 
kPa.  This transition in behavior to full internal failure at high n supports the importance of 
GCL internal shear strength for high n applications. 

Peel strength of GCLs is a measure used to quantify the strength of NP reinforcement and can 
be evaluated via standardized techniques (ASTM D6496). Several studies have investigated the 
relationship between peel strength and peak internal shear strength of GCLs (e.g. Fox et al. 
1998; Eid et al. 1999; Zornberg et al. 2005, Athanassopoulos and Yuan 2011; von Maubeuge 
and Ehrenberg 2013).  In general, higher peel strength GCLs exhibit higher peak internal shear 
strength and support the use of high peel strength GCLs in high n applications. 

Exothermic chemical and biological reactions in heap leap facilities lead to elevated 
temperatures on liner systems (e.g., Smith 2008), whereas elevated temperatures in cover 
systems are dependent on geographic location and climatic fluctuations (Koerner and Koerner 
2006).  Temperatures of 45   ˚C may occur in copper sulfide leaching and 75 ˚C in nickel 
leaching that can affect geosynthetic performance (Smith 2008).  Thus, there is a need to 
evaluate the engineering properties and behavior of GCLs used in barrier systems that may be 
subjected to elevated temperatures.  

Geosynthetic clay liners used in liner systems for heap leach facilities can be exposed to a 
broad range of inorganic chemical solutions that can influence polymer degradation (e.g., 
Bouazza 2002; Hornsey et al. 2010).  For example, Hsuan (2002) reports that the type and 
abundance of antioxidants in polymer-based geosynthetics are the primary factors controlling 
resistance against long-term oxidative degradation.  Antioxidants in all polymeric geosynthetics 
are reduced during the lifespan of the geosynthetics, and the rate of antioxidant depletion 
increases with increasing temperature and/or increasing oxygen concentration (Hsuan 2002).  
Hornsey et al. (2010) report that the combination of strongly acidic or alkaline mine process 
waters with elevated temperature represents a critical condition to long-term geosynthetic 
performance in mining applications.  

The objective of this study was to develop a direct shear apparatus capable of performing 
shear strength experiments on GCLs exposed to mine solutions (e.g.,  pH  ≤  1  or  pH  ≥  12), high 
normal stresses (n up to 2000 kPa), and elevated temperatures (up to 80 °C).  The focus of this 
paper is to describe (i) the direct shear apparatus and document functionality, (ii) an assessment 
of a gripping and clamping system that yields effective internal GCL failure, and (iii) a 
comparison of internal peak and large-displacement shear strength parameters to previous 
studies. Functionality of the apparatus with respect to high n and elevated temperature is 
documented herein; however, an assessment of GCL shear testing in mining solutions will be 
addressed in future work.  

2 METHODS AND MATERIAL 

2.1 Developed apparatus 

A direct shear apparatus was developed to facilitate the following experimental conditions: 
 Conduct displacement-controlled and stress-controlled direct shear experiments; 
 Develop and maintain constant test temperatures up to 80° C; 
 Incorporate 300-mm-square GCL specimens for n up to 500 kPa and 150-mm-square 

GCL specimens for n up to 2000 kPa; and 
 Hydrate and expose GCLs throughout the duration of a shear experiment to non-

standard chemical solutions (e.g., high ionic strength acidic and alkaline solutions). 
Schematics of the direct shear apparatus are shown in Fig. 1.  The apparatus incorporates five 
main components: (i) normal force loading system, (ii) shear force loading system, (iii) external 
shear box, (iv) internal GCL shear box, and (v) data acquisition and control system. 
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Figure 1. Cross-section (a) and plan view (b) schematics of the direct shear apparatus. 

2.1.1 Normal Force Loading System 
Normal force was generated via a 305-mm-diameter air cylinder.  The air cylinder was fixed 

to two rectangular steel bars that were secured to the aluminum base plate via four 25-mm-
diameter threaded rods. Normal force was applied to the top shear platen via a 102-mm × 102-
mm square stainless steel loading plate (Fig. 1a).  During shear testing, this loading plate was 
secured to the top shear platen via four bolts to mitigate rotation of upper shear platen and 
maintain a horizontal GCL specimen throughout an experiment.  

2.1.2 Shear Force Loading System 
An Exlar FT45-0605 linear actuator powered by an electro servo motor was used to generate 

horizontal force to push the external shear box (Fig. 1a).  This linear actuator has a 150-mm 
stroke length to provide sufficient horizontal displacement to facilitate achieving both peak and 
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large-displacement shear strengths.  The servo motor was equipped with two inline gearheads to 
achieve a horizontal displacement rate (DR) from approximately 0.01 to 3.0 mm/min. The target 
DR for GCL internal shear strength tests was 0.1 mm/min based on recommendations in ASTM 
D6243/D6243M (2013) and Fox and Stark (2015).  Thus, the range of DRs achievable with the 
linear actuator bounded the target rate and provided flexibility to either decrease or increase the 
horizontal DR as needed. 

The horizontal force applied to the external shear box via the linear actuator was transferred 
to a shear force across the GCL specimen via a reaction block and a 32-mm-diameter stainless 
steel shear loading rod fixed on the opposite end of the direct shear apparatus (Fig. 1a).  The 
reaction block was fixed in place via a gusset plate and horizontal force load frame.  The gusset 
plate was bolted to an aluminum base plate that was also bolted to the steel table frame.  The 
horizontal force between the linear actuator and reaction block was primarily dissipated via two 
25-mm-diameter pre-tensioned steel rods (Fig. 1b).  

The shear loading rod connected to the reaction block was used to apply horizontal force to 
the upper shear platen contained within the internal shear box (Fig. 1a).  The shear loading rod 
was fixed at one end to the reaction block and passed freely through the external shear box via a 
linear bearing.  Horizontal force was applied to the upper shear platen via a row of 29-mm-
diameter stainless steel ball bearings connected to the shear loading rod (Fig. 1b).  The ball 
bearings provided approximately 120 mm of linear contact between the shear load rod and top 
shear platen and also allowed free vertical movement of the top shear platen to facilitate 
contraction or dilation of the GCL during shear.  A 150-mm wide stainless steel plate was 
attached to the upper shear platen at the point of contact between the ball bearings connected to 
the shear load rod and top shear platen. 

2.1.3 External Shear Box 
The external shear box was constructed of aluminum and designed to (i) be in direct contact 

with the horizontal load generated from the linear actuator, (ii) displace freely in the horizontal 
direction, and (iii) hold internal shear boxes that contained the GCL specimens (Fig. 1).  The 
piston of the linear actuator advanced horizontally at a controlled DR and the external shear box 
displaced freely in the horizontal direction via four ball-bearing carriages secured to bottom of 
the external shear box that slide along two stainless steel guiderails bolted to the aluminum 
baseplate (Fig. 1a). On the opposite side of the external shear box, two partially-threaded 
aluminum rods passed through the lower half of the external shear box and served as the locking 
mechanism to hold the internal shear box in-place (Fig. 1b).   

2.1.4 Internal GCL Shear Boxes 
Internal shear boxes were constructed to accommodate a 300-mm-square GCL specimen and 

a 150-mm-square GCL specimen.  A schematic of the 300-mm-square internal GCL shear box is 
shown in Fig. 2.  Internal GCL shear boxes were constructed from ultra-high-molecular-weight 
polyethylene (UHMW) to facilitate shear testing of GCLs submerged in aggressive solutions 
and at elevated temperatures. 

Upper and lower shear platens for both the 300-mm and 150-mm internal shear boxes were 
constructed of UHMW.  The lower shear platen was machined into the bottom of the external 
shear box, whereas the upper shear platen was a free-standing piece of UHMW. The upper shear 
platen was secured to normal force loading plate via intermediary stainless-steel plates (Fig. 2).  
Thus, the upper shear platen was fixed in the horizontal plate during shear testing, whereas the 
internal GCL shear box and lower shear platen were contained within the external shear box that 
was displaced horizontally due to load generated from the linear actuator.  

Geosynthetic clay liner specimens were held against the upper and lower shear platens via 
pyramid-tooth gripping plates with clamping bars at opposite ends of the specimen (Fig. 2).  
Two sets of 300-mm-square pyramid-tooth gripping plates and two sets of 150-mm-square 
pyramid-tooth gripping plates were fabricated out of stainless steel with different tooth heights 
to facilitate testing under a range of n.  One set of plates included 2-mm-tall pyramid-teeth with 
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a concentration of 1 tooth/cm2, whereas the other set of plates included 1-mm-tall teeth with a 
concentration of 2.7 teeth/cm2.  The 2-mm-tooth plates were used for shear tests conducted at n 
≤  250 kPa and the 1-mm-tooth plates were used for shear tests conducted at n > 250 kPa. These 
tooth heights were based on recommendations in Allen and Fox (2007) as well as compression 
tests on representative GCL specimens such that during shear testing there would be no 
interference between the upper and lower pyramid-tooth plates.   
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Figure 2. Cross-section schematic of the 300-mm-square internal shear box that is positioned inside the 
external shear box for shear testing. Notes: GCL = geosynthetic clay liner; UHMW = ultra-high molecular 
weight polyethylene. 
 

A staggered step-pattern was machined into the shear platens and pyramid-tooth plates to 
serve as shear keys. These shear keys provided effective transfer of shear force to shear stress 
within the GCL test specimens and also allowed ease of installing, removing, and changing the 
pyramid-tooth plates.  A series of drainage holes were drilled into the pyramid-tooth plates that 
aligned with drainage grooves machined into the upper and lower shear platens.  The drainage 
holes were 3.2 mm in diameter; the drainage grooves were 3.2-mm wide and deep, and were 
machined on a square grid pattern. This drainage system was designed to promote even 
hydration of the GCL specimen prior to shear testing and allow free drainage during shear. 

2.1.5 Data Acquisition and Control System 
A data acquisition (DAQ) and control system for the direct shear apparatus was developed 

with the following design goals: (i) control horizontal DR or horizontal force via the linear 
actuator; (ii) control vertical force via the air cylinder; (iii) control temperature of the solution in 
the internal GCL shear boxes; and (iv) monitor horizontal and vertical force, horizontal and 
vertical displacement, air pressure applied to the air cylinder, and temperature of the solution.  
The DAQ and control system included a personal computer, controller for the linear actuator, 
National Instruments compact DAQ system, and LabVIEW software.  Horizontal force was 
measured with a low profile 44.5-kN load cell (1210AF-10K-B, Interface, Scottsdale, Arizona) 
and normal force was measured with a 66.7-kN S-type load cell (VLC-110, Virtual 
Measurement and Control, Santa Rosa, California). Vertical displacement was measured with 
two 50-mm linear-variable displacement transducers (LS1, Novotechnik, Southborough, MA) 
and horizontal displacement was measured with a 150-mm linear potentiometer (TEX, 
Novotechnik, Southborough, MA).  Horizontal displacement was also monitored via revolutions 
of the servo motor used to control the DR of the liner actuator. Measurements for all sensors 
were collected every second and subsequently processed using a moving average technique. 

Horizontal displacement was controlled via an AR-02AE Aries drive (Parker Hannifin 
Corporation, Rohnert Park, CA) connected to the linear actuator. Normal force was controlled 
via a feedback-controlled pressure regulator (Proportion-Air, McCordsville, Indiana; QB1) 

635

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



 
 

connected to the air cylinder.  Temperature of the hydration solution was controlled via a solid-
state relay switch connected to two cartridge heaters and type-T thermocouples that were 
submerged in the solution.  All three control systems were monitored via LabVIEW and actual 
measurements of load or temperature were adjusted relative to pre-determined target values.  

The heating system included two cartridge heaters that were coated in a chemical and heat 
resistance epoxy, low-voltage motors connected to plastic stirring rods used to agitate the 
solution, and thermocouples used to monitor and control temperature.  The UHMW internal 
GCL shear box provided effective insulation on five sides of the hydration solution.  The surface 
of the solution was covered with 10-mm-diameter, hollow polypropylene balls to provide 
insulation and minimize evaporation. 

Preliminary experiments were conducted to evaluate capability of the heating system to reach 
and maintain target elevated-temperatures  of  50  ˚C  and  80  ˚C  inside  the  internal  shear  box  and  
within a GCL specimen. Thermocouples were placed within de-ionized (DI) water in the 
internal shear box to monitor and control temperature as well as within the bentonite layer of a 
GCL. Temporal relationships of temperature within the hydration fluid of the internal shear box 
and within the GCL are shown in Fig. 3 for experiments on 300-mm-square and 150-mm-square 
specimens. There was a lag-time observed between the rise in temperature within the DI water 
and within the GCL specimen. In all experiments shown in Fig. 3, the GCL specimen achieved 
the target test temperatures within a maximum of 15 h (900 min) of heating. In   the   80   ˚C  
experiments (Figs. 3c and 3d), thermocouples within the DI water and GCL were equivalent 
after 15 h, and thus, the monitoring temperature of the hydration fluid within the internal shear 
boxes was assumed representative of the internal GCL temperature for shear testing. 
 

20

30

40

50

60

Control (DI water)
Internal GCL
DI water

Te
m

pe
ra

tu
re

 (o C
)

(a)

300-mm GCL Specimen

  

Control (DI water)
Internal GCL
DI water

(b)

150-mm GCL Specimen

 

20

30

40

50

60

70

80

90

0 300 600 900

Control (DI water)
Internal GCL
DI water

Te
m

pe
ra

tu
re

 (o C
)

Elapsed Time (min)

(c)

300-mm GCL Specimen

  
0 50 100 150 200 250 300 350

Control (DI water)
Internal GCL
DI water

Elapsed Time (min)

(d)

150-mm GCL Specimen

 
 

Figure 3. Temporal relationships of temperature within the hydration solution and within the bentonite 
clay layer of a GCL for the following experiments: (a) 300-mm GCL heated to ~ 50 °C; (b) 150-mm GCL 
heated to ~ 50 °C; (c) 300-mm GCL heated to ~ 80 °C; and (d) 150-mm GCL heated to ~ 80 °C. 

2.2 Material 

   The GCL tested in this study was Bentomat DN (Minerals Technology, CETCO®, Hoffman 
Estates, IL), which is a NP GCL that had an average peel strength of 2170 N/m (ASTM D6496 
2015) and no thermal bonding. Bentomat DN is fabricated with non-woven polypropylene (for 
both cover 240 g/m2) and carrier (253 g/m2) geotextiles.  The bentonite dry mass per area was 
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3.6 kg/m2 with liquid and plastic limits of 396% and 29%, respectively (ASTM D4318). Free 
swell of the bentonite in DI water was 25.2 mL/2-g (ASTM D5890).   

2.3 Testing Procedure 

Internal shear strength testing of GCLs was conducted in accordance with ASTM 
6243/6243M.  Minor deviations were adopted as needed to adhere to the developed testing 
equipment and recommendations in literature (e.g., Fox and Stark 2015). The test procedure 
included the following steps: (i) specimen cutting, (ii) hydration, (iii) specimen setup in the 
apparatus, (iv) consolidation, and (v) shearing. 

2.3.1 Specimen Cutting 
All GCL test specimens were cut parallel to machine direction (i.e., direction of GCL 

placement on slopes) and tests were conducted in the machine direction to simulate field 
conditions.  Specimens with initial dimensions of 150 mm × 203 to 229 mm were cut for 150-
mm-square shear tests, and 300 mm × 356 to 381 mm were cut for 300-mm-square shear tests.  
The longer dimension was in the machine direction to accommodate additional length needed to 
clamp the carrier and cover geotextiles to the pyramid-tooth plates (Fig. 2).  

2.3.2 Specimen Hydration 
The standard hydration procedure adopted for use in the GCL shear experiments was 

developed via an initial test series on 150-mm-square GCL specimens to evaluate the effect of 
hydration on shear behavior and shear strength. A summary of shear tests conducted with 
varying hydration procedure is in Table 1.  Hydration of GCLs followed a 2-stage hydration 
procedure from Fox et al. (1998).  Each of the two stages had a specific hydration n and 
elapsed time.  In Fox et al. (1998), Stage 1 included hydration for 1 d under n = 1 kPa and 
Stage 2 included hydration for at least 2 d under the target n for shear testing.  In this study, 
Stage 1 included n = 20 kPa that was carried out for elapsed times of 2, 3, 5, and 7 d.  After 
Stage 1, Stage 2 involved hydration for 1 d under the target n for shear testing, which was 100 
kPa for all experiments in this hydration procedure evaluation (Table 1). Hydration during Stage 
1 was conducted in a plastic pan filled with DI water and GCLs were sandwiched between two 
layers of geocomposite (i.e., geonet adhered between two layers of GT).  Stage 2 was conducted 
in the direct shear apparatus such that GCL specimens could continue hydrating and consolidate 
under n = 100 kPa.  All specimens tested in the hydration procedure evaluation were sheared 
with a constant DR of 1 mm/min to a max displacement of at least 70 mm. 
 
Table 1.  Summary of shear tests conducted to evaluate the GCL hydration procedure. 

  

2.3.3 GCL Shear Testing 
All GCL direct shear experiments followed a systematic procedure of hydration, specimen 

setup, consolidation, and shearing. A 2-stage hydration procedure was adopted for all specimens 
as described previously.  The specimen setup involved placement of the GCL specimen between 
a set of pyramid-tooth plates and securing opposite ends of the carrier and cover geotextiles via 

Normal 
Stress: 
Stage 1 
(kPa) 

Hydration 
Time: 

Stage 1 
(d) 

Normal 
Stress: 
Stage 2 
(kPa) 

Hydration 
Time: 

Stage 2 (d) 

Normal 
Stress at 
Failure 
(kPa) 

Peak Shear 
Stress 
(kPa) 

Displace-
ment to 

Peak (mm) 

Shear 
Stress at 
70 mm 
(kPa) 

1 2 98.1 2 98.1 154 29.0 15.6 
20 2 100.2 1 100.2 138.4 25.9 21.3 
20 3 100.0 1 100.0 143.6 26.0 14.0 
20 5 99.8 1 99.8 147.1 26.9 21.1 
20 7 99.9 1 99.9 149.3 29.5 18.2 
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clamping plates (Fig. 2). The pyramid-tooth plates and GCL specimen sandwiched between 
them was then transferred to the lower platen of the internal GCL box and subsequently the 
entire internal GCL shear box was placed into the external shear box (Fig. 1).  The top platen 
with intermediary stainless-steel plates was placed on top of the upper pyramid-tooth plate and 
the air cylinder piston was extended so that the normal loading plate just touched the upper 
platen.  The normal loading plate was then bolted to the intermediary stainless steel plates.  The 
shear loading rod was moved such that the ball bearings just touched the upper shear platen and 
then fixed in-place via locking nuts on both sides of the reaction block.  Finally, the vertical and 
horizontal displacement transducers were fixed in their respective positions (Fig. 1) and the 
internal GCL box was filled with DI water to inundate the GCL specimen. 

The required n for shear testing was applied incrementally to minimize bentonite extrusion 
from the GCL specimens. An initial n = 20 kPa was applied on the GCL and n was increased 
via a load-increment-ratio of one such that n on the specimen was doubled every 3 to 4 hr.  
Thus, to achieve a target n of 100 to 2000 kPa for shear testing required 16 to 32 hr. After 
reaching the target n for shear testing, test specimens were allowed to continue hydrating and 
consolidating under the applied target n for at least 24 hr prior to shearing. 

A DR of 0.1 mm/min was used in all direct shear experiments to develop failure envelopes.  
Additional shear tests were conducted to evaluate the effect of hydration procedure (described 
previously) and effectiveness of the pyramid-tooth plates at a DR of 1 mm/min.  All 150-mm-
square GCL specimens were sheared to at least 70 mm of horizontal displacement and all 300-
mm-square GCL specimens were sheared to at least 100 mm of horizontal displacement to 
effectively capture τp and  τld. Shear stresses and τp and   τld were computed with respect to the 
initial specimen area in the shear plane (i.e. no area correction applied), which is in agreement 
with standard practice (e.g., Fox and Stark 2015).  After shear testing, specimens were removed 
and visually inspected to assess failure and to measure final specimen dimensions. Six to eight 
bentonite samples were exhumed from the GCL specimens following testing to measure 
bentonite water content along the center-line of the specimen (i.e., every 25 or 38 mm along the 
length of the 150-mm and 300-mm GCL specimens, respectively). 

3 Results 

A summary of all direct shear experiments conducted as part of this study is in Table 2.  
These experiments were conducted to (i) evaluate gripping surface effectiveness as a function of 
n, (ii) assess stress-displacement behavior for 150-mm and 300-mm GCL shear tests; and (iii) 
develop Mohr-Coulomb failure envelops for τp and  τld for n ranging from 100 to 2000 kPa. 

 
Table 2.  Summary of geosynthetic clay liner shear tests conducted for this study. 

Spec-
imen 

Width 
(mm) 

Hydration 
Normal 
Stress: 
Stage 1 
(kPa) 

Normal 
Stress: 

Stage 2 & 
Failure 
(kPa) 

Peak 
Shear 
Stress 
(kPa) 

Peak 
Secant 

Friction 
Angle (°) 

Displace
-ment to 

Peak 
(mm) 

Shear 
Stress at 
70 or 100 
mm (kPa) 

Large-
Displacement 

Secant 
Friction 

Angle (°) 

Ave. 
Water 

Content 
(%) 

150 1 18.9 - - - -  165 
150 1 50.0 115.8 66.6 35.8 43.9 41.3 156 
150 1 79.5 149.1 61.9 28.9 12.7 9.1 190 
150 1 98.1 154.0 57.5 29.0 15.6 9.0 138 
150 20 100.7 166.2 58.8 26.2 33.0 18.1 131 
150 20 251.7 238.7 43.5 23.9 34.6 7.8 112 
150 20 500.0 381.8 37.4 21.3 50.5 5.8 56 
150 20 998.3 435.2 23.6 21.4 71.7 4.1 63 
150 20 1954 594 16.9 21.4 116.5 3.4 49 
300 20 99.9 199.6 63.4 27.7 38.0 20.8 130 
300 20 251.4 273.4 47.4 28.7 26.9 6.1 126 
30\0 20 499.7 359.6 35.7 26.1 54.8  6.3 75 
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3.1 Evaluation of Pyramid-Tooth Gripping Plates 

Four direct shear experiments were conducted on 150-mm-square specimens at n = 20, 50, 
80, and 100 kPa to evaluate effectiveness of the pyramid-tooth plates as gripping surface (Table 
2).  Relationships of shear stress versus horizontal displacement for these four experiments are 
shown in Fig. 4a. All specimens were hydrated using the 2-stage hydration method from Fox et 
al. (1998) and sheared at a DR of 1 mm/min to a max displacement of at least 70 mm. A peak 
shear stress was not defined for the experiment conducted at n = 20 kPa due to slippage 
between the geotextiles and pyramid-tooth gripping surfaces, which led to development of 
tension within the GTs.  However, a more pronounced peak shear stress can be observed with an 
increase in n (Fig. 4a). This behavior was attributed to more effective grip between the GTs and 
pyramid-tooth plates as n increased and more effective transfer of horizontal force via the 
actuator to internal shear force within the GCL. A shearing n of 100 kPa was subsequently 
selected as the minimum n for testing the DN Bentomat used in this study. 

3.2 Evaluation of Hydration Procedure 

Relationships of shear stress versus horizontal displacement for shear tests conducted to 
evaluate the 2-stage hydration procedure (Table 1) are show in Fig. 4b. All tests revealed a 
comparable peak and long-displacement shear strength (Table 2) regardless of hydration 
procedure, which is in agreement with McCartney et al. (2009) who reported no decrease in 
internal peak shear strength for NP GCLs following 48 hr of hydration under the same n as the 
n applied during shear.  A modest difference was observed in shear stress versus horizontal 
displacement behavior for the 2-stage hydration procedure that followed Fox et al. (1998). In 
this experiment, shear stress was lower relative to all other tests during initial deformation, 
which was due to increased tension within the reinforcement fibers during hydration under a 
lower Stage 1 n. Assuming a constant swell pressure on the bentonite clay in all experiments in 
Table 1 and Fig. 4b, a lower n will allow greater stress transfer to the reinforcement fibers 
during hydration, which slightly elongated the fibers such that additional horizontal 
displacement was required to reach a similar shear stress.  However, regardless of the lower n 
and potentially greater tensile stress in the reinforcement fibers, all shear tests to evaluate the 2-
stage hydration yielded comparable shear behavior and internal shear strength. To avoid pre-
tensioning reinforcement fibers prior to shearing, the 2-stage hydration with n = 20 kPa for 
Stage 1 and at least 2 d of hydration was adopted for experiments discussed in Section 3.3. 
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Figure 4. Relationships of shear stress versus horizontal displacement for 150-mm-square GCL specimens 
conducted to evaluate (a) the effectiveness of the pyramid-tooth plates as gripping surfaces and (b) two-
step hydration procedure. 
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3.3 Shear Stress-Displacement Relationships and Failure Envelopes 

Relationships of shear stress versus horizontal displacement for 150-mm and 300-mm GCLs 
are shown in Fig. 5.  Experiments were conducted on 150-mm specimens for n ranging from 
100 to 2000 kPa and on 300-mm specimens for n ranging from 100 to 500 kPa.  All shear tests 
on GCLs exhibited anticipated displacement-softening behavior, whereby shear stress achieves a 
peak corresponding to τp and then reduces and approaches a shear stress representative of τld. A 
summary of failure stress conditions for all experiments is in Table 2.  The amount of available 
horizontal displacement for the 150-mm and 300-mm GCL specimens was sufficient to achieve 
a nearly constant large displacement shear stress (Fig. 5).  A localized peak shear stress can be 
observed at displacements < 3 mm, which may be due to insignificant slippage of between the 
GCL and pyramid-tooth plates before full gripping and transmission of shear force over area of 
specimen (Fox and Ross 2011).  The displacement to τp for 150-mm specimens decreased with 
an increase in normal stress from 26 mm for n = 100 kPa to 21mm for n = 2000 kPa (Table 2). 
Displacements to τp for 300-mm specimens were approximately 26 to 28 mm. The shear 
behavior observed in Fig. 5 for the direct shear apparatus developed in this study is comparable 
to previously reported internal shear behavior of GCLs (e.g., Fox and Stark 2004). 
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Figure 5.  Relationships of shear stress versus horizontal displacement for shear tests conducted on (a) 
150-mm-square and (b) 300-mm-square GCL specimens. 
 

Failure envelopes representing peak and large-displacement shear strength (τp and  τld) from 
the experiments summarized in Fig. 5 are shown in Fig. 6.  Data from Fox and Ross (2011) for 
experiments on a similar Bentomat DN GCL are also included in Fig. 6 for comparison. The τp 
data were represented with a bilinear Mohr-Coulomb failure envelope to capture τp for a broad 
range of normal stress (Fox and Ross 2011; Fox and Stark 2015): one failure envelope was used 
for  100  ≤    n ≤  500  kPa  and  one  failure  envelope  for  500  ≤  n ≤  2000  kPa.    In contrast, a single 
Mohr-Coulomb failure envelope was sufficient to capture τld. 

Peak shear strengths for the first portion of bilinear failure envelope for in this study are 
slightly greater than those reported in Fox and Ross (2011), which may be attributed to 
specimen variability, difference in gripping surface, or specimen conditioning since experiments 
at lower normal stress are more dependent on these variables. However, τp measured for the 
150-mm GCL specimens in this study at 1000 and 2000 kPa align well with data from Fox and 
Ross (2011) and support the accuracy of the developed shear apparatus to measure peak internal 
shear strength of GCLs. The τld measured in this study and τld reported by Fox and Ross (2011) 
are also comparable with only modest differences as a function of n.  Furthermore, experiments 
from Fox and Ross (2011) were conducted on 305 mm by 1067 mm specimens, and the close 
comparison with data generated in this study suggest that smaller-sized GCL specimens are 
applicable to capture internal shear behavior and shear strength of GCLs.   
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Figure 6.  Peak and large-displacement failure envelopes for the needle-punched reinforced GCL tested in 
this study.  Data from Fox and Ross (2011) are for a comparable GCL. 

4     CONCLUSION 

In this study, a novel direct shear apparatus was developed to evaluate internal shear strength 
of GCLs for mining applications. Experiments were conducted to assess effectiveness of the 
gripping surface under low normal stresses and appropriateness of hydration procedures.  Also, 
a series of shear tests were conducted on 150-mm-square and 300-mm-square GCL specimens 
to develop peak and residual failure envelops to compare to a previous study and validate the 
direct shear apparatus and experimental procedure. The following conclusions were developed 
from this study. 

 Effectiveness of the pyramid-tooth gripping plates increased as normal stress increased 
from 20 to 100 kPa.  Under very low normal stresses, shear force was partially 
transferred to tensile force within the carrier and cover geotextiles due to insufficient 
contact and possible slippage between the geotextiles and gripping surface. Clear 
definition of peak shear strength was attained for normal stress = 100 kPa for the 
reinforced GCL evaluated in this study. 

 A minimum normal stress should be defined such that the developed gripping surface is 
capable of uniform transfer of shear stress over the geotextile surface that is then 
transferred to the reinforcement fibers.  Identification of an effective gripping surface can 
be completed via evaluating shear stress versus horizontal displacement behavior to 
determine a clear peak strength and post-test visual inspection to assess if tensile stress 
developed with in the geotextiles and led to specimen elongation. 

 A series of 2-stage hydration tests indicated that hydration under a low normal stress (1 
to 20 kPa) for 2 d followed by incremental loading to the prescribed normal stress for 
shear and an additional 1 d of hydration is appropriate to effectively measure internal 
shear strength of a reinforced GCL.  Longer hydration times up to 7 d under a low stress 
did not influence the measured internal shear strength of a GCL.   

 Peak shear strength was simulated with a bilinear failure envelope to capture the internal 
shear strength of the reinforced GCL for normal stress ranging from 100 to 2000 kPa, 
whereas large-displacement strength were simulated with a single failure envelope.  Peak 
and large-displacement shear strengths compared favorably to a previous study on a 
similar GCL, which provided validation for the direct shear apparatus developed herein 
as well as the evaluated of internal shear behavior and shear strength of reinforced GCLs 
on smaller test specimens (e.g., 150-mm-square specimens as tested in this study).  
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1 INTRODUCTION 

Geosynthetic clay liners (GCLs) are  thin  (≤  10  mm)  factory  made hydraulic barriers, consisting 
of a layer of bentonite (clay) bonded or sandwiched between layer(s) of geotextile and/or a ge-
omembrane. When hydrated and permeated with a dilute solution (e.g., tap water), the layer of 
bentonite within the GCL forms a low hydraulic conductivity (k) layer that acts as a barrier for 
fluid flow and contaminant transport (Shackelford et al. 2000). GCLs have been used as barriers 
in waste containment (e.g., liners and covers for municipal and hazardous waste landfills as well 
as liners for evaporation ponds, wastewater ponds, manure lagoons, and secondary containment 
in tank farms) for the past three decades. Increasingly, GCLs are being used in mining applica-
tions, including as liners for uranium mill facility tailings, brine evaporation ponds, waste rock 
dumps, and secondary liners for heap leach pads (Bouazza 2010). These applications often involve 
containing leachates with high dissolved salt concentrations, and extreme pHs, which exceed 
thresholds typically encountered in other environmental containment applications.  

The hydraulic behavior of GCLs is governed by the swelling of montmorillonite (smectite), the 
dominant mineral constituent of the bentonite component (Grim 1968). Bentonite in GCLs is in 
the form of dry granules of the sand or silt-size range that are assemblages of montmorillonite 
platelets as well as accessory minerals (Shackelford et al. 2000, Scalia et al. 2011).  When hy-
drated, water associates with the montmorillonite platelets (McBride 1994), which is manifested 
as swelling of the immobile phase and results in the sealing of intergranular pores (Mesri & Olson 
1971, Mitchell & Soga 2005).  The mobile water phase is relegated to narrow and tortuous intra-
granular flow-paths, which results in low k (typically < 3×10-11 m/s at low effective stresses, < 35 

Method and Equipment for Hydraulic Conductivity Measurement 
of Geosynthetic Clay Liners with Mine Waste Leachates 

J. Conzelmann & J. Scalia 
Colorado State University, Fort Collins, CO, USA 

ABSTRACT: Development and validation of a mine-waste-leachate resistant flexible wall per-
meameter is described for measurement of the hydraulic conductivity (k) of geosynthetic clay 
liners (GCLs) with solutions encountered in mining applications. Hydraulic conductivity data are 
necessary to demonstrate suitability of GCLs, and chemically enhanced GCLs, in mining appli-
cations, and to estimate long-term performance. Existing test methods (e.g., ASTM D6766) lack 
simple procedures to collect effluent for chemical analysis, and commercially available testing 
equipment is typically incompatible with extreme pH solutions that are encountered in mine waste 
leachates. Flexible wall permeameters constructed with non-reactive materials and intended to 
minimize clogging were tested by a gravity head method using a synthetic soil porewater (elec-
trical conductivity, EC = 0.5 mS/cm, pH = 6.1), and a synthetic gold pregnant leach solution (EC 
= 3.3 mS/cm, pH = 6.2). Comparative tests were performed by ASTM D6766 using a standard 
commercially available permeameter. Results of this study illustrate the viability of the mine-
waste-leachate resistant permeameter and gravity head method for measuring hydraulic compat-
ibility of GCLs for mining applications. 
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kPa). Unfortunately, three chemical mechanisms exist which can substantially reduce swelling in 
bentonite, resulting (at low effective stresses) in substantial increases in k: 

 Cation exchange plus wet-dry cycles—For high swelling to occur, monovalent cations (such 
as sodium, Na) must satisfy the exchange complex of montmorillonite; Na is the dominant 
cation in bentonite used in GCLs. However, monovalent cations are thermodynamically 
unstable in environments where multivalent cations are present (Sposito 1989), including 
most naturally occurring pore waters and most leachates (Kolstad et al. 2004, Bradshaw & 
Benson 2014). When present, multivalent cations replace monovalent cations, resulting in 
partial removal of immobile water (Benson & Meer 2009), more conductive pore spaces, 
and up to a 10-times increase in k (Jo et al. 2005, Lee & Shackelford 2005). If the exchanged 
clay is then desiccated and rehydrated, high swelling will not occur, and an up to 100,000-
times increase in k will result (Benson & Meer 2009). 

 High concentrations—The magnitude of bentonite swell is a function of the concentration 
of dissolved ions in the pore water, with more swell occurring when the pore water is more 
dilute (Norrish & Quirk 1954). Sufficiently strong hydrating or permeant solutions will re-
duce or eliminate high swell (Norrish & Quirk 1954, McBride 1994), and result in up to a 
100,000-times increase k (Guyonnet et al. 2009, Scalia & Benson 2011). 

 Extreme pH—Bentonite is thermodynamically unstable at pH < 3 and pH > 12, these solu-
tions can result in bentonite dissolution (e.g., Jozefaciuk & Matyka-Sarzynska 2006, Gates 
& Bouazza 2010) and increased k. In addition, extreme pH solutions have high concentra-
tions of dissolved protons or hydroxyls, as well as other dissolved elements, which will 
reduce or eliminate high swell (Shackelford et al. 1994), resulting in high k. 

Potentially counteracting the above mechanisms that reduce bentonite swell, yielding more 
open and connected pores, and higher k, are mechanisms that reduce the size and connectivity of 
pores: 

 Effective stress—Greater effective stress results in lower void ratio (greater dry density) and 
lower k (Mesri & Olson 1971, Petrov et al. 1997, Shackelford et al. 2000). 

 Pore clogging mineral precipitates—Precipitation of new mineral phases (e.g., calcium sil-
icate hydrates, calcium aluminum silicate hydrates, hydrous sodium carbonates and sodium 
aluminum carbonates) in bentonite pores in conjunction with bentonite dissolution has been 
hypothesized for hyper-alkaline solutions, and may result in maintenance of low k (Benson 
et al. 2010; Gates & Bouazza 2010). 

 Polymer additives—Recognition of the sensitivity of bentonite to adverse chemical inter-
actions has led to the development of polymer modified bentonites for environmental con-
tainment applications (e.g., Trauger & Darlington 2000, DiEmidio et al. 2010, Scalia et al. 
2014). Polymer modified bentonites are intended to maintain low k in applications where 
un-amended bentonite does not provide sufficient performance. GCLs containing polymer 
modified bentonites have been shown at elevated concentrations and extreme pHs to exhibit 
k that is orders of magnitude lower than that of GCLs containing un-amended bentonite 
(Scalia et al. 2014). 

The ultimate hydraulic performance of a GCL is based on the combination of bentonite (and 
additives, if any), liquid chemistry (i.e., concentration and pH), and effective stress. Thus, to an-
ticipate GCL performance in mining applications, project specific hydraulic compatibility tests 
are necessary. ASTM D6766 (Standard Test Method for Evaluation of Hydraulic Properties of 
Geosynthetic Clay Liners Permeated with Potentially Incompatible Solutions) provides a method 
for measuring k of a GCL with potentially incompatible solutions. However, this method, and the 
equipment (i.e., permeameters and bladder accumulators) typically employed, are not designed 
for the high concentration and extreme pH solutions encountered in mine waste leachates. These 
solutions can clog permeameter tubing (e.g., by precipitation of salts or amorphous phase miner-
als), and corrode equipment, resulting in inaccurate k measurements as well as damage to testing 
equipment. A simpler gravity head based falling headwater-constant tailwater method has been 
used in academic research (e.g., Jo et al. 2004, Kolstad et al. 2004, Lee & Shackelford 2005, Meer 
& Benson 2007, Bradshaw & Benson 2014, Scalia et al. 2014, Tian et al. 2016).  This simplified 
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method is similar to the falling headwater-constant tailwater method in ASTM D6766 (Method 
B), except backpressure saturation and permeant interface devices are not included, and a gravity 
head is used to produce flow. This method has been employed to facilitate long-term k testing of 
GCLs, with some tests lasting up to 7 yr (Katsumi et al. 2008, Bradshaw & Benson 2014).   

The purpose of this study is to investigate the use of a mine-waste-leachate resistant perme-
ameter (MW permeameter) in conjunction with the simplified gravity-head testing method (sum-
marized above) for hydraulic compatibility testing of GCLs with mine waste leachates. A com-
mercially available needle-punched GCL and a prototype non-reinforced polymerized bentonite 
GCL (composed of 10% polymerized bentonite and 90% un-amended bentonite by mass) were 
tested in accordance with ASTM 6766 using a commercially available flexible-wall permeameter 
and by the gravity head method using a chemical resistant permeameter. Hydraulic conductivity 
tests were performed with a synthetic soil pore water reflective of subgrade hydration and perco-
lation and a synthetic gold pregnant leach solution. Results are compared to assess the accuracy 
of the simplified gravity-head method used with the MW permeameter with the default method 
prescribed by ASTM D6766 and a commercially available permeameter. 

2 MATERIALS 

2.1 GCLs 
A commercially available needle-punched GCL and a prototype non-reinforced bentonite-ben-
tonite polymer composite (Bent-BPC) GCL were tested. The needle-punched GCL consisted of a 
layer of natural sodium bentonite (mass-per-area = 4.6 kg/m2; swell index [ASTM D5890], SI = 
25.2 mL/2 g in deionized water, DIW, fluid loss [ASTM D5891] = 13.1 mL/20 min in DIW), 
sandwiched between two nonwoven geotextiles, and bonded by needle punching. The prototype 
non-reinforced Bent-BPC GCL consisted of 10% granular BPC mixed with 90% granular Na-
bentonite (mass-per-area = 4.6 kg/m2; SI = 56 mL/2 g in DIW, fluid loss = 9.0 mL/20 min in DIW) 
sandwiched between two calendared nonwoven geotextiles. The constituent materials of the BPC-
bentonite GCL, and the in-permeameter assembly method for the non-reinforced GCL, are de-
scribed in detail by Scalia et al. (2014). 

 

2.2 Permeant Solutions 
Two solutions were tested, a synthetic soil pore water reflective of worst case subgrade hydration 
and porewater percolation (conservative water, or CW, as described in detail by Scalia and Benson 
2010a), and a synthetic gold pregnant leach solution (Au-PLS). The chemical properties of these 
solutions are described in Table 1. CW was prepared by dissolving 15.5 mg of NaCl and 214.6 
mg of CaCl2 in 1 L of DIW. Au-PLS was prepared by combining 415.34 mg CaCl2, 121.44 mg 
MgCl2, 1464.6 mg Na2SO4, 19.57 mg KNO3, 141.19 mg NaCl, and 17.99 mg KCl in 1 L of DIW. 
 
Table 1. Properties of conservative water (CW) and synthetic gold pregnant leach solution (Au-PLS) used 
in hydraulic conductivity testing. 

 Solution 
Parameter CW Au-PLS 
Ionic Strength, I (mM) 6.1  42 
RMD (mM1/2) (a) 0.22 11 
Electrical Conductivity, EC (mS/cm) (b) 0.5 3.3 
pH (b) 6.1 6.2 
(a) RMD = ratio of monovalent-to-divalent cations; refer to Kolstad et al. (2004) for additional details 
(b) Measured using Orion Versa Star pH/Conductivity meter, Thermo Scientific, Waltham, MA 
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3 METHODS & EQUIPMENT 

3.1 Hydraulic Conductivity by ASTM D6766 
Hydraulic conductivity of GCLs with chemical solutions was measured by ASTM D6766 follow-
ing Scenario 1—Hydrated/Saturated with Test Liquid (Worst Case) using a falling head – rising 
tail system (Method C). ASTM D6766 calls for use of a permeant interface device when a haz-
ardous/corrosive liquid is tested, these devices are commonly used for all ASTM D6766 GCL 
compatibility tests to isolate hard-to-clean pressure panel boards from permeant solutions. The 
ASTM D6766 default backpressure saturation/hydration and consolidation procedure (i.e., for 
tests not specified otherwise by the requester) was followed. The default method requires rapid 
application of backpressure in 69 kPa (10 psi) increments until a final cell pressure of 552 kPa 
(80 psi) and backpressure of 517 kPa (75 psi) are applied to the specimen, yielding an effective 
stress of 35 kPa (5 psi); a peak effective stress of 103 kPa (15 psi) is applied briefly during the 
application of each increasing backpressure increment. The specimen is then allowed to hydrate 
for 48 h to allow saturation, hydration, swell, and consolidation to occur. After 48 h, the specimen 
is permeated by raising the pressure at the base of the specimen to 531 kPa (77 psi), resulting in 
a 14 kPa (2 psi) pressure difference across the specimen, and an average effective stress of 28 kPa 
(4 psi) across the specimen. All tests were run until the termination criteria listed in ASTM D6766 
were satisfied. 

3.2 Hydraulic Conductivity by Gravity Head Method 
Hydraulic conductivity of GCLs with chemical solutions was also measured by a simplified grav-
ity head based method, similar to the Scenario 1 of ASTM D6766 using a falling headwater-
constant tailwater system (Method B), except backpressure saturation and permeant interface de-
vices are not included.  A volumetrically graded burette is used as the falling headwater reservoir, 
in conjunction with constant (atmospheric) outflow.  Backpressure is not applied to allow for the 
convenient collection of outflow for chemical analysis and to preclude chemical alterations in the 
solution. Once assembled, a 35 kPa (5 psi) cell pressure is applied through application of a 3.6 m 
water column (hydraulic head). The effluent circuit then is cleared of all visible air bubbles by 
opening both ends and gently pulling the permeant solution through the line using a 50 mL sy-
ringe. After all visible air bubbles are removed, both effluent line openings are closed. The inflow 
burette then is filled to a height of 1.4 m (1.4 m hydraulic head) with the effluent lines closed to 
apply a pressure of 14 kPa (2 psi). The influent lines then are cleared of all visible air bubbles by 
partially opening the influent drain line. The influent burette is maintained at 1.4±0.1 m during 
flushing. This step initiates hydration of the GCL specimen under an average effective stress of 
21 kPa (3 psi), which is maintained for 48 h to allow saturation, hydration, swell, and consolida-
tion to occur. After 48 h, the influent line is flushed again as described above, and permeation is 
initiated by opening the permeameter effluent line. These stress conditions were used to match 
the head loss (14 kPa [2 psi] pressure difference) and average effective stress (28 kPa [4 psi]) of 
the ASTM D6766 default method to facilitate comparison of measured k. Tests were run until the 
termination criteria listed in ASTM D6766 were satisfied. 

3.3 Hydraulic Conductivity Test Disassembly 
After all termination criteria were met, cells were depressurized in the reverse order of the method 
used for pressurization, and disassembled. Specimen were carefully removed and massed. The 
thickness of post-permeation GCLs was measured at 6 equidistant locations around the perimeter 
of the specimen using digital calipers, with care was taken to compress the carrier geotextile fibers 
without squeezing the bentonite. To determine the bentonite layer thickness, the average thickness 
of the carrier geotextiles, fully compressed by digital calipers, was subtracted from the total spec-
imen thickness. These thicknesses were used to calculate hydraulic gradients (i = 160 – 200 for 
all tests) and k. Bentonite water content was measured on extracted bentonite (i.e., collected with 
minimal geotextile fibers) by ASTM D2216 Method B. 
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3.4 Tracer Tests 
For specimens that exhibited high k (> 10-10 m/s) after the termination criteria listed in ASTM 
D6766 are met, rhodamine WT dye (5 mg/L) was added to the influent liquid at the conclusion of 
testing to determine if sidewall leakage was occurring. Tests were permeated with rhodamine WT 
dye bearing influent solution until dye became visible in the effluent. Tests then were immediately 
disassembled as described in the proceeding section. No indication of sidewall leakage was found 
in any tests. However, dye testing did reveal preferential flow paths as discussed in the Results & 
Discussion section. 

3.5 Chemical Resistant Permeameter 
A flexible-wall permeameter was developed to facilitate the following experimental conditions: 

 Resist corrosion from high ionic strength acidic and alkaline solutions; 

 Minimize possible constrictions (locations for precipitation and clogging) in influent and 
effluent tubing to prevent tube- or fitting-clogging precipitates; constructions associated with 
bladder accumulators, such as outflow ports, are eliminated with the gravity head method 
described above; 

 Increase the volume of effluent generated for analysis of outflow chemistry (required to doc-
ument chemical equilibrium) without increasing hydraulic gradient. 

A cross-section schematic of the flexible-wall permeameter developed is shown in Figure 1. 
The permeameter incorporates six main modifications from commercially available flexible-wall 
permeameters:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of mine-waste-leachate resistant flexile wall permeameter setup. 
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 The permeameter top plate, bottom plate, top pedestal, and bottom pedestal are machined 
from gray PVC Type I, and polypropylene fittings were used for all hydraulic connections, 
these materials were chosen because they are resistant to high ionic strength acidic and alka-
line solutions (of note, these components will not perform well with organic contaminants); 

 Effluent is collected in a flexible fluorinated ethylene propylene (FEP) bag (Jensen Inert 
Products, Coral Springs, FL) placed flat on a level surface, or in a polyethylene narrow-
mouth bottle, to facilitate convenient collection and analysis of effluent; 

 A 0.75 kg/m2 nonwoven needle-punched geotextile is used in lieu of porous stones; tradi-
tional porous stones made of bronze or aluminum oxide may corrode in extreme pH solu-
tions; 

 6.35-mm (1/4-in) outside diameter (OD) tubing is used to reduce the potential for tube clog-
ging relative to more typical 3.18-mm (1/8-in) OD tubing; a comparison of 6.35-mm and 
3.18-mm OD tubing is shown schematically in Figure 2; 6.35-mm OD tubing has an inside 
area greater than 5-times that of 3.18-mm OD tubing (14.64 mm2 vs. 2.77 mm2); 

 External acetal tubing clamps (Bel-Art SP Scienceware Tubing Clamps, Wayne, NJ) are used 
instead of metal valves; Scalia et al. (2014) reports clogging of metal valves by mobile pol-
ymer from a polymerized bentonite; Figure 3 shows a photograph of the tubing closure sys-
tem used. 

 152-mm (6-in) diameter base plates are used instead of the more common 102-mm (4-in) (or 
smaller) diameter base plates to allow testing of specimens with a larger cross-sectional area 
to increase the volumetric flow rate of effluent for a given hydraulic gradient (e.g., a 152-
mm diameter specimen will generate 2.25-times more effluent than a 102-mm diameter spec-
imen). 

Photographs of the assembled MW permeameter using the gravity head method is shown in 
Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Cross-section schematic comparison of 3.18-mm (1/8-in) and 6.35-mm (1/4-in) tubing sizes. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Photograph of external acetal tubing clamps used on flexible polypropylene tubing in lieu of metal 
valves. Scale in mm. 
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Figure 4. Photographs of (a) assembled mine-waste-leachate resistant permeameter assembly using gravity 
head method and (b) permeameter close up. 

3.6 Standard Permeameter 
A commercially available flexible wall permeameter (Trautwein Soil Testing Equipment, Hou-
ston, TX) was used for baseline testing by the ASTM D6766 default method. The standard per-
meameter included the following: 

 Steel top plate, bottom plate, top pedestal, and bottom pedestal; 

 Permeant interface devices for influent and effluent; 

 6.35-mm (1/4-in) thick porous stones; 

 3.18-mm (1/8-in) OD tubing; 

 Stainless steel ball valves on influent and effluent lines; 

 102-mm (4-in) diameter base plate and specimen. 

4 RESULTS & DISCUSSION 

4.1 Maximum Measurable Flow 
Both MW permeameter, and standard permeameter, were tested without GCL specimens to meas-
ure the upper bound volumetric flow rate for each apparatus. The maximum flow rate through the 
MW permeameter was 7.6 cm3/s by the gravity head method, while the maximum flow rate 
through the standard permeameter was 0.9 cm3/s. These flow rates correspond to a maximum 
measureable k of 3×10-6 m/s for the MW permeameter, and 8×10-7 m/s for the standard perme-
ameter for a 0.7-mm thick GCL (accounting for different cross-sectional areas). These flow rates 
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also illustrate the potential viability of using geotextiles in lieu of porous stones, however, addi-
tional testing is required at higher effective stresses. 

 
4.2 Hydraulic Conductivity 

The k measured by the gravity head method (with MW permeameter) and ASTM D6766 default 
method (with standard permeameter) are compared in Figure 5 for the GCL and Bent-BPC GCL 
permeated with CW or Au-PLS. All tests were run in duplicate, and the ranges shown in Figure 5 
reflect the ranges of measured k. The Bent-BPC GCL exhibits comparable k by both methods, and 
a slightly lower k with CW (8.2 – 9.8×10-12 m/s) than Au-PLS (1.2 – 3.1×10-11 m/s). In contrast, 
the GCL exhibited a 50-times greater k by the gravity head method relative to the ASTM D6766 
default method when permeated with CW (5.6×10-9 vs. 9.6×10-11 m/s on average), and a 100-
times greater k by the gravity head method relative to the ASTM D6766 default method when 
permeated with Au-PLS (5.0×10-9 vs. 4.8×10-11 m/s on average). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Comparison of hydraulic conductivities by ASTM D6766 default method and gravity head method 
for tests on geosynthetic clay liner (GCL) and bentonite-bentonite-polymer composite (Bent-BPC) GCLs 
permeated with conservative soil pore water (CW) and synthetic gold pregnant leaching solution (Au-PLS). 

 
The final degree of bentonite saturation was calculated at the termination of permeation using 

phase relationships for all tests. Both methods and permeameters resulted in similar degrees of 
saturation. All degrees of saturation were within the range specified by ASTM D6766 (i.e., 95-
105%). 
  
4.3 Preferential Flow 

Specimens that exhibited k > 10-10 m/s (i.e., GCL specimens permeated by the gravity head 
method, Figure 5) were permeated with Rhodamine-WT dye after the termination criteria were 
met. Sidewall leakage was not observed, however, the dyed specimens revealed preferential flow 
along some, but not all, needle punching fiber bundles that transect the GCLs to provide shear 
strength (Shackelford et al. 2000). An exemplar photograph of stained fiber bundles is shown in 
Figure 6. Similar preferential flow is reported by Scalia and Benson (2010b) for some GCLs hy-
drated on natural subgrades in composite final covers.  
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The dyed fiber bundles are hypothesized to have functioned as preferential flow conduits, re-
sulting in the 50- to 100-times greater k observed by the gravity head method relative to the ASTM 
D6766 default method. The process of stepped pressurizing the cell water and backpressure during 
the initial phases of the ASTM D6766 default method is hypothesized to result in the sealing shut 
of inter-fiber-bundle spaces. The permeameter used (viz., standard vs. MW permeameter) is not 
believed to have effected this behavior, however this belief has not been tested. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Preferential flow along needle-punching fiber bundles. Scale in mm. 

5 CONCLUSIONS 

A mine-waste-leachate resistant permeameter (MW permeameter) in conjunction with a simpli-
fied gravity head testing method that does not use backpressure saturation or permeant interface 
devises was investigated for hydraulic compatibility testing of geosynthetic clay liners (GCLs) 
with mine waste leachates. Comparative tests were performed by the default method in ASTM 
D6766 using a commercially available permeameter (standard permeameter). Two GCLs were 
tested, a commercially available needle-punched GCL and a prototype non-reinforced polymer-
ized GCL (composed of 10% polymerized bentonite and 90% un-amended bentonite by mass). 
Hydraulic conductivity tests were performed with a synthetic soil pore water and a synthetic gold 
pregnant leach solution. Results are compared to assess the accuracy of the simplified gravity 
head method used with the MW permeameter relative to the default method prescribed by ASTM 
D6766 and a standard permeameter. The following conclusions were distilled from this study: 

 Measured k were similar for both test methods for the GCL containing polymer-modified 
bentonite, these data illustrate that the MW permeameter and gravity head method can 
accurately reproduce results from the ASTM D6766 default method using a standard per-
meameter. 

 Measured k were 50-100 times higher for the GCL permeated with the MW permeameter 
and gravity head method, however, this difference is believed to result from elevated stress 
conditions imposed during the backpressure saturation phase of the ASTM D6766 default 
method, and not differences in the permeameter (measured high k were > 10-times less 
than the maximum measurable k). 

 The gravity head method reviled possible preferential flow along needle-punching fiber 
bundles under low effective stress conditions; these data illustrate the importance of careful 
reproduction of field stress conditions during hydraulic compatibility testing.  

Stained fiber bundles

Un-stained fiber bundle
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 The results of this study support that the MW permeameter and gravity head is a valid 
alternative method for future testing of the hydraulic compatibility of high ionic strength 
acid and alkaline leachates. 
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1 INTRODUCTION 

The stability of ore heaps that are leachate in pads lined with low permeability soils and ge-
omembranes, is dependent of weakest materials i.e., of the interface that form the soil liner and 
the geomembrane. For example, the strength of the interface of a low permeabil-ity soil (clay) 
vs. a high density smooth polyethylene geomembrane (HDPE) is equivalent to an angle of in-
ternal friction of approximately of 10 ° (Howell & Kirsten 2016, Jones & Dixon 2003), being 
less when the fines content of the soil is higher. 

The low resistance of the interface limits the efficient use of the available spaces, be-cause 
the ore heap slopes should be routed to ensure the stability of the structure, resulting in a lower 
capacity for ore leaching. 

To increase the resistance of the interface soil liner vs. geomembrane, have been devel-oped 
flexible geomembranes (VFPE and LLDPE), as well as textured by one or both sides, with 
which achieved greater interaction among the materials that make up the interface. The strength 
of the interface of a soil liner vs. low linear density textured geomembrane varies between 15 
and 27 degrees of internal friction (Castle & Breitenbach 2015, Ale et al. 2013), which has al-
lowed to increase the inclination of the slopes of the ore heaps and therefore achieve a higher 
storage capacity. 

In Peru, mines are located in unfavorable topographic conditions to operate in a safe way ore 
heap leach facilities, by what, it was decided to implement a layer of sand, which was called 
"friction layer", in between the soil liner and the geomembrane, because it is known that the soil 
grainsize has a direct influence in the strength of the interface soil liner vs. geomembrane. 

Initially, the friction layer was formed with sand in a thickness of 2", but then first ex-
periences indicated that the sand also worked as a drain medium making it impossible that the 
soil liner works together in combination with the geomembrane blocking possible leaks. In or-
der to solve the problem, a new procedure was implement which consisted in spreading sand on 
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ABSTRACT: In the design of heap leach pads, it is well known that the stability of the ore heap 
is dependent on the weakest element material, i.e. of the interface between the low permeabil-
ity soil (soil liner) and the geomembrane.  The interface strength is dependent on the materials 
involved, both of the soil as well as the geomembrane, and its shear strength is determined by 
direct shear testing. In order to increase the resistance of the interface, flexible single and dou-
ble-textured geomembranes have been used successfully. A thin layer of sand between the soil 
liner and the geomembrane has also been used in order to increase the friction between materi-
als and thus improve its resistant to sliding. This paper presents interesting examples from re-
cent project experiences. 
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the compacted surface of soil liner and then compact it with a smooth roller (non vibrating), in 
order to force the sand particles to embed in the compacted soil; then the excess sand was re-
moved and proceeded to install the geomembrane. Several ex-periences have allowed confirm 
satisfactory results of this procedure. 

The resistance of the interface soil liner vs. geomembrane is dependent on the character-istics 
of the soil and the type of geomembrane. At the same time, the properties of the soils are very 
diverse (grainsize, plasticity, etc.) and may vary within the same quarry; also, the available ge-
omembranes in the market are very different: HDPE, VFPE, LLDPE, can be smooth or textured 
and at the same time, the textured can be obtained from several meth-ods of manufacturing. As 
is sees, the combinations can be several and in the same propor-tion the strength envelope of 
each one of the interfaces that is possible to obtain. 

During one of the campaigns of laboratory test to determine strength  properties of sev-eral 
interfaces, it was detected that practically not had any difference between the inter-face of the 
soil liner without friction sand vs. geomembrane and the interface of the soil liner with friction 
sand vs. geomembrane. An investigation of the test procedure allowed to determine that the 
procedure for preparing the samples for the tests, through remolding in the laboratory, not al-
lowed to reproduce the conditions existing in the field, since the sand almost not interacted with 
the geomembrane, and therefore the friction between both did not increased, in consequence, 
practically any difference exist with the tests that do not considered the friction sand. Then, it 
was decided to take in-situ samples to develop inter-face tests representative of field conditions, 
obtaining the expected results. 

This paper presents the results of interface tests of soil liner with friction sand vs. ge-
omembrane, in samples prepared in the laboratory, through remolding, and samples ob-tained 
in-situ (on site). The results show that in the laboratory, it is not possible to repro-duce the field 
conditions and therefore it is recommended to take in-situ samples that al-low getting real val-
ues of the interface strength, with design purposes. 

2 THE INTERFACE TEST 

The interface tests were developed in the TRI Environmental, Inc. (TRI) laboratory, in Texas, 
under the standard ASTM D 5321, that recommends the use of square or rectangu-lar boxes of 
dimensions not minor of 300 mm or fifteen times the d85 of the coarse por-tion of the soil used 
in the test. The soil sample is placed on a sheet of geomembrane (smooth or textured) which is 
fixed to the device in order to perform the test in terms of direct shear strength. 

It is usual that the strength envelope of soil liners vs. geomembranes results in a non-linear 
response of shear strength vs. normal strength, by what even when the test considers several 
normal strengths, the selection of the parameters for the design is being critical. 

3 INTERFACE STRENGTH SOIL LINER WITH FRICTION SAND VS. GEOMEMBRANE 

3.1  Background 
The lining system of the San Pedro Sur heap leach pad of the La Zanja mining project (Ca-

jamarca, Peru), has been designed to meet the requirements of the Nevada Division of Envi-
ronmental Protection (NDEP), which suggest a soil liner with a maximum permeability of 
1×10-6 cm/s covered by a geomembrane with a maximum permeability of 1×10-11 cm/s. 

The interface which is form by the soil liner and the geomembrane, becomes the weak-est 
material that governs the structure stability and therefore the determination of its re-sistant 
properties is of particular importance, having been examinated throughout the de-velopment of 
the La Zanja project, for the various quarries of materials that have been used and for the vari-
ous types of geomembrane used in the lining of the San Pedro Sur heap leach pad. 

The implementation of the friction sand in combination with the soil liner, is a practice that 
Knight Piésold has implemented in several of projects, in order increase them shear strength of 
the interface, achieving so conditions more favorable for the physical stability of the structure. 
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In the particular case of the La Zanja project, the friction sand has been used in sectors where 
the slope of the surface ground is unfavorable or it is required to enhance the interface proper-
ties, usually in the perimeter of the heap leach pad, where concentrate the resistant strengths. 

In a first attempt to assess the performance of friction sand vs. LLDPE geomembrane single-
side textured of 1.5 mm of thickness, was developed a test with the material that was used as 
protection layer, which consists of a sand silty with a maximum size particle of 1,5 inches. The 
test results indicated that the geomembrane presented damage, generat-ed by the size of the par-
ticles of the material used, been demonstrated that the material was not the right-one, and the 
gravels must be avoided. The material for the friction sand, was obtained of the El Mirador 
quarry within the inside of the San Pedro Sur pit, which was processed through crushing and/or 
screaning by the mesh 3/8 ". 

Knight Piésold evaluated the behavior of the interface soil liner vs. geomembrane from the 
initial stage and along the development of the project, having tested soils of the differ-ent quar-
ries used and of geomembranes of various suppliers. He first test of interface us-ing friction 
sand resulted in a strength envelope that indicated that for the higher normal strengths, the shear 
strengths was approximately 14% greater with regard to the test without friction sand (soil liner 
of the Gara Gara quarry vs. geomembrane LLDPE textured hand of 1,5 mm of GSE). It is im-
portant to note that the samples for the interface test were pre-pared in the TRI Environmental, 
Inc. (TRI) laboratory, in Texas, USA, using the materials that Knight Piésold collected on site; 
in an attempt to simulate the conditions under which was prepared the friction sand on the sur-
face of the soil liner (as it is done on site), on each mold test was placed a uniform amount of 
friction sand, as it was possible, on which was compacted the soil liner material with the density 
required for the test. 

To the review of the information provided by the TRI corresponding to the test de-scribed in 
the previous paragraph (first test), it was possible to worn that the samples remolded in the la-
boratory were little representative of the friction sand that is formed on site, and because of that 
Knight Piésold recommended to perform a second interface test using samples taken in-situ 
(unaltered) of the soil liner material and the friction sand, with the objective of get representa-
tive results of the interface strength, given the importance that it has in the slopes stability anal-
ysis of the San Pedro Sur heap leach pad; Minera La Zanja agreed to perform the second inter-
face test. 

3.2 Procedure for the taking of unaltered samples (in-situ) 
In coordination with the TRI, it was developed a specific procedure to obtain undis-turbed 

samples of interface soil liner with friction sand and the 1,5 mm single-side tex-tured LLDPE 
geomembrane. Following is summarized the procedure for taking samples: 

 
- Locate four places for taking samples within the leach pad. It is recommended the use flat 

areas (avoid concave or convex areas), to get two samples of each place of sampling 
(identify them as A and B), i.e., eight samples will be taken. 

 
- Carefully remove the material of the protective layer (PL), until reaching the ge-

omembrane surface and verify that the geomembrane does not have any damage. 
 

- Cut the geomembrane at a size of 32 to 35 x 32 to 35 cm, exactly where the sample will be 
obtained. Then, close to the area where the sample will be taken, cut the ge-omembrane 
at a size of 60 x 60 cm (mark the side of the geomembrane which is not in contact with 
the ground and write: 'without contact with the soil liner'). Take into account the issue of 
rain; therefore, it is necessary to have a large tent or waterproof blankets to cover the 
work area. 
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Figure 1. Dimensions for cutting of the geomembrane. 

 
- Cut the geomembrane in an area of approximately 1,5x1,5 m around the sampling point, to 

facilitate the excavation for taking-off the sample. 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 2. Cutting of the geomembrane for the obtaining of the sample. 

- Perform an excavation around the sample. Take into account that is need to obtain a sam-
ple of 32 to 35 cm x 32 to 35 cm x 8 cm height. 

 
 
 
 
 
 
 
 
 
 

(1) Cutting of the geomembrane at the exact point where the sample will be obtained. 
(2) Cutting of the geomembrane, adjacent to the location of the sample being taken. 

(1) Cutting of the geomembrane at the exact point where the sample will be extracted. 
(2) Second cut of the geomembrane sample. 
(3) Cutting of the geomembrane, in the area around the sampling point. 

32-35 

cm 

32-
35 cm 

1 

60 cm 

60 cm 2 

1 2 

3 

1,5 m 
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Figure 3. Excavation for the taking of the sample. 

 
- To excavate forming a trench around the sample considering the dimensions of the sample 

that we need to get. 

 
Figure 4. Excavation of trench for sample cutting. 

- Once you have excavated, cut below considering the height of 8 cm. It can be ob-tained a 
sample of about 15 cm of height, to avoid any loss of material, and then be cut in the la-
boratory up to 8 cm of height, as required. Cutting is performed around the sample little 
by little and placing wooden wedges to give stability to the sample. If the sample is a 
MH, i.e. it would not have much gravel, and was compacted to a density similar to the 
Proctor test, it would be possible as the cutting of the sample progress, to place a plate of 
metal or plastic that serves as a base. 

 

 
Figure 5. Sample cutting. 

- When the sample had being cut, all the sides of the sample must be parafined except for 
the base and the top that will be protected with the same geomembrane that was cut. 

- - Place waxed paper on all sides except for the base of the sample. 

b 

a = 32 a 35 cm 
 
b = 8 cm 
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Figure 6. Parafined of the sample and placement of waxed paper. 

- Place the microfilm on all sides except for the base. Start by wrapping around the sides of 
the sample (1); then wrap with microfilm the superior part of the sample that is covered 
with the geomembrane (2). 
 

 

                           
 
 
 

   
 
Figure 7. Placement of microfilm. 

 
 
- Once the sample is properly packed, it has to flip the sample and parafining base and place 

waxed paper. Package the sides of the sample with microfilm as a whole. Handle as little 
as possible the sample. 

 
- In case it is not possible to parafinne the sample in the point of sampling, the sample will 

be wrapped in microfilm and will be transferred to a proper location, where the micro-
film will be discarted and the sample will be cu at 8 cm hight, if requiered. Then the 
steps described above will be completed. 

 
- Once the sample is wrap in microfilm, it should be placed between two plastic or metal 

plates and pack them with bubble plastic and packing tape in a wooden box surrounded 
with sawdust to dampen. 

 
- It is recommended to place a maximum of two samples vertically on each wooden box. 
 
 

Sample 
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Microfilm 

(1) 

(2) 

M
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m
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Figure 8. Packaging of sample in wooden box. 
 

3.3 Materials properties 
Soil mechanics tests were performed both during sampling as then in specialized laborato-

ries. The following are the tests that were conducted: 
 
- In-situ density by the nuclear densimeter method (ASTM D2922 - 05). 
- Particle-size analysis by sieving (ASTM D 422 - 63, re-approved in 2007). 
- Atterberg limits (ASTM D 4318 - 05). 
- Moisture content (ASTM D 2216 - 05). 

- Standard Proctor (ASTM D 698-07). 
- Hydraulic conductivity using a flexible wall permeameter (ASTM D 5084-00). 
 
Following Table 1 summarizes the main results of the soil mechanics tests. 

 
Table 1. Summary of soil mechanics tests.  

Origin of 
the material 

SUCS 
Classifi-
cation 

Particle-size analysis  Atterberg 
Limits Standard Proctor 

Gravel 
(%) Sand (%) Silt /Clay 

(%) 

 

LL LP IP 

Opti-
mum 

Moisture 
Content 

(%) 

Maxi-
mum 
Dry 

Density 
(kN/m3) 

           Soil Liner 
Gara Gara 

 
MH 3,7 41,3 55 

 
58 32 26 - - 

Friction 
sand from 

the PL (San 
Pedro Sur 

pit) 

SP 21,9 63,6 14,5 

 

- - - - - 

Undisturbed 
samples SC 

Between 
16,0 and 

18,2 

Between 
33,5 and 

35,5 

Between 
46,6 and 

49,2 

 46 
a 

53 

23 
a 

27 

21 
a 

26 
1,77 16,90 

3.4 The geomembrane 
The primary liner of the heap leach pad San Pedro Sur consists of a low linear density poly-

ethylene (LLDPE) single-side textured geomembrane of 1,5 mm (60 mil, or thousandths of 
inch) of thickness; the geomembrane of low density has been used within the limits of the leach 

 

   Sawdust 

Paraffine 
and miicro-

film 

Sample Wooden 
box 
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pad, due to its great capacity of deformation. He textured side was placed in contact with the 
surface of the low permeability soil/friction sand to increase the shear strenght of the interface. 

Quality certificates of the geomembrane rolls installed were reviewed for those sectors where 
the unaltered samples were taken, finding that the geomembrane properties comply with the re-
quirements of the Technical Specifications established during the leach pad design. 

3.5 Large scale direct shear cut tests of the interface soil liner with friction sand (in-situ 
samples) vs. geomembrane 

For each test were used four samples of soil liner on whose surface was conformed the fric-
tion sand, and on which was placed the single-side textured LLDPE geomembrane of 1,5 mm 
thickness. It is worth mentioning that because of the procedure implemented for the taking of 
samples, the conditions in which samples arrived to the TRI laboratory were optimal. 

The samples were hydrated through immersion in water for a period of approximately 16 
hours and then the water was drained by a minimum of half an hour before proceeding to the 
shearing stage, with a 0,25 mm/min speed test. In general, four normal loads were used consid-
ering the height of the ore heap (number of lifts) that was projected to accommodate in the San 
Pedro Sur. heap leach pad. Depending on the load to be used in each test, were used boxes of 
305 mm x 305 mm x 102 mm (12" box), or a box of 203 x 203 x 102 mm (8" box). 

3.6 Analysis of results 
The results of the interface tests soil liner (Gara Gara quarry) with friction sand (samples 

taken in-situ) vs. the textured side of the LLDPE geomembrane (of GSE), indicate strength val-
ues approximately 45% higher than those obtained for the soil liner (Gara Gara quarry) iwithout 
friction sand vs. single-side LLDPE geomembrane (of GSE); the above is applicable for the 
higher normal loads. Also, the interface tests results with friction sand indicate values of ap-
proximately 27% higher than those obtained also with friction sand but in altered samples, pre-
pared in the laboratory. 

It is important to mention that the strength envelope corresponding to the interface test with 
friction sand samples prepared in the laboratory, presented values only 14% higher that the 
shear strength obtained from the test with soil liner without friction sand vs. the GSE geomem-
brane, which is applicable to the higher normal load. 

Figure 9 shows the nonlinear envelope curves of the interface tests of soil liner with friction  
sand vs. single-side textured geomembrane of 1,5 mm manufactured by GSE, both in remolded  
laboratory samples and in undisturbed samples (taken in-situ); also is shown the strength enve 
lope of the interface soil liner without friction sand vs. geomembrane.  
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Figure 9. Envelopes of the interface tests of soil liner with friction sand vs, GSE geomembrane. 

 
Finally, Figure 10 presents the strength envelopes of interface tests developed with posterior-

ity for different soil liner materials and for another geomembrane provider. 

 
Figure 10. Envelopes of the interface tests of soil liner with friction sand vs. GSE and Polytex geomem-
branes. 

4 CONCLUSIONS AND RECOMMENDATIONS 

From the interface test of the Gara Gara quarry soil liner with friction sand, in remolded 
samples in the laboratory and taken in-situ vs. single-side textured LLDPE geomembrane of 1,5 
mm manufactured by GSE, is possible to conclude the following: 

 

663

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



- In general, the soils used in the tests fulfilled the Technical Specifications; only the soil li-
ner material presented a reduced percentage of oversized material. Quality certificates of the 
geomembrane rolls corresponding to the sectors where the samples for interface testing were 
taken, indicate that the geomembrane properties met the requirements of the Technical Specifi-
cations. 

 
- The interface test in unaltered samples, presents higher resistance than the interface test in 

altered samples, remolded in the laboratory. Both interfaces are made of from the Gara Gara 
quarry soil liner with friction sand importe from the San Pedro Sur pit, El Mirador area, sieved 
under the 3/8" sieve vs. the single-side textured low linear density geomembrane (LLDPE) of 
1,5 mm (60 mil), manufactured by GSE. 

 
The recommendations arising from the results of of interface tests are as follows: 
 
- Base of the results of the different tests made, it is recommended to get the interface 

strength curves for each type of soil and each type of geomembrane, as well as the possible 
combinations, i.e., the strengths envelope is dependent of the soils properties and the geomem-
brane, being that a soil can vary within the same quarry and the geomembrane is dependent of 
the manufacturing method, raw materials, among others. 

 
- A proper Quality Assurance (QA) management program must be implemented during the 

construction phase, which should be given particular interest in shaping the interface (soil liner, 
friction layer and geomembrane lining). 
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1   INTRODUCTION 

Beginning in the 1970s, solar ponds were likely the first large-scale use of geosynthetics in mining 
(Breitenbach & Smith 2006).   Since then, geomembrane liners have rapidly become accepted as standard 
components of geosynthetic lining systems in the mining industry, primarily in ponds, heap leach pads, 
and tailings piles (Breitenbach & Smith 2006).  With the development of large-scale geomembrane 
containment structures for industrial uses came the derivative need to ensure their integrity, as their 
primary function is to act as a competent barrier between the subsurface of the earth and the constituents 
they contain. To this end, construction quality assurance (CQA) standards were developed to abate leaks 
in geomembranes that may occur during the construction processes. The CQA process typically includes 
third party construction oversight along with non-destructive testing (air channel, vacuum box, and spark 
testing), destructive testing (seam testing), installation documentation, and visual surveys of completed 
construction.  Studies by Forget et al. (2005) and  others  ‘demonstrate  the  importance  of  quality  assurance,  
by   the   fact   that   it   helps   prevent   the   formation   of   leaks   during   the   construction   process’   (Forget et al. 
2005).   However, the CQA process alone is not capable of finding all leaks during the construction 
process, and therefore, an additional method of leak detection is necessary to ensure the integrity of a 
liner before it is put into operation. Combining the CQA process with geoelectric leak detection is ‘the  
best  guarantee  of  short  and  long  term  integrity  of  a  containment  works  using  geomembranes’  (Forget et 
al. 2005). 

Geomembrane leak location surveys have been commercially available since 1985 and industry 
standards have been developed for the various implementations (Kemnitz 2013).   The basic premise of 
geoelectrical integrity surveys is that electrical current will flow along the same pathways as water, i.e. 
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ABSTRACT: Geosynthetics are an integral component of the mining industry and are routinely 
used as containment barriers in the mining process.  Physical examination of the many different 
varieties of geosynthetic liners can suggest that these materials are a robust barrier; however, 
when subjected to the harsh mining environment, they can be easily damaged.  Consequently, 
the potential for leaks to occur over the lifespan of these containment systems is high.  Left 
undetected, these leaks can increase the risk of shutdowns, regulatory fines, and extreme 
remediation costs. While the theory of electrical leak location works the same for many 
geosynthetic lined systems, proper consideration towards the potential challenges may 
determine   the   survey’s   success   or   failure. In this paper we will present an overview of 
geosynthetic leak location methods, and possible challenges related to the leak location process 
for fluid covered and earthen covered liners associated with containment structures in the 
mining industry.   
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galvanic currents will follow conductive pathways and be impeded by resistive pathways.  Therefore, the 
distribution of injected current depends upon the electrical properties of the geosynthetic liner, substrate, 
and cover material.  Geomembranes are typically highly resistive and act as an electrical sheet insulator 
while substrates and cover material (earth, water or both) are highly conductive in comparison.   

Additionally, for impoundments such as ponds and piles in the mining industry, both substrates and 
cover boundaries designed for geosynthetic lined structures are highly homogeneous.  As such, injected 
galvanic current distribution will be fairly uniform across these structures and current density will steadily 
decrease over distance.   Electric leak location is governed by the inverse relationship between the 
conductive nature of boundary materials and the highly resistive nature of most geosynthetics.   A hole 
then breaches the liners resistive nature, creating a local region of high conductivity.   Accordingly, the 
electric potential relative to a hole in the liner is significant and measurable, while current levels remain 
low and uniform across intact and undamaged liner.   

In theory, this methodology works as long as there is adequate connectivity through the hole into the 
substrate and the receiver is sensitive enough to measure a high localized current density symptomatic of 
a hole in the liner.  While simple in concept, it is the application of this technology that can be fraught 
with challenges and frustration if the many different factors needed for a successful geoelectric survey are 
not met.  The following sections discuss the state-of-the-practice for electrical leak location methods for 
geosynthetic lined systems on mining sites and several challenges associated with them.  Although there 
are numerous potential challenges that may occur, the authors of this paper focus on more common 
challenges encountered during leak location surveys on currently in-use solution covered liners (ponds) 
and newly earthen covered liners for heap leach pads and tailings piles.  

2  METHODS 

2.1  Bare Liners 

For completeness, as bare liner leak location techniques are occasionally used to locate leaks in active 
containment systems such as heaps, ponds, and tailings, the following is a brief discussion of the water 
puddle and water lance leak location methods used on exposed geosynthetic liners, or bare liners.    

Sensitive enough to detect pinhole sized leaks, both methods work by creating a circuit using a power 
source, water, and an ammeter between the liner to be tested and its substrate.  Induced electric current is 
delivered via water through a mobile device that sprays the charged water source onto the liner, with the 
power source providing the electrical current being grounded to the substrate below the liner.  When the 
charged water flows through a hole in the liner and contacts the substrate, the circuit closes and the 
ammeter, detecting the closed circuit, emits an audible tone to alert the operator to mark the area for 
repair. 

When conducting either a water puddle or water lance leak location test, cover material, liquid, and 
deposits such as silt, sand or other debris need to be completely removed from the testing area.  The 
cleaning process for these materials can damage the liner and create more leaks, as debris removal may 
involve pressure washers, industrial vacuums, shovels, and other tools.  Consequently, using this method 
of leak detection is expensive and poses a risk for additional damage.  Exposed geosynthetic liner electric 
leak location testing is typically used for newly installed liners and can be a required part of CQA when 
constructing new geosynthetic lined containment systems. 

2.1.1  Water Puddle 
Water puddle leak location methods are described in ASTM D7002.  This method uses multiple low 
pressure nozzles that distribute a thin even sheet or mist, creating small connected puddles.  Water puddle 
methods are typically used for flat areas and gentle slopes.   

2.1.2  Water Lance Leak Location 
Water lance leak location methods are described in ASTM D7703.  The water lance consists of a single 
nozzle emitting a single stream of water at moderate pressure, and is intended for slopes, vertical walls, 
and large wrinkles. 
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2.2  Covered Liners  

Over the last 30 years the geosynthetic leak location industry has developed various types of proprietary 
data acquisition devices that use the dipole or pole measurement method.  Typically, the equipment 
requires intensive and highly skilled interaction with a human operator.  Both fluid covered and soil 
covered methods are described in ASTM D7007.  As mentioned in the introduction, leak location on 
covered liners uses the cover media to distribute current from the current source electrode and 
measurements are made to locate potential distribution changes relative to a reference electrode.  Current 
is applied to the survey area via a generator or battery operated equipment.  The current source supplies 
steady regulated electric current delivered via two electrodes (conventional current flow); one is placed 
into the soil or water column on top of a liner and the other is grounded to the conductive media under the 
liner.   
     It is extremely important to understand the engineering and construction of the structure to be tested. 
This is because modern mining site uses a variety of engineering and assembly techniques to build 
containment facilities based on a host of factors such as geology, chemistry, regulatory requirements, and 
cost.  Therefore, how a site is constructed will influence how leak location methods are applied and their 
potential success.  Additionally, it is critical to understand what type of liner is being used and whether 
the system is single or double lined.   For example, whether the containment system is single, double, or 
composite lined dictates where current electrodes are located.  If single lined, the second electrode would 
be placed in the soil adjacent to the lined system; if double lined, the second electrode would be placed 
between the two liners in the annulus.   

2.2.2  Earthen Material Covered Liners  
The methods are described in ASTM D7007 Electrical Methods for Locating Leaks in Geomembranes 
Covered with Water or Earthen Materials.  For soil covered surveys, an operator carries a lightweight 
frame that typically stands approximately waist high and may consist of two or four supporting legs.  The 
feet of the device are electrodes typically spaced at a distance of 0.5 to 3 meters.  The electrode spacing 
distance is determined based on the methodology needed to support individual site characteristics for 
optimal leak location.  During the survey, electrodes are pressed into the substrate by the operator and a 
single measurement taken.  The operator then picks up the device and moves it a predetermined distance 
forward in a linear fashion and takes another measurement.  When a voltage spike is observed across the 
positive electrode in   the   equipment’s  display   the  operator   acquires additional data in the potential leak 
area to narrow down the leak location.  Once a potential location is determined, the operator marks the 
site and then resumes the original survey pattern until another voltage spike occurs, signaling another 
potential leak response. 

2.2.1  Fluid Covered Liners  
The methods are described in ASTM D7007 Electrical Methods for Locating Leaks in Geomembranes 
Covered with Water or Earthen Materials.  For fluid covered impoundments (ponds), the fluid level is 
lowered to a reasonable depth so an operator can safely wade through the water column.  While the same 
in concept as above, devices for ponds are slightly different to allow for better movement through water.  
Some companies use a towed probe; however, the more common approach is to wade through the water 
column using a device analogous to the classic metal detector.  Lines are evenly spaced at intervals 
predetermined for optimal leak detection ability.   Typically, when the electrical field changes, an 
ammeter detects the closed circuit and the change is visible in a display or an audible tone is emitted 
alerting the operator to a hole in the liner.   
     For both earthen and fluid covered liners, a sensitivity or leak detection distance test is performed to 
determine maximum grid line separation within the system being surveyed and for the specific type of 
equipment used.  The test may include an artificial or actual leak and the procedure is detailed in ASTM 
D7007.  The leak test site should remain in the same place and active throughout the survey as a reference 
point and the location should be reoccupied at the beginning, middle, and end of each working survey 
day.  The reoccupation of the test site ensures that conditions within the survey area remain favorable for 
optimal leak location and assures that the equipment is functioning correctly.   
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3  CHALLENGES 

The classic leak detection and location approach detailed in the ASTM D7007 works well if application 
methods are strictly followed, complex site conditions are effectively mitigated, and equipment operators 
are highly trained.  Without active consideration for (these) key factors, and procedures set in place for 
monitoring and mediating potential challenges, the likelihood of a successful integrity test is drastically 
reduced.   

While the list of challenging factors can be extensive, the scope of this paper is to discuss areas of 
concern that are not widely discussed in electric leak location literature. The authors consider issues 
associated with human error, equipment limitations, resolution in conductive substrates, and signal 
shadowing to be the most critical and common causes of an unsuccessful leak location survey.  
Furthermore, as the fundamentals of electric leak detection & location are fairly consistent across 
applications (bare, soil covered, and fluid covered) the authors will write in terms of challenges with all 
applications. 

 
3.1  Human Error 
In any scientific endeavor, human error is fundamentally the key component for success or failure.  
Industry standards such as ASTMs do not eliminate human error in application of method, acquiring data, 
interpreting data, or proper use of technology (Kemnitz 2013).  A simple lack of experience in 
understanding the complexities of applying leak location methodology and acquiring appropriate usable 
data are obvious concerns in the industry.  Below are some key factors that can determine the success or 
failure of leak location surveys.  These factors are also highly prone to human error as they require a high 
degree of knowledge of leak location methodology and fundamental scientific principles involving 
physics, hydrology, and electrical engineering. 

3.1.1  Boundary Conditions  
Boundary conditions for electric leak location surveys consider all the elements in contact with the 
margins of the geosynthetics in a lined system.  The ‘condition’ of these boundaries refers to how well the 
substrates below and above the liner can carry current, and the quality of electrical isolation in the area to 
be surveyed.   It is the influence between the electrical properties of the substrates and resistive nature of 
geosynthetic liners that governs electric leak location.  For example, fluid filled or metal pipes, soil 
bridges, or other electrical pathways connected to the survey area can bleed electrical current used in the 
leak detection process out of the survey area, reducing sensitivity beyond the ability of the sensors to 
detect.  Conversely, if the substrate below the liner is dry and desiccated or contains resistive materials 
such as sand and aggregate mixtures, the flow of electric current may be strongly opposed, limiting 
measurable current. 
     Making sure the boundary conditions are acceptable when performing a survey is solely dependent on 
the operator’s knowledge and attention to basic electrical principals.  Consequently, missing key aspects 
of boundary conditions are a concern and challenge with the leak location process. 
 
3.1.2  Survey Equipment Set Up 
Of all the possibilities for human error in the process of leak location, incorrectly setting up the equipment 
may be one of the most common mistakes.  While this typically does not lead to an unsuccessful survey, 
it can prolong the survey as the trial and error process is worked through during initial setup.   
Contemporary systems lack integrated checks and alarms letting operators know the system is working 
correctly.  Therefore, setup requires that operators pay close attention to how they assemble equipment 
and perform initial testing procedures.    
 

3.1.3  Geometry  
In the mining industry, the size of lined containment structures such as ponds, heaps, and tailings piles 
can be significant.  Ponds can be from a few acres to an order of magnitude larger, whereas heaps and 
tailings piles can be hundreds of acres in size.  The larger the survey area, the more geometry of the leak 
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location array matters.  Additionally, variations in the resistive and conductive nature of fluid or earthen 
material covering liners may help or hinder the flow of current.  If operators collect data beyond the 
viable survey area, current levels associated with leaks may be below the sensitivity of the detector.   

3.1.4  Survey Line Separation 
The leak detection distance depends on the leak size, the conductivity of the materials within, above, and 
below the leak, the electrical homogeneity of the material above the leak, the output level of the excitation 
power supply, the design of the measurement probe, the sensitivity of the detector electronics, the 
distance away from the leak, and the survey procedures (ASTM D7007).  Sensitivity testing in the 
beginning of the survey considers the above factors, and when performed correctly, survey line separation 
is optimal.  Challenges arise when operators do not recognize, correlate, and resolve all of the factors 
listed.  Additionally, economic considerations can enter the equation when cost is considered.  Clients 
may request a larger line separation due to cost, regardless of a reduction in survey resolution, as closer 
line spacing may make a survey more costly.   
 
3.1.5  Consistent Reoccupation of Initial Leak Test Site   
The leak test site serves two important purposes for leak location surveys.  First, the leak test determines 
the spacing between grid lines; second, the site is used as a local base station, where operators repeat a 
periodic sensitivity test to ensure site conditions have not changed and equipment is working properly.   
Each time an operative sensitivity test is performed, all data acquired between effective tests is considered 
acceptable.  Should a test be unsuccessful, survey conditions will need to be corrected and data 
acquisition will need to be repeated based on the last successful test. The leak test site should be 
reoccupied at the beginning, middle, and end of each day at minimum.  Not reoccupying the test site on a 
regular basis may lead to large portions of the survey area being untested because site characteristics or 
equipment functionality changed.   Conventional leak location equipment is compartmentalized and 
divided into separate components that are independent of each other.  Thus it is possible for one 
component to malfunction while the operator continues the survey unaware of the failure.   

3.1.6  Exhaustion and Complacency During Physical Data Acquisition  
Exhaustion and fatigue are always a concern with any task and leak location surveys can be particularly 
demanding given the nature of large industrial complexes such as mine sites.  These survey sites are 
typically large areas on uneven, slippery, or potentially unstable terrain exposed to inclement weather. 
Leak location survey operators often work in strenuous conditions for long hours performing repetitive 
physical movements and tasks.   The ruggedness and repetitive nature of data acquisition can lead to 
complacency with regard to sensitivity tests and overall awareness of equipment functionality, recording 
errors in note taking, including missteps as simple as forgetting which survey line the operator is 
acquiring, and survey geometry errors. 

3.2  Equipment Limitations 

While human error is the common weak link in any course of action, the other notable weak link is 
limitations of leak location equipment.  These include limitations such as low level automation, reduced 
survey area, limited resolution due to hole size, and difficulty with measurement in particularly 
conductive substrates.  

3.2.1  Low Level Automation 
Contemporary leak location equipment for covered systems is typically divided into two separate 
components: a current injector (transmitter) and a current detector (receiver).  While both devices are used 
in concert, the fact that they are not connected means that system checks are operator-dependent rather 
than system-dependent.  This means the operator is never completely aware of the functionality of the 
system during the survey.  For instance, if the power supply (battery or generator) fails, the operator may 
be unaware that it has failed and continue the survey as if the full system is functioning.  Similarly, if the 
detector malfunctions, the operator may not know until a system check or sensitivity test is performed.  In 
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either case, large areas could be surveyed without the operator knowing the system is not working, both 
extending survey time and missing potential leaks. 

3.2.2  Survey Area Limitations 
Survey area limitations can be an aspect of equipment limits.  In general, with pond surveys, fluid depths 
need to be lowered to levels that an operator can operate in easily.  However, because the fluid is 
necessary for the leak detection system to function properly, the total survey area is reduced to the water 
level of the pond.  This means that large areas of the lined containment system go un-surveyed.  For 
material covered liners in mining, such as tailings piles and heap leach pads, leak location equipment is 
limited by the depth of the material.  As the depth of material increases, and since the injected current 
density will decrease with increasing depth, at some depth the resulting signal cannot be distinguished 
from background noise.  This depth of investigation will be dependent on a combination of the injected 
current level, the conductivity of the cover material, and the moisture content of the cover material.   
 
3.2.3  Resolution in Conductive Substrates and Signal Shadowing  
Resolution limitations of leak detection systems can also create challenges.  This occurs due to signal 
attenuation and signal shadowing.  In the first case, conventional leak location systems can break down in 
highly conductive solutions or substrates.  This is because current leaking through a hole where the media 
is highly conductive is attenuated to such an extent that the signal falls below the detector’s ability to 
resolve it.  In the second case, it is extremely difficult to resolve smaller holes in close proximity to larger 
ones.  This is due to the large signal propagation associated with larger holes.  When a large tear or 
puncture occurs, it intuitively creates a much larger signal pathway for available current.  The high 
current flow floods the immediate area, shadowing or obscuring the location of smaller holes nearby.  
Leak location sensors in the vicinity of the large hole and propagating signal cannot distinguish the 
smaller signals within the high current area, as only the largest signal will be recorded. 

4  CONCLUSION 

For the mining industry, the development and use of geosynthetics has increased mineral production 
while reducing environmental impacts.  However, with any new technology comes the additional 
necessity of ensuring quality and monitoring long term integrity.  While industry standards have been 
developed for electrical leak location methods on geosynthetics, purveyors and consumers alike need a 
shared understanding of the capability and limits of both geosynthetic liners and conventional leak 
location technology.   Successful leak location surveys depend not only on the performance of operators 
and equipment, but also on the understanding of interrelated key factors based on design, contents, and 
technological limitations.  The current application of electric leak location methods are complex and 
require highly trained competent operators with considerable background in the geosciences.  However, 
even with the best trained operators and quality equipment, the application of this technology can be 
fraught with challenges and frustration if the many different factors needed for a successful geoelectric 
survey are not met. 

While challenges exist with contemporary geoelectric leak location, there are solutions that can reduce 
human error, and improve equipment functionality.   For instance, developing leak location equipment 
that condenses the technology into a single system where system functionality and data quality is 
continually monitored to ensure accurate reliable data acquisition; including alarms and warning systems 
to alert operators to problems with system functionality or operator errors; developing semi-automated 
data acquisition systems to reduce human error and increase safety, while making surveys consistent and 
repeatable.  Automation and equipment advancements may also increase investigation areas, as ponds can 
be filled to capacity for more robust surveys and material covered liners can be surveyed at greater 
depths.  Additionally, there needs to be a concerted effort to move away from traditional real-time leak 
location methods that rely exclusively on the subjective decision-making process of operators of the 
equipment, but rather to a process of stored data that is subsequently processed and analyzed for leak 
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responses. Finally, improving data processing and analysis to confirm leaks, reducing false positives, will 
advance the state of liner leak location now and in the future.   

Contemporary electrical leak location for geosynthetic lined systems is not only a viable method to 
detect and locate leaks in geosynthetics, it is also instrumental in reducing environmental challenges 
related to the mining process, while reducing costs and enhancing production for the industry as a whole.  
However, the current state of electric leak location is ripe for improvements - to solve longstanding 
challenges which limit the method’s   ability to locate leaks in liners within the wide variation of site 
engineering designs, construction practices, and containment contents.   
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1 INTRODUCTION 

Large quantities of water-containing tailings are generated by mining operations. These tailings 
are generally made of crushed rock particles that are deposited in a slurry form. This situation 
concerns coal, tar sand, lead, zinc, gold, silver, copper, molybdenum, nickel, taconite (iron), 
phosphate, bauxite (aluminum oxide), uranium, trona (soda ash), and potash for instance 
(Sarsby 2013). In the case of oil sands mining, there are currently about 180 km2 occupied by 
tailings ponds (Fair 2014). Open-pit mining of oil sands, which represents a large portion of 
Canada’s  production because of the lower cost of the process and low depth of the deposit, gen-
erates about 16 tons of tailings for each ton of synthetic crude oil produced (Allen 2008). The 
production of crude bitumen in Alberta was 2.3 million barrels per day in 2014 (Ministry of En-
ergy 2015). Production is expected to reach 4.8 million barrels per day by 2040 (National Ener-
gy Board 2016).  

Some of these tailings display a high stability and low hydraulic conductivity. This raises 
large issues as it limits their timely consolidation. For example, oil sands tailings are composed 
of about 70-80 wt% water, 20-30 wt% sand, silt and clay, and 1-3 wt% residual bitumen (Allen, 
2008). According to current mining procedures (Jeeravipoolvarn 2010), tailings are pumped in 
settling ponds where the sand separates rapidly from silt and clay fine particles and forms pe-
rimeter beaches around what is called fluid fine tailings (FFT). The fine particles constituting 
FFT are held in suspension by electrostatic interactions.  

After a few years, FFT reach a limit concentration of about 30 wt% solids, when they are 
called mature fine tailings (MFT) (Mikula et al. 1996). MFT experience almost no further con-
solidation after reaching this concentration. This requires MFT to be kept in dedicated areas 
and monitored for extended periods of time. In addition to the problem of land use already men-
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ABSTRACT: Electrokinetic drainage geocomposites (eGCP) have been developed to accelerate 
the dewatering of oil sands tailings. eGCPs combine a nonwoven geotextile, perforated drain-
age pipes, and a conductive element. Their efficiency with mature fine tailings (MFT) was 
demonstrated with a laboratory device simulating tailings dewatering. An increase in solids 
content from 44 to 70% was obtained with the application of 6.6 kWh per m3 of treated MFT, 
leading to an improvement in shear strength from 0 to a mean value of 25 kPa in a little more 
than 40 days. The range of applicability of this dewatering process for mine tailings is investi-
gated by considering its efficiency with various types of tailings, the relationship between the 
applied voltage and the dewatering efficiency, and the effect of temperature. The results con-
firm the large potential of eGCPs as a tool to accelerate the dewatering of mine tailings with a 
minimal impact on mining operation.  
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tioned (Fair 2014), issues associated with these tailings include the immobilization of water 
which is not available for reuse by the mining companies (Junqueira et al. 2011), the very low 
bearing capacity of MFT which represents a hazard for wildlife and workers and a constraint to 
reclamation (Mamer 2010), and the risk of leaks of contaminants to surface and ground water 
(Frank et al. 2014).  

Various solutions have been developed over the years for dewatering mine tailings. The 
most common strategies involve the use of a hydrocyclone or a spigot to separate coarse from 
fine particles, which are then managed independently; the addition of a thickener to produce a 
dewatered, ideally non-segregating slurry; and filtration (Davies et al. 2010). Approaches also 
include recombination techniques leading to consolidated tailings (Simieritsch et al. 2009), the 
addition of super absorbent polymers (Farkish & Fall 2013), thin lift fines drying (Caldwell et 
al. 2014), and CO2 coagulation (Zhu et al. 2011). However, these solutions have had a some-
what limited success with high stability, low hydraulic conductivity materials such as oil sands 
tailings (Fair 2014). 

More recently, electrokinetic drainage geocomposites have been developed as a solution to 
accelerate the dewatering of oil sands tailings (Dolez et al. 2014). These electrically conductive 
drain-tube planar geocomposites (eGCP) combine a drain-tube planar geocomposite with a con-
ductive component acting as an electrode. The drain-tube planar geocomposite is made of a 
nonwoven geotextile which provides filtration and drainage and perforated pipes regularly posi-
tioned within the geotextile (Fig. 1). eGCPs work by forcing water displacement by electro-
osmosis, i.e. voltage applied between two electrodes causing water and positively charged com-
pounds to move towards the cathode (Fig. 2), and efficiently draining the expulsed water.  

The efficiency of eGCPs at dewatering MFT was tested with a laboratory device simulating 
the entire path of water taking place as a result of self-weight consolidation, electro-osmosis, 
and drainage (Bourgès-Gastaud et al. 2015). Results obtained with MFT provided by an oil 
sands operator and a prototype of eGCP combining a three-layer nonwoven geotextile, a perfo-
rated pipe, and a tinned copper braid electrode showed an increase in the MFT mean solids con-
tent from 44% to 70% as a result of the combined consolidation under self-weight and compres-
sive stress under an equivalent of 1.5 m of fill, followed by an electro-osmosis treatment (Dolez 
et al. 2014). This led to an improvement in the MFT shear strength from about 0 kPa (i.e. below 
the lower detection limit of the vane shear tester used to perform the measurements) to a mean 
value of 25 kPa with a reduction in MFT volume of 51% over 43 days. The energy consumption 
associated with this experiment was 130 Wh, corresponding to 6.6 kWh per m3 of treated MFT. 
 

 
 
Figure 1. Drain-tube planar geocomposite. 

 
 

 
Figure 2. Principle of electrokinetic dewatering by electro-osmosis. 
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The range of applicability of the eGCP dewatering process for mine tailings is investigated in 
this paper. Three aspects are considered: the efficiency of the process with various 
types/compositions of tailings; the relationship between the applied voltage and the dewatering 
efficiency; and the effect of temperature. The study makes use of two test methods developed 
for the project: a laboratory scale dewatering device simulating the entire flow path of water 
taking place as a result of self-weight consolidation, electro-osmosis, and drainage; and a small 
scale dewatering cell targeting the electro-osmosis aspect of the process. 

2 MATERIALS 

2.1 Electrokinetic drainage geocomposites 
The eGCP prototypes used in the experiments with the laboratory scale dewatering device com-
bine a three-layer polyester nonwoven geotextile, with two outer filter layers and a heavier cen-
tral drainage one, a drainage pipe, and a metal electrode (Fig. 3). The thickness of the geotextile 
is 3.7 mm (ASTM D5199), its mass per unit area is 420 g/m2 (ASTM D5261), and the filtration 
opening size of the filter layers is 200 μm  (ONGC  148.1-10). The drainage core is made of a 
20-mm outer diameter corrugated polypropylene perforated pipe. It is inserted in a gusset within 
the geotextile and provides a high in-plane flow capacity. The electrode is a cylindrical tin-
platted copper braid (diameter 25 mm, resistivity 1.3 10-3  Ω.m)  positioned  along  the  perforated 
pipe in the gusset.  

The experiments carried out with the small scale electro-osmosis dewatering cell used the 
same three-layer geotextile and metal electrode as the laboratory scale dewatering device. How-
ever, in that case, the tin-platted copper braid was positioned outside of the three-layer geotex-
tile, on the side facing the tailings. 
 

 
Figure 3. eGCP prototype 

2.2 Tailings 
Experiments were conducted with two samples of MFT (MFTR #1 and MFTR #2) obtained 
from Canadian oil sands producers. Their solids contents (ASTM D4959) and Methylene Blue 
Index (MBI) (Kaminsky 2014) values are provided in Table 1. The MBI values stand at both 
ends of the typical range for MFT. Non-segregating tailings (NST) with a sand-to-fine ratio of 
4.5 and a solids content of 66 wt% were also prepared using MFTR #2 and mine sand.  

In addition, the study used synthetic MFT with various compositions. These synthetic MFT 
were developed to allow controlling the tailings composition in dewatering experiments (Dolez 
et al. 2015a). The synthetic MFT formulation includes 2.25 wt% bitumen, 0.4 wt% bentonite, 
40.4 wt% kaolinite/illite, 57 wt% water, and 0.015 wt% sodium chloride. Three variants of the 
synthetic formulation were used in this study: 100% kaolinite (labelled MFTS), 21% illite – 
73% kaolinite – 6% feldspath/calcite (labelled MFTS+), and 42% illite – 46% kaolinite – 12% 
feldspath/calcite (labelled MFTS++). The solids contents and MBI values of the synthetic MFT 
formulations are also provided in Table 1. 
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Table 1. Characteristics of the tailings samples used in the study. 

Label Description Solids content  
(%) 

MBI 
(g/m2) 

MFTR #1 MFT sample provided by Canadian oil sands producer 43.3 ± 1.7 59 ± 4 
MFTR #2 MFT sample provided by Canadian oil sands producer 29.7 ± 0.3 127 ± 8 
NST NST sample prepared by mixing MFTR #2 with sand 65.8  
MFTS Synthetic MFT with 0% illite 43 58 ± 6 
MFTS+ Synthetic MFT with 21% illite 43 88 ± 3 
MFTS++ Synthetic MFT with 42% illite 43 107 ± 3 

3 TEST METHODS 

3.1 Laboratory scale dewatering device 
A 20-L laboratory scale dewatering device has been developed to simulate the entire path of 
water taking place in real tailings disposal, i.e. under self-weight consolidation, electro-osmosis, 
and drainage (Bourgès-Gastaud et al. 2014). Two eGCPs acting respectively as an anode and a 
cathode are positioned horizontally on each side of the tailings (Fig. 4-a). The test cell dimen-
sions were selected to allow evaluating a representative area of the eGCP and taking into ac-
count the large strain deformation of the tailings: the internal width and depth are 270 x 270 
mm and the initial distance between the upper and lower eGCPs is 260 mm.  

Normal stresses of up to 60 kPa can be applied to the tailings by a system of pneumatic actu-
ator and metal loading plate to simulate self-weight consolidation and consolidation under the 
weight of the overlying fill. The filtrate is continuously discharged by gravity in the case of the 
lower eGCP while it is extracted from the upper eGCP using a Venturi vacuum pump with an 
air inlet in the eGCP pipe to avoid any pressure drop. The amount of water expulsed individual-
ly by the two eGCPs and the height of the tailings are recorded as a function of time, normal 
stress and voltage applied between the eGCP electrodes. 

Figure 4-b illustrates the sequence of steps conducted to simulate a typical dewatering sce-
nario. During the first step, consolidation proceeds under self-weight exerted by the amount of 
tailings in the test cell; only the lower eGCP is installed and its drainage pipe constitutes the 
sole outlet for the filtrate. The second phase of the dewatering process involves applying incre-
mental normal stresses of 5, 10, and 20 kPa to the tailings/eGCPs system to simulate the effect 
of the overlaying tailings layers as the pond is progressively filled. The value of 20 kPa corre-
sponds roughly to the stress applied by a 1.5 m-thick layer of MFT. Both eGCPs are active dur-
ing that phase. In the last step, the normal stress is maintained at 20 kPa and a voltage is applied 
between the electrically conductive components of the upper and lower eGCPs. Each step is 
terminated when the filtrate expulsion has reached 60% of its asymptotic value. 

 
Figure 4. Laboratory scale dewatering device: a) Setup, b) Dewatering timeline 

3.2 Small scale electro-osmosis dewatering cell 
A small scale, 4.5 L dewatering cell was also developed for investigating solely the electro-
osmosis aspect of the eGCP dewatering treatment (Dolez et al. 2015a). This cell consists in a 15 
x 17 x 75 cm cell with a perforated base for drainage suspended over a 200 mL graduated cyl-

a) b) 
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inder. The geotextile is placed over the perforated base of the cell with a strip of electrode ma-
terial acting as a cathode positioned on top of it. The anode is floated over the tailings using a 
polystyrene block loaded with a stainless steel plate, which applies a normal stress of 4.6 kPa 
on the MFT to ensure that the contact is maintained throughout the experiment. The amount of 
extracted filtrate and the height of MFT are recorded as a function of time. 

4 RESULTS  

4.1 Effect of the tailings composition 
The laboratory scale dewatering device was used to compare the efficiency of the eGCP treat-
ment at 12 V for various tailings compositions. The results in terms of total collected filtrate 
(from both the upper and the lower eGCPs) are shown in Figure 5. The dewatering time is twice 
as high for the MFTR #1 sample compared to the synthetic formulation (MFTS), and increases 
another three times for the MFTR #2 sample: the test duration was about 560 h (23 days) for 
MFTS, 1049 h (44 days) for MFTR #1, and 3382 h (141 days) for MFTR # 2. Except for one of 
the three MFTS experiments, the amount of total filtrate collected over the entire dewatering 
process was similar for all three types of MFT samples. A volume reduction of the MFT of 
about 50% was recorded between the beginning and the end of the experiment.  

The solids content measured at the end of the dewatering treatment was 70% for MFTR #1, 
61% for MFTR #2, and around 66-67% for MFTS. The average final shear strength values 
measured using a handheld vane shear tester equipped with a 25.4 x 50.8 mm vane generally 
ranged around 25 kPa for all three types of MFT. In terms of energy consumption, the experi-
ments with the MFTR samples used two to three times as much energy (130 Wh for MFTR #1 
and 218 Wh for MFTR # 2) than those with MFTS (75-80 Wh). For MFTR #1, this represents 
6.6 kWh per m3 of treated MFT and 9.8 kWh per m3 of treated MFT for MFTR # 2. 

In the case of the NST tailings, the experiment lasted 2849 h (119 days), i.e. 15% less than 
for MFT #2 which was used to prepare the NST. The amount of total filtrate collected over the 
entire dewatering process increased by almost 20%. With an average value of 82%, the final 
solids content was also higher than what had been obtained with any of the MFT compositions 
tested. However, a slight decrease was observed in the final shear strength, with an average val-
ue of 20 kPa. Finally, the energy consumed was much lower than for the MFTR samples with 
87 Wh, i.e. 3.9 kWh per m3 of treated NST. 
 

Figure 5. Total collected filtrate as a function of time for various tailings compositions (laboratory scale 
dewatering device). 
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The small scale electro-osmosis cell was also used to study the effect of the tailings compo-
sition on the efficiency of the eGCP dewatering process. A voltage of 12V was applied between 
the electrodes. The results are shown in Figure 6. The MFTR #2 sample also required a longer 
time for electro-osmotic dewatering compared to the 100% kaolinite MFTS. A reduction in the 
amount of collected filtrate is observed as well, which translated into large differences in the fi-
nal solids content: 47% for MFTR #2 vs. 67% for MFTS. The final shear strength also in-
creased to 1.5 kPa for MFTR #2 and 25 kPa for MFTS. The consumed energy was larger for 
MFTR #2 with 29 Wh compared to 14 Wh for MFTS.  

The addition of 42% illite in the synthetic MFT formulation (MFTS++) reduced the amount 
of collected filtrate as a result of electro-osmotic dewatering to a level close to the one for 
MFTR #2, leading to an average final solids content of 57% and shear strength of 3 kPa. The 
dewatering rate remained similar to that of MFTS. The consumed energy for MFTS++ electro-
osmotic dewatering was 25 Wh. 

Finally, the NST tailings displayed a similar electro-osmotic dewatering behavior as MFT 
#2, which was used to prepare it: comparable dewatering durations and amounts of collected fil-
trate were obtained. The final shear strength and the amount of consumed energy were also sim-
ilar. On the other hand, the average final solids content was much higher at 70%. 

 

Figure 6. Total collected filtrate as a function of time for various tailings compositions (small scale elec-
tro-osmosis cell). 
 

4.2 Effect of the applied voltage 
Experiments were conducted using the laboratory scale dewatering device with three different 
voltages selected for the electro-osmosis step: 6, 9 and, 12 V (Fig. 7). The tailings used in these 
experiments were the synthetic MFT formulation (MFTS). An increase in the total amount of 
collected filtrate is observed with increasing voltage. However, when only the electro-osmosis 
phase is considered, the increase in extracted filtrate is still visible but to a much smaller extent. 
The larger effect observed on the total filtrate amount is thus attributed to the variability in the 
initial self-weight and normal stress consolidation steps of the dewatering treatment.  

An increase in final solids content and shear strength as well as in energy consumed was al-
so recorded with the increase in voltage of the electro-osmosis step: respectively 64%, 16.5 kPa 
and 29 Wh at 6V; 65%, 18 kPa and 53 Wh at 9V; and 66%, 25.5 kPa and 80 Wh at 12V. On the 
other hand, the total dewatering duration was similar for the three conditions at approximately 
23 days.  
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Figure 7. Total collected filtrate and filtrate collected during the electro-osmosis step as a function of volt-
age (laboratory scale dewatering device). 
 
 

The effect of voltage was also investigated using the small scale electro-osmosis dewatering 
cell. Five voltages were selected between 2 and 12 V. Both the collected filtrate volume and the 
energy consumed per volume of collected filtrate increased with voltage (Fig. 8). However, the 
collected filtrate appears to reach a plateau above 9 V while the energy consumed per volume of 
collected filtrate seems to keep on increasing with voltage. The variation of the collected filtrate 
half-time with voltage, which is defined at the time to reach half of the maximum value of col-
lected filtrate, decreases when the voltage is increased (Figure 9); the drop is rapid for the lower 
values of voltage then slows down above 4 V. An optimal choice of voltage can thus be made to 
maximise the volume of collected filtrate while minimising the treatment time and energy con-
sumed per volume of collected filtrate. 

 

Figure 8. Collected filtrate and consumed energy/filtrate volume ratio as a function of voltage (small scale 
electro-osmosis dewatering cell). 
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The results in terms of final MFT shear strength are also displayed in Figure 9. They show a 
linear increasing trend with voltage. No sign of a lower voltage threshold for MFT dewatering 
efficiency with eGCPs is thus recorded at least until 11 V/m. 
 

Figure 9. Collected filtrate half-time and final MFT shear strength as a function of voltage (small scale 
electro-osmosis dewatering cell) 

4.3 Effect of the temperature 
The small scale electro-osmosis dewatering cell was used to study the effect of the temperature 
on the eGCP process. Tests were performed at three temperatures (0-3, 10 and 23°C) by keep-
ing the dewatering cell in a temperature-controlled chamber during the experiment. The tailings 
used for these tests were the synthetic MFT formulation and the voltage between the electrodes 
was 12V.  

A significant effect of the temperature on the amount of filtrate collected as a result of the 
electro-osmosis treatment is observed (Fig. 10). A 45% decrease is obtained between 23°C and 
0-3°C while the reduction between 23°C and 10°C is more limited (11%). This translated into a 
decrease in the final solids content (67% at 23°C, 57.5% at 10°C, and 48% at 0-3°C) and shear 
strength (23 kPa at 23°C, 3.5 kPa at 10°C, and 0 kPa at 0-3°C). A decrease in the consumed en-
ergy was also recorded with 14 kW at 23°C and 7 kW at 0-3°C. During the initial part of the 
experiments, the dewatering rate remained relatively similar for the three conditions.  

 

Figure 10. Collected filtrate as a function of time for three experiment temperature (small scale electro-
osmosis dewatering cell). 
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5 DISCUSSION 

The use of eGCP to accelerate the dewatering of tailings in a mining context requires the pro-
cess to be robust, i.e. capable of withstanding some variations in the experimental conditions 
without too much impact on efficiency. For instance, differences in tailings composition may 
exist between mining sites as well as with location and depth within a same deposit. Different 
extraction/post-treatment processes will also affect the composition of the resulting tailings. On 
the other hand, the voltage experienced by the tailings material will vary with the distance from 
the electrode vertical plane. A wide range of temperatures may also be experienced depending 
on the mining site location, the season, and the time of the day.  

As for the first parameter studied, i.e. the tailings composition, results obtained with two 
MFT samples collected at different sites, synthetic MFT with three different illite contents, and 
a NST sample prepared with one of the real MFT reveal a quite complex behavior. For instance, 
a large discrepancy between MFTR #1 and MFTS was observed for some of the dewatering 
characteristics, for example in terms of consumed energy, even though these MFT have identi-
cal MBI and initial solids content and a similar chemical composition. In addition, an even larg-
er difference in behavior was sometimes obtained between the two real MFT samples, for ex-
ample for the dewatering time. A difference in dewatering efficiency with eGCP between the 
NST and the MFT used to prepare it was also recorded. However, even if these varied tailings 
compositions responded differently to the eGCP treatment, which may be due to the fact that 
the treatment conditions have to be optimized considering the tailings characteristics (Dolez et 
al. 2016), they were all successfully dewatered as a result of the application of the three succes-
sive phases corresponding to a typical dewatering scenario, i.e. consolidation under self-weight, 
consolidation under the weight of the overlaying tailings layers, and electro-osmosis.  

Regarding the impact of a variation in the second parameter studied, the voltage, an increase 
in collected filtrate volume, final MFT solids content, shear strength as well as consumed ener-
gy, and a decrease in the dewatering time were recorded with increased voltage. More specifi-
cally, the collected filtrate reached a plateau at high voltage while the consumed energy per 
volume of collected filtrate appears to keep on increasing with voltage. The final MFT shear 
strength is proportional to the voltage. These results indicate that an optimal choice of voltage 
can be made to maximise the volume of collected filtrate while minimising the treatment time 
and consumed energy per volume of collected filtrate (Dolez et al. 2015b). Most importantly, 
these experiments revealed no sign of a lower voltage threshold for MFT dewatering with 
eGCPs, at least as low as 11 V/m. 

The analysis of the effect of the third parameter investigated, the temperature, showed that a 
reduction in the amount of filtrate extracted as a result of electro-osmosis takes place as the 
temperature is decreased towards 0°C. This reduction leads to an associated decrease in final 
solids content and shear strength. However, if a strong reduction in efficiency was observed 
close to freezing conditions, only a 11% decrease in the amount of collected filtrate was record-
ed between 23 and 10°C. For its part, the dewatering rate remained relatively constant with 
temperature, at least initially.  

6 CONCLUSIONS 

This paper investigated the robustness of the electrokinetic drainage geocomposites (eGCP) 
dewatering process for mine tailings using a laboratory scale dewatering device developed to 
simulate the entire path of water taking place as a result of self-weight consolidation, electro-
osmosis, and drainage, as well as a small scale electro-osmosis dewatering cell. eGCP combine 
a nonwoven geotextile which provides filtration and drainage, perforated pipes regularly posi-
tioned within the geotextile, and a conductive component acting as an electrode. The impact of 
the variation in three parameters was considered: the tailings composition, the voltage, and the 
temperature.  

The effect of the variation in the tailings composition was investigated with two MFT sam-
ples graciously provided by Canadian oil sands producers, three synthetic MFT formulations 
with various illite contents, and a NST sample prepared with one of the real MFT. The results 
show that different types/compositions of tailings may exhibit different responses to the appli-

681

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



cation of the dewatering treatment, e.g. with respect to the duration and amount of water recov-
ered at each phase of the process, and consumed energy. However, if the treatment parameters 
have to be optimized, considering the tailings characteristics, in order to obtain the optimal re-
sults, all tested tailings samples were successfully dewatered as a result of the application of the 
three successive phases corresponding to a typical dewatering scenario, i.e. consolidation under 
self-weight, consolidation under the weight of the overlaying tailings layers, and electro-
osmosis. 

The voltage was also observed to produce an effect on the dewatering efficiency. For in-
stance, a higher applied voltage was seen to increase the filtrate extraction and MFT shear 
strength. Most importantly, these experiments revealed no sign of a lower voltage threshold for 
MFT dewatering with eGCPs, at least as low as 11 V/m.  

Finally, a reduction in temperature from ambient conditions to 0°C led to a decrease in the 
amount of filtrate extracted as a result of electro-osmosis, final solids content, and shear 
strength. However, the effect remained relatively limited except close to freezing conditions. 

These findings, which demonstrate the robustness of the eGCP dewatering treatment, con-
firm the large potential of electrokinetic drainage geocomposites as a tool to accelerate the de-
watering of mine tailings with a minimal impact on mining operation.  
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ABSTRACT 
 
The sudden failure of a pipeline connecting a tailings impoundment to a secondary settling 
pond created a unique challenge for a silver mine in Mexico.  After rupture both water and 
tailings were discharged outside of the tailings treatment system, but quick action taken by 
mine  personnel  prevented  any  contamination  of  the  local  community’s  water  supply.     The  
Mexican Federal Authorities established guidelines for the silver mine to complete in order 
to continue operations.  These steps included completing a full remediation of the spill area 
and incorporating an alternative tailings storage facility.  Geotextile tube technology was 
selected to as an alternative solution to temporarily receive all tailings generated from the 
mining operation.  This solution was not only technically acceptable but also the most 
economical solution approved by the federal authorities.  This paper will detail the testing, 
design, installation, and operation of the geotextile tube solution analyze the positive 
economic impact to the silver mine which was able to restore full operation within 60 days 
of the rupture. 
 
 
THE CHALLENGE 
 
This particular silver mine is an underground mine located in the central region of Mexico 
which is a mountainous, semi desert, and arid region. This mine is designed to produce 700 
tons per day (tpd) ore mining with a milling operation (at full capacity) producing 
approximately 1.8 million equivalent ounces of silver per year according to an industry 
analyst, see Figure 1. 
 

 
Figure 1. Mexico Silver Mine Location in Central Mexico. 
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Mining operations began in the second quarter of 2014 and achieved a rate of 270 tpd 
producing 168,300 equivalent ounces of silver. By the end of the fourth quarter of 2014, the 
mine had increased operations to 450 tpd. The processing operation was generating 950 
cubic meters per day of tailings which were discharged into the onsite tailings lagoon.  

In January 2015 the mine experienced a leak in the decant structure and 2,000 cubic 
meters of tailings discharged outside of the tailings impoundment area. Mine personnel were 
able to stabilize the tailings structure and prevent any of the tailings from contaminating the 
ground water. Once the tailings spill was contained, the mine focused its efforts on sealing 
the decant system. PROFEPA (Mexican Environmental Protection Agency) was notified 
and mine operations were suspended until the existing tailings facility could be safely 
recommissioned or an alternative temporary tailings containment system could be brought 
online that satisfied PROFEPA regulations.  
 
   
GEOTEXTILE TUBE TAILINGS CONTAINMNET SOLUTION 
 
The silver mine hired an internationally recognized mining engineering company to 
determine how to repair the tailings storage facility and evaluate the length of time that it 
would take to resume operations. The engineering consultant company determined that the 
repair would take a minimum of six months, possibly up to nine months, to make the 
necessary repairs required by PROFEPA to issue a revised operating permit and to reopen 
the mine using the original tailings storage facility. The downtime would cost the mine up to 
$34 million USD in revenue for this downtime. Therefore, an interim tailings management 
alternative was needed as soon as possible. 

The alternative solution that the engineering firm recommended was geotextile tubes for 
dewatering and containment of the tailings.  The geotextile tube containment and dewatering 
system would include; 

1. PVC lined dewatering cells in which to install the geotextile tubes and manage the 
effluent flow. 

2. A piping and manifold system to transfer tailings from the mining operation to the 
dewatering cells. 

3. A polymer injection system to make down and inject organic polymers inline to 
flocculate the tailings and initiate liquid/solid separation of the tailings before the 
tailings enter the geotextile tubes. 

4. A series of large volume geotextile tubes, installed in the dewatering cells, that are 
capable of receiving uninterrupted 24-hour flow rates of up to 900 cubic meters per 
day. 

5. Geotextile tube technology must produce effluent to meet PROFEPA permitted 
allowable discharge. 
 

After receiving the geotextile tube conceptual design from the mining consultant and 
reviewing geotextile tube case histories of similar scope and size, PROFEPA authorized the 
mine to proceed in developing a final design of the geotextile tube system. 

As the final design was being developed, 200 liters of tailing samples were sent to a lab 
at Federal Technical University in Mexico City. The samples were representative of the 
tailings flow directly from the mining and milling operation. When weighed, the bulk 
density was 1.23 tons/m3 and when a sample was oven dried, it was determined that they 
were 30% dry solids by weight with the solid particles having a specific gravity of 2.6 
tons/m3. 

Several tests were conducted using the cone test method without any polymer and the 
tailings did not dewater. Next 200 liters were diluted to 10% solids and 18 different 
polymers were tested using a concentration of 0.1% and a dosage of 30 ml per 1 liter sample 
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of tailings. Figure 2 below provides an illustration of the of 1 liter jar test.   The test 
measured floc size, separation time, and clarity of the water. It was determined that polymer 
#14 provided the best results.   
 

 
Figure 2.  Example of 1 liter tailings/polymer testing 

 
The next set of four 1 liter samples of tailings were conducted with 30 ml of 0.1% 
concentration of polymer #14. The 1 liter samples were allowed to settle for 30 seconds and 
then the entire dosed tailings sample were poured thru a geotextile cone test. The retained 
solids are displayed in Figure 3 and the effluent collected is shown in Figure 4.  
 

 
Figure 3. Contained solids from cone test 

 

 
Figure 4. Effluent drained and collected from cone test 

 
After testing the effluent, it was determined that the geotextile used in the cone test captured 
99% of the solids as exhibited in Table 1.   
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Table 1 Result of 1 Liter Jar Testing 

  
 

Using this data generated in the lab, geotextile dewatering tests (GDT’s) were conducted at 
the mine site using polymer #14.  It was determined that the initial results could be 
duplicated on a larger scale regarding solids retention and effluent quality. The GDT testing 
indicated that with proper polymer dosage and inline that > 70% dewatered solids could be 
achieved. 

Polymer #14 is characterized as a super high molecular weight cationic organic polymer. 
The geotextile GT500 used in the cone and GDT tests exhibited the mechanical and 
filtration properties that are detailed in the Table 2. As a result of the testing, the mine 
engineers selected polymer #14 and GT500 be the geotextile tube material. 
 
Table 2. Geotextile Tube properties 

 
 
The mine engineers wanted the most economical geotextile tube dimension that could 
receive a minimum of 1,200 cubic meters per 24 hours without interruption. Therefore, after 
consulting with the geotextile tube supplier, they selected a product that was a standard 
product that could be shipped from inventory at any time. The geotextile tube selected was a 
36.5-meter circumference x 30-meter long tube with the properties detailed in Table 2 and 
with the capability to contain 35 cubic meters per linear meter and provide a factor of safety 
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equal to or greater than 3.5 against rupture for all critical forces. Figure 5 provides the 
details of the geotextile tube cross section, filling height, volume per linear meter and the 
factors against rupture when filled with dewatered tailings with a relative density of 1.76 
ton/m3.        
 

 
Figure 5. Geotextile Tube Cross Section with volume, dimensions, and factors of Safety 

 
 
Because of the terrain of the mine site and to reduce the site work construction time, the 
mining engineering consultants designed two dewatering cells to contain the geotextile 
tubes. The cells would be lined with a 1.0-mm HDPE liner covered with a 200 grams per 
square meter nonwoven geotextile over which 30-cm of drainage gravel was placed. Each 
dewatering cell has a collection sump to collect the effluent water that drains from the 
geotextile tubes. Submersible pumps were used to send the effluent back to the milling 
operation for recycling.   Figure 6 details the dewatering cell design. 
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Figure 6. Geotextile Tube Dewatering Cell 
 
Using a geotextile tube estimator program with data inputs  all  of  the  mine’s  daily volume, 
along with the lab and GDT test data, it was calculated that 10 linear meters of the 36.5m 
circumference geotextile tube would be required to confine and dewater the total mine 
tailings generated per day of operation. Figure 7 provides the input and output data of the 
estimator program. 
 

 
Figure 7. Geotextile Tube Estimator Program Input and Output Data 
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CONSTRUCTION AND OPERATION 
 
The construction of the dewatering cells were completed in late March of 2015 and the mine 
resumed mining and milling operations with a PROFEPA and SEMARNAT approved 
permit utilizing geotextile tube containment and dewatering technology.  Production 
resumed at a rate of approximately 350 tons per day and increased to 450 tons per day in 
April which was the rate when operations were halted in January. 

 
 

CONCLUSION 
 
Geotextile tube technology has proven to be an economical alternative to tailing storage 
facilities as a method to receive, dewater, and contain high volumes of tailings on a daily 
basis for extended periods of time for regular operations or in response to emergency 
situations. Engineers now have testing methods and analytical tools developed by geotextile 
tube manufactures that can assist engineers to calculate the actual field results of full scale 
projects. The geotextile tube technology in this emergency case enabled the owner to bring 
the mine back online utilizing geotextile tube technology with permits issued by the 
regulatory authorities and achieving a time savings of 3 to 6 months saving millions of 
dollars.     
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+'3(�JHRPHPEUDQHV�DUH�ZLGHO\�XVHG�LQ�YDULRXV�LQGXVWULHV�IRU�FRQWDLQPHQW�RI�VROXWLRQV�WKDW�DUH�
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GHOLYHU\�DW�D�SURMHFW�VLWH��EXW�SRRU�LQVWDOODWLRQ�SUDFWLFH�FDQ�UHVXOW�LQ�GHIHFWV�WKDW�FRXOG�SRWHQWLDOO\�
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LQJ�PDWHULDOV�DQG�WKH�VHDPV�EHWZHHQ�DGMDFHQW�VKHHWV���%RWK�WHQVLOH�DQG�VKHDU�IRUFHV�FDQ�GHYHORS�
DQG�IDLOXUHV�RI�SRRUO\�ZHOGHG�VHDPV�KDYH�RFFXUUHG�ZKHQ�H[SRVHG�WR�WHPSHUDWXUH�IOXFWXDWLRQV�RU�
RWKHU�H[WHUQDOO\�DSSOLHG�ORDGV���7KLV�EULWWOH�IUDFWXUH�SKHQRPHQRQ�LV�FRPPRQO\�UHIHUUHG�WR�DV�VWUHVV�
FUDFNLQJ�DQG�GHYHORSV�XQGHU�VWUHVV�FRQGLWLRQV� WKDW�DUH� ORZHU� WKDQ�WKH�\LHOG�VWUHQJWK�RI� WKH�JH�
RPHPEUDQH���$670�'����GHILQHV�VWUHVV�FUDFN�DV�DQ�³H[WHUQDO�RU�LQWHUQDO�FUDFN�LQ�D�SODVWLF�FDXVHG�
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6WUHVV�FUDFN�UHVLVWDQFH�RI�+'3(�JHRPHPEUDQHV��DV�WHVWHG�LQ�WKH�ODERUDWRU\��LV�SULPDULO\�D�IXQF�

WLRQ�RI� WKH� UHVLQ��EXW� WRGD\¶V�PDQXIDFWXULQJ�SURFHVVHV�DQG�TXDOLW\�FRQWURO� W\SLFDOO\�HQVXUH� WKH�
SDUHQW�PDWHULDOV� H[KLELW� DFFHSWDEOH� SURSHUWLHV�� � ,Q� UHDOLW\�� WKH�PDMRULW\� RI� VWUHVV� FUDFN� IDLOXUHV�
LGHQWLILHG� LQ� WKH� ILHOG�DUH� D� IXQFWLRQ�RI� LQVWDOODWLRQ� WHFKQLTXHV� WKDW� UHVXOW� LQ�GHIHFWV�� DQG� WKHVH�
GHIHFWV�DUH�W\SLFDOO\�DVVRFLDWHG�ZLWK�VHDPLQJ�DFWLYLWLHV����
7KH�PHFKDQLVPV�RI�VWUHVV�FUDFNLQJ��ODERUDWRU\�PHWKRGV�WR�HYDOXDWH�PDWHULDO�UHVLVWDQFH�WR�FUDFN�

LQJ��W\SLFDO�OLPLWLQJ�YDOXHV��DQG�GHVLJQ�VSHFLILFDWLRQV�DQG�FRQVWUXFWLRQ�JXLGDQFH�DUH�GLVFXVVHG���

7KH�,QIOXHQFH�RI�&RQVWUXFWLRQ�3UDFWLFH�RQ�WKH�,QLWLDWLRQ�RI�6WUHVV�
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$%675$&7��$YRLGDEOH�+'3(�JHRPHPEUDQH�VKHHW�DQG�VHDP�IDLOXUHV�KDYH�RFFXUUHG�LQ�WKH�PLQ�
LQJ�LQGXVWU\�GXH�WR�H[SRVXUH�WR�FROG�ZHDWKHU��GDPDJH�IURP�LPSDFWV�DQG�SRRU�FRQVWUXFWLRQ�SUDF�
WLFHV��%RWK�WHQVLOH�DQG�VKHDU�IRUFHV�FDQ�GHYHORS�GXH�WR�UDSLG�GURSV�LQ�WHPSHUDWXUH��LQFUHDVLQJ�WKH�
SRWHQWLDO� IRU� IDLOXUHV�RULJLQDWLQJ�DW�SRRUO\�ZHOGHG�VHDPV�� �7KLV�EULWWOH� IUDFWXUH�SKHQRPHQRQ� LV�
FRPPRQO\�UHIHUUHG�WR�DV�VWUHVV�FUDFNLQJ�DQG�GHYHORSV�XQGHU�VWUHVV�FRQGLWLRQV�WKDW�DUH�ORZHU�WKDQ�
WKH�\LHOG�VWUHQJWK�RI�WKH�JHRPHPEUDQH���5HVLVWDQFH�WR�VWUHVV�FUDFNLQJ��DV�WHVWHG�LQ�WKH�ODERUDWRU\��
LV�ODUJHO\�UHODWHG�WR�WKH�SRO\HWK\OHQH�UHVLQ��EXW�PHFKDQLFDO�GHIHFWV�DQG�SRRU�FRQVWUXFWLRQ�SUDFWLFH�
FDQ� OHDG� WR� LQLWLDWLRQ�RI�VWUHVV�FUDFNV�� �7ZR�FDVH�KLVWRULHV�KLJKOLJKWLQJ�VWUHVV�FUDFN� IDLOXUHV�RI�
+'3(�JHRPHPEUDQH�OLQHUV�DUH�SUHVHQWHG�ZLWK�GLVFXVVLRQ�RQ�PHFKDQLVPV�RI�WKH�VWUHVV�FUDFNLQJ��
$Q�LPSURYHG�XQGHUVWDQGLQJ�RI�VWUHVV�FUDFNV�DQG�KRZ�WR�SUHYHQW�WKHLU�IRUPDWLRQ�DUH�LPSRUWDQW��
VLQFH�RQFH�LQLWLDWHG��VPDOO�FUDFNV�FDQ�HDVLO\�SURSDJDWH�WR�ODUJHU�GHIHFWV��
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RPHPEUDQHV�ZKHUH�R[LGDWLRQ�RYHU�WLPH�VORZO\�GHJUDGHV�WKH�PDWHULDO�DQG�FDQ�DOVR�GHYHORS�DW�WKH�
HGJH�RI�VHDPV�ZKHUH�WKH�JHRPHPEUDQH�KDV�EHHQ�GHSOHWHG�RI�VWDELOL]HUV�GXULQJ�WKH�KLJK�WHPSHUD�
WXUH�ZHOGLQJ�SURFHVV��3HJJV��������� �7KH�FKRLFH�RI� WKH�DSSURSULDWH�JHRPHPEUDQH�IRU�D�GHVLJQ�
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RI�WKH�VKHHW�WKLFNQHVV�E\�JULQGLQJ�RU�PHOWLQJ�FDQ�SURPRWH�5&3���7KH�FDVH�KLVWRULHV�SUHVHQWHG�DUH�
GHIHFW�LQLWLDWHG��5&3�W\SH�IDLOXUHV���6RPH�FRQVWUXFWLRQ�UHODWHG�IDFWRUV�WKDW�FDQ�OHDG�WR�5&3�VWUHVV�
FUDFNLQJ�DUH��

�� 2YHUKHDWLQJ�GXULQJ�VHDPLQJ�ZKLFK� LQFUHDVHV� WKH�FU\VWDOOLQLW\�RI� WKH�JHRPHPEUDQH�VKHHWV�
DQG�FRQVXPHV�DQWLR[LGDQW��ERWK�ZKLFK�OHDG�WR�UHGXFHG�VWUHVV�FUDFN�UHVLVWDQFH��
�� 7DFN�ZHOGLQJ�ZKLFK�SURGXFHV�D�VWUHVV�FRQFHQWUDWLRQ�DQG�LQFRPSOHWH�ERQGLQJ�
�� 2YHUJULQGLQJ�
�� 6WUHVV�FRQFHQWUDWLRQV�IURP�XQGHUO\LQJ�SURWUXVLRQV�
�� 0HFKDQLFDO�GDPDJH�GXULQJ�LQVWDOODWLRQ�VXFK�DV�LPSDFWV��VFUDWFKHV�DQG�FUHDVLQJ�
�� %ULGJLQJ�RI�VKHHWV�
�� 9DULDWLRQV�LQ�LQWHUIDFH�VKHDU�EHWZHHQ�WKH�ERWWRP�DQG�WRS�RI�WKH�VKHHW��

�� /$%25$725<�4&�7(67,1*�

/DERUDWRU\�WHVWV�DUH�W\SLFDOO\�XVHG�WR�GLUHFWO\�DQG�LQGLUHFWO\�HYDOXDWH�D�JHRPHPEUDQH�PDWHULDO¶V�
UHVLVWDQFH�WR�VWUHVV�FUDFNLQJ���,QGLUHFW�DQDO\VLV�RI�VWUHVV�FUDFNLQJ�FRPPRQO\�HQWDLOV�FDUERQ�EODFN�
GLVSHUVLRQ�WHVWV��$670�'��������3RRU�GLVSHUVLRQ�LQGLFDWHV�WKDW�ODUJH�DJJORPHUDWHV�RI�FDUERQ�DUH�
SUHVHQW�WKDW�FDQ�OHDG�WR�VWUHVV�FRQFHQWUDWLRQV�DQG�LQLWLDWH�D�VWUHVV�FUDFN�DIWHU�ORDGLQJ��3HJJV����������
7KH�EHQW�VWULS�WHVW��$670�'������KDV�EHHQ�XVHG�LQ�WKH�SDVW�WR�HYDOXDWH�PDWHULDO�VXVFHSWLELOLW\�WR�
VWUHVV�IUDFWXUHV��EXW�WKH�UHVXOWV�DUH�TXHVWLRQDEOH�UHJDUGLQJ�WKH�UHOHYDQFH�IRU�VWUHVV�FUDFN�UHVLVWDQFH�
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�+VXDQ�� ������ DQG� LWV� XVH�KDV� EHHQ�GLVFRXUDJHG� IRU� HYDOXDWLRQ�RI� WHQVLOH� SURSHUWLHV� �.RHUQHU��
��������$Q�DOWHUQDWH�WHVW�FDOOHG�WKH�QRWFKHG�FRQVWDQW�WHQVLOH�ORDG��1&7/��WHVW��$670�'������LV�
SHUIRUPHG�RQ�GRJERQH�VKDSHG�VSHFLPHQV�WDNHQ�SDUDOOHO�WR�WKH�FURVV�PDFKLQH�GLUHFWLRQ���$Q�DUWL�
ILFLDO�GHIHFW�LV�LQWURGXFHG�WR�WKH�VSHFLPHQV��D�FHQWUDOO\�ORFDWHG�QRWFK�WKURXJK����SHUFHQW�RI�WKH�
VKHHW�WKLFNQHVV��DQG�WKH�WLPH�WR�IDLOXUH�LV�HYDOXDWHG�DW�D�FRQVWDQW�ORDG���7\SLFDOO\��D�VXLWH�RI�VSHF�
LPHQV�DUH�WHVWHG�DW�YDULRXV�ORDGV�DQG�WKH�WLPH�DQG�SHUFHQW�\LHOG�VWUHVV�DW�WKH�WUDQVLWLRQ�IURP�GXFWLOH�
WR�EULWWOH�IDLOXUH�LV�GHILQHG���6LQFH�PXOWLSOH�VSHFLPHQV�DUH�QHFHVVDU\�IRU�WKH�1&7/�WHVW��DQ�DEEUH�
YLDWHG�WHVW�FDOOHG�WKH�VLQJOH�SRLQW�1&7/��63�1&7/��KDV�EHHQ�GHYHORSHG�DQG�WKH�WHVW�VSHFLILFDWLRQ�
LV�GHILQHG�LQ�WKH�$SSHQGL[�RI�$670�'�������7KH�63�1&7/�WHVW�ORDGV�RQH�QRWFKHG�VSHFLPHQ�DW�
���SHUFHQW�RI�WKH�\LHOG�VWUHVV��
$FFRUGLQJ�WR�WKH�*HRV\QWKHWLF�5HVHDUFK�,QVWLWXWH��*5,��*0����VSHFLILFDWLRQV���������RQH�IXOO�

1&7/�VXLWH�RI�WKLUW\�VSHFLPHQV�VKRXOG�EH�WHVWHG�E\�WKH�PDQXIDFWXUHU�IRU�HDFK�+'3(�JHRPHP�
EUDQH�UHVLQ�DQG�ILYH�VSHFLPHQV�WHVWHG�DFFRUGLQJ�WR�63�1&7/�VWDQGDUGV�IRU�HDFK�WZR�UHVLQV�ORWV���
$�ORW�LV�GHILQHG�DV�D�UDLOFDU�RI�UHVLQ�PDWHULDOV���)RU�+'3(�PDWHULDOV�EHWZHHQ����PLO�DQG�����PLO��
*5,�*0�����������FRQVLGHUV�WKH�PDWHULDO�DFFHSWDEOH�LI�IRXU�RXW�RI�ILYH�VSHFLPHQV�KDYH�D�IDLOXUH�
WLPH�LQ�H[FHVV�RI�����KRXUV���*0����KDV�UHFHQWO\�LQFUHDVHG�WKH�PLQLPXP�DFFHSWDEOH�VWUHVV�FUDFN�
UHVLVWDQFH�WLPH�IURP�����WR�����KRXUV���7KH�FDVH�KLVWRULHV�SUHVHQWHG�LQ�WKLV�SDSHU�RFFXUUHG�EHIRUH�
WKH�UHYLVLRQ�RI�WKH�VWDQGDUG��DQG�WKXV�ZHUH�RQO\�VXEMHFW�WR�D�����KRXU�PLQLPXP���
$V�VWDWHG�SUHYLRXVO\��WKH�SDUHQW�JHRPHPEUDQH�PDWHULDOV�DUH�W\SLFDOO\�WHVWHG�DQG�FRQILUPHG�WR�

KDYH�DGHTXDWH�VWUHVV�FUDFN�UHVLVWDQFH�DJDLQVW�PLQRU�GHIHFWV�SULRU�WR�WKHLU�GHOLYHU\�DW�WKH�SURMHFW�
VLWH�� DQG�PRVW� VWUHVV� FUDFNV� LGHQWLILHG� LQ� WKH� ILHOG� DUH� GXH� WR� FRQVWUXFWLRQ� UHODWHG�GDPDJH� DQG�
VHDPLQJ�DFWLYLWLHV��

�� &$6(�+,6725,(6�

5HYLHZ�RI�FDVH�KLVWRULHV� LQ� WKH� OLWHUDWXUH� LQGLFDWH� WKDW�PRVW�VWUHVV�FUDFNV� LQLWLDWH�DW�RU�QHDU� WKH�
VHDPV�RI� DGMDFHQW�JHRPHPEUDQH� VKHHWV� DQG� IDLOXUHV� DUH� W\SLFDOO\� DVVRFLDWHG�ZLWK� H[SRVHG�JH�
RPHPEUDQHV�ZKHUH�UDSLG�DPELHQW� WHPSHUDWXUH�IOXFWXDWLRQV�LPSDUW�F\FOLF�VWUHVVHV�RQ�WKH�VHDPV�
�5RZH�	�6DQJDP����������5HFHQWO\�WZR�GLIIHUHQW�SURMHFWV�GHYHORSHG�VWUHVV�FUDFNV�LQ�+'3(�JH�
RPHPEUDQHV�DIWHU�LQVWDOODWLRQ���)RUHQVLF�ZRUN�DIWHU�WKH�IDLOXUHV�LQGLFDWHG�WKDW�SRRU�FRQVWUXFWLRQ�
SUDFWLFH�DQG�VHDPLQJ�WHFKQLTXHV�RQ�ERWK�GRXEOH�WUDFN�IXVLRQ�VHDPV�DQG�H[WUXVLRQ��ILOOHW��VHDPV��
LQLWLDWHG�WKH�GHIHFWV���$GGLWLRQDO�LQIRUPDWLRQ�UHJDUGLQJ�ERWK�FDVH�KLVWRULHV�IROORZV����

Case History 1 
7KH�ILUVW�FDVH�KLVWRU\�LQYROYHG�VPDOO�WHDUV�SDUDOOHO�WR�GRXEOH�WUDFN�IXVLRQ�VHDPV�RI�DQ����PLO�VLQ�
JOH�VLGH�WH[WXUHG�+'3(��DQG�DQ�H[DPSOH�RI�WKH�IDLOXUH�LV�SUHVHQWHG�LQ�)LJXUH�����0XOWLSOH�IDLOXUHV�
ZHUH�QRWHG�WKDW�UDQJHG�LQ�OHQJWK�IURP���LQFKHV�WR����LQFKHV���$�ILHOG�LQVSHFWLRQ�RI�WKH�IDLOHG�VHDPV�
QRWHG�WKDW�GXULQJ�FRQVWUXFWLRQ�D�SRUWLRQ�RI�WKH�H[SRVHG�WRS�IODS�KDG�EHHQ�FXW�RU�WRUQ�RII�E\�WKH�
FRQWUDFWRU�DV�VHHQ�LQ�)LJXUH��$����
/DUJH�GHVWUXFWLYH�VHDP�VDPSOHV�ZHUH�UHPRYHG�IURP�WKH�IDLOHG�VHDPV�DQG�VHQW�WR�D�ODERUDWRU\�

IRU�IRUHQVLF�DQDO\VLV���,Q�WKH�ODERUDWRU\��VPDOO�VDPSOHV�ZHUH�FXW�IURP�WKH�VHDPV�DW�YDULRXV�GLV�
WDQFHV�IURP�WKH�IDLOXUH�IRU�RSWLFDO�PLFURVFRS\�DQDO\VLV��DQG�LPDJHV�RI� WKH�VHDPV�DUH�VKRZQ�LQ�
)LJXUH�����)LJXUH��$�LV�IXUWKHVW�IURP�WKH�IDLOXUH�ORFDWLRQ�DQG�)LJXUH��'�LV�FORVHVW�WR�WKH�IDLOXUH�
ORFDWLRQ���5HYLHZ�RI�)LJXUH��$�FOHDUO\�VKRZV�WKDW�WKH�WRS�IODS�KDG�EHHQ�PHFKDQLFDOO\�WRUQ�IURP�
WKH�VHDP�DQG�WKH�WHDU�VKDSHG�VTXHH]H�RXW�IURP�WKH�ZHOGLQJ�SURFHVV���7KH�IRUPDWLRQ�RI�D�FUD]H�
FDQQRW�EH�QRWLFHG�LQ�WKLV�SKRWR���,Q�)LJXUH��%��RQH�FDQ�QRWH�WKDW�WKH�WRS�IODS�ZDV�WRUQ�RII�IXUWKHU�
IURP�WKH�VHDP��EXW�DOVR�WKH�IRUPDWLRQ�RI�FUD]HV�DW�ERWK�WKH�WRS�DQG�ERWWRP�RI�WKH�VTXHH]H�RXW��
ZLWK�ERWK�FUDFNV�SURSDJDWLQJ�LQWR�WKH�ERWWRP�VKHHW���)LJXUH��&�VKRZV�IRUPDWLRQ�RI�D�FUD]H�DW�WKH�
ERWWRP�RI�WKH�VTXHH]H�RXW�SURSDJDWLQJ�LQWR�WKH�ERWWRP�VKHHW���)LJXUH��'��ZKLFK�ZDV�FORVHVW�WR�WKH�
IDLOHG�VHHP�VKRZV�WKDW�WKH�FUDFN�SURSDJDWHG�DOPRVW�FRPSOHWHO\�WKURXJK�WKH�ERWWRP�VKHHW�DQG�WKDW�
D�FRPSOHWH�VHDP�IDLOXUH�ZDV�OLNHO\�LQ�WKLV�ORFDWLRQ����
�
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)LJXUH�����)DLOHG�'RXEOH�7UDFN�6HDP���$��7RS�6LGH��%��8QGHUVLGH�

)LJXUH�����2SWLFDO�0LFURVFRS\�$QDO\VLV�

5HVXOWV�RI�WKH�IDLOXUH�DQDO\VLV�LQGLFDWH�WKDW�WKH�VWUHVVHV�LPSDUWHG�RQ�WKH�VHDP�GXULQJ�UHPRYDO�RI�
WKH�WRS�IODS�OHG�WR�WKH�LQLWLDWLRQ�RI�FUD]HV�DW�YDULRXV�ORFDWLRQV���+RZ�WKH�WRS�IODS�ZDV�UHPRYHG�LQ�
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WKH�ILHOG�LV�QRW�GHILQLWLYHO\�NQRZQ��EXW�LW�ZDV�DVVXPHG�WKDW�D�ZRUNHU�UHPRYHG�LW�E\�KDQG�ZLWK�D�
UHDFWLRQ�ORDG��L�H��WKH�ZRUNHUV�IRRW��SODFHG�RQ�WKH�ERWWRP�VKHHW���7KH�WHDULQJ�DFWLRQ�OLNHO\�RSHQHG�
XS�D�QRWFK�RQ�WKH�ERWWRP�RI�WKH�VTXHH]H�RXW��ZKLFK�LV�DQDORJRXV�WR�D�SHHOLQJ�PRGH�IDLOXUH���7KH�
OHVVRQV�OHDUQHG�IURP�WKLV�FDVH�KLVWRU\�LQGLFDWH�WKDW�WKH�WRS�IODS�RI�D�+'3(�VKHHW�VKRXOG�QHYHU�EH�
WRUQ�RII�DV�WKH�UHPRYDO�FDQ�UHVXOW�LQ�VWUHVV�RQ�D�QHZO\�IRUPHG�VHDP�WKDW�OHDGV�WR�WKH�GHYHORSPHQW�
RI�FUD]HV�DQG�SRWHQWLDO�VWUHVV�FUDFN�LVVXHV�ZLWK�WLPH���,I�IRUPDWLRQ�RI�VWUHVV�FUDFNV�IURP�PHFKDQLFDO�
VWUHVV�LV�VXVSHFWHG�SRWHQWLDO�UHPHGLHV�LQFOXGH�FXWWLQJ�RXW�WKH�GDPDJHG�DUHD�DQG�H[WUXVLRQ�ZHOGLQJ�
D�FDS�RYHU�WKH�DUHD�RU�UHSODFLQJ�WKH�HQWLUH�VKHHW����

Case History 2 
7KH�VHFRQG�FDVH�KLVWRU\�LQYROYHG�5&3�IDLOXUH�RI�H[WUXVLRQ�ZHOGHG�VHDPV�RI����PLO�+'3(�SUL�

PDU\�VPRRWK�JHRPHPEUDQH�DQG����PLO�+'3(�WH[WXUHG�ZHDU�VKHHWV���7KH�IDLOXUHV�RFFXUUHG�GXULQJ�
WKH�ZLQWHU�PRQWKV�RQ�H[SRVHG�SDQHOV�DQG�ZHUH�LGHQWLILHG�LQ�WKH�ILHOG�D�IHZ�PRQWKV�DIWHU�FRQVWUXF�
WLRQ�ZDV�FRPSOHWHG�� �7KH�SULPDU\�OLQHU�VKHHWV�WKDW�H[KLELWHG�IDLOXUH�ZHUH�DVVRFLDWHG�ZLWK�ZHDU�
VKHHWV�WKDW�ZHUH�H[WUXVLRQ�ZHOGHG�WR�WKH�SULPDU\�OLQHU�ZLWKRXW�JULQGLQJ���6RPH�RI�WKH�ZHDU�VKHHWV�
DOVR�H[KLELWHG�5&3�IDLOXUHV��
,QVSHFWLRQ�RI�WKH�IDLOHG�VHDPV�LQGLFDWH�WKDW�FUDFNV�IRUPHG�LQ�ERWK�WKH�WRS�DQG�ERWWRP�VKHHWV��

UDGLDWHG�DZD\�IURP�WKH�SRLQW�RI�LQLWLDWLRQ�QHDU�WKH�VHDP��DQG�VRPH�FUDFNV�UDQ�GLUHFWO\�WKURXJK�WKH�
H[WUXGHG�VHDP���&RQVLGHULQJ�WKH�DPRXQW�RI�IDLOHG�VHDPV��LW�ZDV�UHDVRQDEOH�WR�DVVXPH�WKDW�WKHUH�
ZHUH�OLNHO\�PXOWLSOH�SRLQWV�RI�LQLWLDWLRQ����
�

)LJXUH�����)DLOHG�([WUXVLRQ�6HDPV�

(OHYHQ�ODUJH�GHVWUXFWLYH�VDPSOHV�ZHUH�UHPRYHG�IURP�WKH�WRS�DQG�VLGH�VORSH�DUHDV�DURXQG�WKH�
IDLOHG�VHDPV�DQG�VHQW�WR�D�ODERUDWRU\�IRU�IRUHQVLF�DQDO\VLV���,QLWLDOO\�WKH�SK\VLFDO��WHQVLOH��DQG�VWUHVV�
FUDFN�UHVLVWDQFH�SURSHUWLHV�RI�WKH�JHRPHPEUDQH�ZHUH�DVVHVVHG�WR�FRQILUP�WKDW�WKH�SDUHQW�PDWHULDO�
GLG�QRW�FRQWULEXWH� WR� WKH�IDLOXUH�� �5HVXOWV�RI� WKH�FRQIRUPDQFH� WHVWV� LQGLFDWHG� WKDW�DOO�PLQLPXP�
UHTXLUHG�YDOXHV�ZHUH�H[FHHGHG����
0XOWLSOH�LVVXHV�ZLWK�WKH�VHDPV�ZHUH�QRWHG�GXULQJ�YLVXDO�LQVSHFWLRQ���6RPH�VHDP�VHFWLRQV�WKDW�

ZHUH�QRW�JULQGHG�SULRU�WR�ZHOGLQJ�H[KLELWHG�FRPSOHWH�SHHO�IDLOXUH��DV�VKRZQ�LQ�)LJXUH��$��DQG�DUH�
LQGLFDWLYH�RI�LPSURSHU�VHDP�SUHSDUDWLRQ�DQG�XQGHUKHDWLQJ���2WKHU�VHDPV�H[KLELWHG�H[WUHPH�RYHU�
KHDWLQJ��DV�VKRZQ�LQ�)LJXUH��%�WDNHQ�IURP�WKH�ERWWRP�VLGH�RI�WKH�JHRPHPEUDQH��ZKLFK�VKRZV�
WKDW�GXULQJ�LQVWDOODWLRQ�FRPSOHWH�EXUQ�WKURXJK�WKH�ERWWRP�VKHHW�RFFXUUHG���)LJXUH��&�DOVR�WDNHQ�
IURP� WKH�ERWWRP�VLGH�RI� WKH�JHRPHPEUDQH� LQGLFDWHV� VOLJKWO\� OHVV� VHYHUH�RYHUKHDWLQJ� VLQFH� WKH�
H[WUXVLRQ�EHDG�GLG�QRW�EUHDN�WKURXJK�WKH�WRS�VKHHW��EXW�WKH�ERWWRP�VKHHW�KDV�VWLOO�EHHQ�RYHUKHDWHG�
DQG�PHOWHG����
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��
)LJXUH�����'HVWUXFWLYH�([WUXVLRQ�6HDPV�

7KH�VHDP�TXDOLW\�DORQJ�WKH�OHQJWK�RI�WKH�H[WUXVLRQ�ZHOGV�ZDV�YDULDEOH�DQG�PXOWLSOH�ORFDWLRQV�
LQGLFDWHG�VXEVWDQGDUG�ZHOG�TXDOLW\�� �)DLOXUHV� OLNHO\�RFFXUUHG�GXULQJ� WKHUPDO�FRQWUDFWLRQ�RI� WKH�
JHRPHPEUDQH�DQG�SURSDJDWLRQ�RI�VWUHVV�FUDFNV�IURP�WKH�GHILFLHQW�VHDPV���7KH�YHU\�EULWWOH�5&3�
IDLOXUHV�DSSHDUHG�WR�SURSDJDWH�IURP�WKH�RYHUKHDWHG�DUHDV���0LQRU�SHHO�IDLOXUHV�DOVR�RFFXUUHG�ZKHUH�
WKH�H[WUXVLRQ�ZHOGV�ZHUH�LPSURSHUO\�SUHSDUHG�DQG�QRW�KHDWHG�VXIILFLHQWO\����
7KH�OHVVRQV�OHDUQHG�IURP�WKLV�FDVH�LQFOXGH�WKH�KLJK�LPSRUWDQFH�RI�SURSHU�4$�4&�SURFHGXUHV��

HYHQ�LI�WKH�ZHOG�LV�QRW�D�FULWLFDO�SDUW�RI�WKH�OLQLQJ�V\VWHP���6WDUW�XS�WULDO�ZHOGV�DW�WKH�LQLWLDWLRQ�RI�
PRUQLQJ�DQG�DIWHUQRRQ�VHDPLQJ�PXVW�EH�SHUIRUPHG�DQG�UHYLHZHG�IRU�DOO�ZHOGV��LQFOXGLQJ�PLQRU�
WDFN�ZHOGLQJ�RSHUDWLRQV�ZKLFK�VKRXOG�QHYHU�EH� OHIW�DV�SHUPDQHQW� IL[WXUHV�� �*5,�*0����������
UHFRPPHQGV� WKDW�ZKHQ� LQVWDOOLQJ�JHRPHPEUDQH�VKHHWV� LQ�FROG�HQYLURQPHQWV� �EHORZ�IUHH]LQJ���
PRUH�WULDO�ZHOGV�DQG�GHVWUXFWLYH�WHVWV�VKRXOG�EH�FRPSOHWHG�WKDQ�WKH�SUHVFULEHG�&4$�SODQ�UHTXLUHV���
7KH�SXUSRVH�RI�WKHVH�TXDOLW\�FRQWURO�WHVWV�DUH�WR�HQVXUH�WKH�HTXLSPHQW�LV�IXQFWLRQLQJ�SURSHUO\��KDV�
WKH�FRUUHFW�PDFKLQH�VHWWLQJ��WHPSHUDWXUH��SUHVVXUH��WUDYHO�UDWH��IRU�WKH�FXUUHQW�DWPRVSKHULF�FRQGL�
WLRQV��DQG�WKH�RSHUDWRU�LV�VHDPLQJ�FRUUHFWO\���,Q�DGGLWLRQ��FRQWUROOLQJ�WKHUPDO�H[SDQVLRQ�DQG�FRQ�
WUDFWLRQ�E\�SURYLGLQJ�VXIILFLHQW�VODFN�LQ�WKH�GHVLJQ��SODFLQJ�ZHDU�VKHHWV�VRRQ�DIWHU�SULPDU\�OLQHU�
GHSOR\PHQW�DQG�FRYHULQJ�H[SRVHG�JHRPHPEUDQHV�FDQ�UHGXFH� ORDGV�RQ�ZHOGHG�VHDPV�DQG�KHOS�
SUHYHQW�VWUHVV�FUDFNV��

�� ',6&866,21�	�&21&/86,21�

7KH�SUHVHQWHG� FDVH�KLVWRULHV� VKRZ� WKDW� SRRU� ILHOG� VHDPLQJ�SUDFWLFHV�RIWHQ� OHDG� WR� VWUHVV� FUDFN�
IRUPDWLRQ���7ZR�FDVH�KLVWRULHV�ZHUH�SUHVHQWHG�ZKHUH�PHFKDQLFDO�GDPDJH�DQG�RYHUKHDWLQJ�ZHUH�
LGHQWLILHG� DV� WKH�PHFKDQLVP� WKDW� OHG� WR� VWUHVV� FUDFN� IDLOXUHV�GXULQJ� WKHUPDO� FRQWUDFWLRQ�RI� WKH�
JHRPHPEUDQH���7KLV�LV�LQ�DJUHHPHQW�ZLWK�REVHUYDWLRQV�RI�3HJJV�	�&DUOVRQ��������ZKR�REVHUYHG�
WKDW�PRVW�IDLOXUHV�ZHUH�LQLWLDWHG�E\�PHFKDQLFDO�GDPDJH�RU�RYHUKHDWLQJ�GXULQJ�VHDPLQJ��DQG�WKH�
DXWKRUV�JHQHUDOO\�UHFRPPHQGHG�WKDW�GHIHFWV�WKDW�H[FHHG����SHUFHQW�RI�WKH�JHRPHPEUDQH�WKLFNQHVV�
VKRXOG�EH�UHSDLUHG���7KH�REVHUYDWLRQV�DOVR�DJUHH�ZLWK�+VXDQ��������ZKRVH�GDWDEDVH�LQGLFDWHG�WKDW�
WHPSHUDWXUH�IOXFWXDWLRQV�SOD\�D�VLJQLILFDQW�UROH�LQ�VWUHVV�FUDFNLQJ��
7KH�FLUFXPVWDQFHV�RI�WKHVH�OLQHU�IDLOXUHV�HQGRUVH�WKH�LPSRUWDQFH�RI�XVLQJ�TXDOLILHG�OLQHU�FRQ�

WUDFWRUV�ZHOO�H[SHULHQFHG�ZLWK�WKH�PDWHULDO�DQG�HQYLURQPHQWV�WKH\�DUH�ZRUNLQJ�LQ��DQG�WKH�LP�
SRUWDQFH�RI�4$�4&�SURJUDPV�RYHUVHHLQJ�FRQVWUXFWLRQ�DQG�LGHQWLI\LQJ�SRWHQWLDO�SUREOHPV�EHIRUH�
WKH\�EHFRPH�ODUJHU�SUREOHPV��4XDOLW\�DVVXUDQFH�SURFHGXUHV�RQ�DOO�ZHOGLQJ�RSHUDWLRQV�DUH�FULWLFDO��
HYHQ�LI�WKH�SDUW�RI�WKH�OLQLQJ�V\VWHP�LV�QRW��VXFK�DV�ZHDU�VKHHWV���:HOGLQJ�SURFHGXUHV�DOZD\V�QHHG�
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1 INTRODUCTION 

1.1 Current situation 
There are many mines where the tailings facility has been formed by hydraulic fill placement of 
the tailings. These tailings may still be wet, soft and weak. Space limitations and the desire to 
convert from hydraulic fill tailings placement to filter-pressed tailings placement, may econom-
ically be done by placing the filter-pressed tailings pile on top of the old hydraulic fill tailings.   

The construction of new tailings piles, access berms, dykes or perimeter embankments on 
very soft soils, e.g. peat, clay or tailings, is a challenge due to their low shear strength, low 
permeability, high compressibility and high water content.  

The surcharge load imposed by the pile may result in a local or total loss of stability of the 
foundation and hence of the new pile. In addition, unacceptable settlement and horizontal thrust 
as well as deformation may occur in the soft subsoils. 

Typical bearing failure mechanisms of embankments or stockpiles on soft subsoils are rota-
tional ground and slope failure (see Figure 1) or the extrusion of the soft subsoil beneath the 
imposed load due to the embankment.  

While the additional vertical loads are carried by the increased pore water pressure (genera-
tion of excess pore water pressure), the additional shear forces beneath the embankment slopes, 
which result from the spreading forces in the slope as well as unbalanced horizontal forces in 
the subsoil, are critical in regard to the pile stability. These shear forces have to be resisted by 
the shear strength of the subsoil (water cannot take any shear forces). Due to the low permeabil-
ity of fine-grained soils, excess pore water pressure and shear stresses in the subsoil are in-
creased by the additional loads. Conversely the effective stresses, which control the shear 
strength of the subsoil, are unaffected or do not increase immediately. Therefore bearing failure 
as described above may occur during the filling process. 

 

An Innovative Self-Regulating Membrane Foundation System for 
Embankment Construction on Very Soft Soils 
 

Oliver Detert 
HUESKER Synthetic, Gescher, Germany 

Jack A. Caldwell 
Robertson GeoConsultants Inc, Canada 

ABSTRACT: This paper describes a new, self-regulating, interactive membrane foundation 
system for the construction of embankments on very soft soils. The system could be used in 
tailing dams, where filter-pressed tailings could be stored on top of hydraulically placed tail-
ings. Due to the low shear strength, high compressibility and water content, the already placed 
tailings may not be strong enough to bear the load from the new placed filter-pressed tailings 
pile. As a result bearing failures or excessive deformation may occur. In the paper the system 
itself as well as the analysis of its load bearing and deformation behavior and its possible appli-
cation to the mine tailings are described and discussed. Beside its easy installation, a further 
economic advantage of the system in its application in tailings is the possibility to reuse parts of 
the system in the progress of placing the filter-pressed tailings.  
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Figure 1: Typical rotational bearing failure for embankments on soft soils 

1.2 Known construction methods and foundation systems 
Different methods are known to construct embankments on very soft soils to overcome these 
failure mechanisms. If the subsoil does have some shear strength, subsoil extrusion will not oc-
cur, and the stability can be increased by slow stepwise construction of the embankment with 
intermediate consolidation phases. Faster construction is possible with the application of basal 
geosynthetic reinforcement layers; these layers capture the spreading forces, which do occur in 
the embankment slopes, and prevent excessive shear stresses in the subsoil. To increase the 
consolidation rate of the subsoils and the development of shear strength in the subsoil, wick 
drains can be used in combination with the basal reinforcement. 

If the subsoil is even weaker, the installation of load bearing elements such as granular col-
umns or concrete piles may be required. These elements capture the load from the embankment 
and transfer it through the weak subsoil into an underlying competent layer. For unbounded 
granular columns an additional lateral support in terms of a geotextile encasement might be re-
quired to prevent excessive lateral deformation or even bulging of the columns due to insuffi-
cient horizontal counter pressure from the subsoil. 

Each of the mentioned methods has its limitations, which relate to the thickness of the soft 
soil layer, height of the pile, rate of the pile construction and cost constraints.  

The self-regulating interactive membrane foundation, which is described in the next section, 
might be a valuable addition to the existing methods for applications in tailings, especially due 
to the fact that the total footprint area of the embankment does not have to be accessible for the 
installation equipment and the possible reuse of system parts in the progress of storing the tail-
ings.  

1.3 Self-regulating interactive membrane foundation 
The self-regulating interactive membrane foundation system consists of two vertical and paral-
lel walls (e.g. sheet pile walls) which are installed at a certain distance between each other into 
the soft soil and are connected to each other by a horizontal tension membrane (e.g. geotextile). 
The tension membrane is assumed to cover the whole area in-between the vertical walls. The 
vertical walls may end within the soft soil layer or reach further down into a firm layer. The soft 
soil beneath the embankment is therefore confined by the vertical and horizontal elements.  

The embankment is constructed above the tension membrane. Parts of the load will be cap-
tured by the membrane and transferred directly into the vertical walls. The remaining load of 
the embankment generates horizontal pressures onto the vertical walls which provoke outward 
movements. At the same time tension forces are mobilized within the tension membrane due to 
settlement depression beneath the embankment and outward movements of the vertical walls, 
which counteract these movements and therefore limit the horizontal deformation (see Figure 
2). 
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The basic ideas of the system are on the one hand to confine the soft soil by the vertical and 
horizontal elements to prevent excessive lateral deformation or even extrusion of the soft soil, 
which results in reduced vertical deformation. On the other hand, the self-regulating mechanism 
of the system, where each load increment provokes an increased pressure on the vertical walls 
and therefore a further outward deformation results in a larger strain of the tension membrane 
and consequently a higher restraining anchor force to counteract the outward movements. 

 

 
Figure 2: Not deformed and unloaded system (left); deformed and loaded system (right) 

 
Thus the foundation system ensures the global stability of the embankment and prevents or re-
duces deformations and horizontal thrust in the subsoil. 

The load bearing and deformation behavior depends on various parameters. To investigate 
the complex system behavior, comprehensive centrifuge model tests and numerical investiga-
tion have been executed.   

2 LOAD BEARING AND DEFORMATION BEHAVIOR 

2.1 Physical and numerical analysis of the system 
For a sound design of the system, it is important to know and understand the stress and strain 
evolution over time. Due to the complex and time dependent interaction and the multitude of in-
fluencing parameters, a comprehensive numerical parametric study has been conducted for the 
system analysis. For the validation of the numerical model, measurement data are required to 
demonstrate its capability of reproducing the main mechanisms of the self-regulating founda-
tion system. With a series of centrifuge model tests, some principal configurations of the system 
were analyzed, before the systematic investigation by numerical simulations started. 

2.1.1 Centrifuge model tests 
The centrifuge models tests were done in the beam centrifuge of the Department of Foundation 
Engineering, Soil and Rock Mechanics, at the Ruhr-Universität Bochum in Germany. A de-
tailed description of the beam centrifuge can be found in Jessberger & Güttler (1988).  

The tests were done on a model which represents an embankment of 10 m height founded on 
10 m thick soft soil layer. The model was produced at a scale of 1:50 and consequently acceler-
ated in the centrifuge to 50g. The stress field in the centrifuge model is therefore equivalent to 
the stress field of the real scale system set-up (prototype) due to the elevated acceleration field 
of 50g. This is important to reproduce the correct stress-dependent behavior of the soils. The 
structural elements, such as sheet pile walls and tension membrane, were scaled according to 
validated scaling laws.  

Only half of the foundation system requires model simulation, due to the symmetry of the 
system. The embankment is constructed in three stages by means of a refillable and moveable 
sand hopper. Each construction stage is followed by a consolidation phase of about 1 hour. 

The centrifuge models were extensively instrumented to measure stresses, pore water pres-
sure, deformations and bending moments of the sheet pile wall. A detailed description of the 
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centrifuge test set-up and execution can be found in Detert et al (2014). The model dimensions 
are shown in Figure 3. 

 
 

Figure 3: Centrifuge model dimensions 

2.1.2 Numerical simulations 
The numerical simulations have been executed with the program Plaxis 2D. In the first step the 
numerical model was validated based on the results of the centrifuge model tests. With the vali-
dated numerical model, the stresses and strains within the system could be investigated and the 
load bearing behavior analyzed. The dominating parameter on the system behavior was deter-
mined by global sensitivity analyses; their quantitative influence on the system behavior was 
evaluated subsequently by parametric studies and are represented in design charts. 

2.2 Results 

2.2.1 Arching mechanism in the embankment body 
In Figure 4a, the total vertical pressure over time measured in the consolidation layer beneath 
the soft subsoil and embankment can be seen. The three construction phases of the embankment 
are clearly shown by the strong increase of the total vertical pressure. During the consolidation 
phases, a decrease of the total vertical pressure over time is observed (see Figure 4b). 
 

4a 4b    
 
Figure 4. Total vertical pressure over time measured in the consolidation layer below the soft 
subsoil and the embankment over time. 

 
While in the first consolidation phase, the decrease of the total vertical pressure is only 4 kPa; a 
much stronger decrease can be observed in the second and third consolidation phase. The eval-
uation of all executed centrifuge model tests shows a clear relation between the embankment 
height and the decrease of the total vertical pressure (see Figure 5).   
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Figure 5. Decrease of total vertical pressure over average embankment height 
 
At the same time, an increasing outward movement of the wall is observed during the consoli-
dation phases, although the excess pore water pressure, and therefore the pressure on the verti-
cal walls, does decrease (Figure 6). 
 

 
Figure 6. Horizontal wall displacement over time measured at the connection point of the ten-
sion membrane to the vertical wall (positive values represent an outward movement) 
 
By means of the numerical simulations, the principal stresses in the embankment body before 
and after consolidation can be analyzed. As shown in Figure 7a, immediately after the construc-
tion phase of the embankment, the principal stresses are nearly vertical and horizontal. In the 
embankment slope a minor rotation occurs due to spreading forces. After consolidation a clear 
rotation of the principal stresses in the embankment body can be seen in Figure 7b. The rotation 
of the principal stresses occur due to a load transfer from the middle of the embankment to-
wards the embankment slopes. Due to the settlement of the embankment during the consolida-
tion phase, the friction between the soil particles in the embankment body is mobilized and an 
arching mechanism develops. 

A more detailed analysis of this mechanism shows that the load redistribution stabilizes the 
system, since a rotational failure mechanism in the subsoil (see Figure 8), which develops in the 
transition zone between embankment slope and crest towards the vertical wall at the slope toe, 
is retained by the arch. The zone where this rotational failure  comes  “up”  is  the  zone  where  the  
load transfer arch props on to the subsoil. Due to the beginning rotational failure, the subsoil 
“presses”  into  the  embankment  and  creates  a  zone  of  higher  stiffness,  which  in  turn  attracts  the  
load from the load transfer mechanism. 
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7a. Before consolidation           7b. After consolidation 

 
Figure 7. Principal stresses within the embankment body before and after consolidation.  

 

 
Figure 8. Total displacement in the subsoil, which occurs when arching in the embankment is 
prevented by simulating the embankment as vertical load instead of a frictional material.  

 

2.2.2  Dominating system parameter 
By means of global sensitivity analysis and parametric studies, the dominating system parame-
ters and their quantitative influence on the loading onto the system components have been de-
termined. 

Within a global sensitivity analysis, the main system parameters, which are believed to have 
the biggest influence on the system behavior, are varied in parallel in multiple numerical simu-
lations and their influence on selected system responses are evaluated. With this kind of anal-
yses it is certain that the interdependent influence of the single parameters on the system behav-
ior is captured. 

The identified dominating system parameters are: 
- Tensile stiffness of the membrane 
- Subsoil stiffness 
- Weight of the embankment material 
- Height of the sheet pile wall extension above ground level 
- Height of the embankment 
- Relation between height and width  

The bending stiffness of the sheet pile wall does not have a significant influence on the system 
behavior. 

2.2.3 Design situations 
The highest stresses within the sheet pile walls are developed immediately after the embank-
ment construction when the excess pore water pressure is acting as a load on the sheet pile 
walls. The highest loading of the tension membrane occurs after consolidation, when the load 
transfer mechanism is fully developed and the settlement depression has reached its final mag-
nitude. 
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3 POSSIBLE APPLICATION TO TAILINGS DAMS 

Nowadays the storage of filter-pressed tailings in existing ponds filled by hydraulic placement 
of tailings is being considered for many mines.  

The bearing capacity of the existing tailings in the ponds is mostly very low and the place-
ment of filter-pressed tailings will result in bearing failures. Furthermore the horizontal pressure 
on the existing perimeter embankments will increase due to the additional load and may endan-
ger their stability. 

To overcome issues with the bearing capacity of the existing tailings and the horizontal pres-
sure on the perimeter embankment, the self-regulating and interactive membrane foundation 
(SIM) can be used. As described above, it assures the stability of the embankment and reduces 
the horizontal thrust in the subsoil outside of the system.  

Due to the dimensions of a tailings pond, the multiple use of the single SIM “cells”   as   a 
foundation system is possible. The installation process starts at either side of the pond by in-
stalling a vertical wall, e.g. sheet pile wall, into the perimeter embankment of the pond. The 
second vertical wall will be installed at a certain distance. The distance between the sheet pile 
walls depends on different boundary conditions, which could be deformation requirements, 
depth and shear strength of the existing soft subsoil and allowable horizontal thrust in the sub-
soil. The greater the horizontal distance between the  vertical  walls,  the  “softer”  the  system  be-
havior; the horizontal and vertical deformations will increase. 

After installation of the two walls, the tension membrane will be installed and the placement 
of the filter-pressed tailings starts. Once the storage capacity is reached, a further vertical wall 
is installed and connected to the outer wall of the first “SIM  cell”. In-between these walls a fur-
ther tension membrane is installed and connected to the walls. Those steps are repeated in the 
progress of filling the tailings. The construction process is shown in Figure 9. 

 
Figure 9. Schematic construction process to store material by the use of the SIM foundation sys-
tem on soft and weak existing tailings 

 
At   a   certain   time,   when   enough   stability   on   either   side   of   a   “cell”   is   provided   by   further  

“cells”  or   the   subsoil   has  developed   sufficient   shear   strength   to  withstand bearing failures or 
excessive deformations, parts or even all of the elements of the vertical wall can be extracted 
and used again for the construction of additional “SIM  cells”  in  the  progress  of  the  filling  oper-
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ations (see Figure 10). This offers an economical advantage of the SIM system over existing 
foundation systems. The outermost one  or  two  “cells”  should  be  kept  for  stability  reasons. 
 

 
Figure 10. Reuse of the sheet pile wall in the progress of filling operations 

 
Furthermore, the SIM could be used to create an access road into the pond or to create a separa-
tion dam within the pond. 

3.1 System modification 
The lengths of the vertical wall can be varied (Figure 11). For the above described and analyzed 
system, an embedment of the vertical walls in a competent bearing layer was presumed. All 
shorter length of the vertical walls are possible, so that they reach down to the bottom of the 
subsoil or even end within the subsoil layer. The load bearing behavior of the system will 
change if the vertical elements are not embedded within a competent layer and horizontal as 
well vertical deformation will increase. Nevertheless, where deformations in a certain range are 
not critical, the use of shorter sheet piles might be an interesting option. 

 
 
 

 
Figure 11. Possible system modifications with shorter sheet pile walls 

 

3.2 Connection of the tension membrane to the walls 
Due to its flexibility, the connection between the sheet pile wall and the tension membrane can 
be made quite simply. The connection can consist of u-shaped steel rings welded or bolted to 
the sheet pile wall. The tension membrane is placed close to the sheet pile wall and a steel pipe 
is pushed through the rings (see Figure 12), before the tension membrane is folded back. Simi-
lar techniques have been described by Detert (2008). 
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Figure 12. Connection of the tension membrane to the sheet pile walls 
 

4 CONCLUSION 

The paper presents a new foundation system for embankment construction or stockpiling on 
very soft sub grounds. The self-regulating membrane foundation system is described and results 
from comprehensive centrifuge model tests and numerical analyses of the load bearing behavior 
and dominating system parameters are presented.  

A possible application within tailings ponds is presented and discussed. The easy installation 
and the possibility of reusing system elements makes the self-regulating interactive membrane 
solution an interesting option to increase the storage capacity of existing ponds filled with very 
weak tailings. 

Modification of the system is briefly discussed and the connection detail between tension 
membrane and sheet pile wall has been shown.  
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1 INTRODUCTION 
 
The McCoy-Cove mine is a non-operational gold mining complex located along the Battle 
Mountain-Eureka Trend in central Nevada. The mine is composed of the McCoy and Cove open 
pits and associated underground workings. The Cove pit has partially filled to form the Cove pit 
lake following the cessation of mining and dewatering operations at the site. Regulatory re-
quirements stipulated predictive geochemical modeling of the pit lake to evaluate the potential 
for water-quality degradation and for use in ongoing permitting and closure activities. 

In compliance with regulatory guidance, water-quality monitoring has been conducted at the 
Cove pit lake during the 15-year filling period. These water-quality data provide a benchmark 
for the calibration of a pit-lake geochemical model. In addition to water-quality observations, a 
number of geochemical testing procedures were previously utilized to characterize Cove pit wall 
rocks. These include solid-phase rock chemistry tests, Meteoric Water Mobility Procedure 
(MWMP) tests, acid-base accounting (ABA) tests, and humidity-cell tests. Using the geochemi-
cal code PHREEQC, the geochemical model incorporated the water balance from a calibrated 
groundwater flow model, empirical solute-loading derived from the geochemical characteriza-
tion testing, and the chemogenetic processes of mineral dissolution and precipitation, adsorp-
tion, and gas exchange. The geochemical model was then calibrated to the observed chemistry 
from water-quality monitoring reports. 

A Calibrated Predictive Geochemical Model of Leaching and 
Attenuation Reactions in a Mine Pit Lake 

B.T. Hanna 
Itasca Denver, Inc., Lakewood, Colorado, USA 

C.P. Newman* 
Itasca Denver, Inc., Lakewood, Colorado, USA 

R.J. Sterrett 
Itasca Denver, Inc., Lakewood, Colorado, USA 

* Now at Nevada Division of Environmental Protection-Bureau of Mining Regulation and Reclamation, 
Carson City, Nevada, USA 

ABSTRACT: A geochemical model was developed to predict future water quality of the Cove 
pit lake in support of site closure and regulatory permitting. The terminal, groundwater-fed 
Cove pit lake began filling in 2001, and water-quality samples from the 15-year filling period 
were used to calibrate the pit-lake model and evaluate accuracy of the predictions. 

Inputs to the pit-lake model included geochemical characterization results and a calibrated 
groundwater flow model. Modeling included the processes of mineral dissolution and precipita-
tion, gas exchange, and adsorption. 

The results of the geochemical model assess long-term chemogenetic effects on water quality 
and, overall, closely match observed chemistry for a variety of constituents. This work high-
lights the applicability of various geochemical datasets to predictive modeling, evaluates dis-
crepancies between observed and predicted water quality, and presents geochemical modeling 
techniques used to achieve predictions that are both representative of observed water quality and 
useful for evaluating future pit-lake chemistry. 
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2 BACKGROUND 
 

The Cove pit has been the subject of multiple previous studies that included hydrological (Han-
na & Streiff 1994; Itasca 2016), geological/mineralogical (Johnston 2003; Johnston et al. 2008), 
and geochemical (HCI 2002) publications and reports. These studies were used to provide back-
ground information on the Cove pit. 

2.1 Mining Operations 
Mining operations in the Cove pit began in 1988 using a combination of underground and open-
pit methods. Dewatering began in 1989 using a combination of dewatering wells and sumps 
(Hanna & Streiff 1994). Operations continued through 2001 when the Cove mine was put into 
care-and-maintenance status, which continues to the present.  

2.2 Geology of the Cove Pit 
The ultimate pit surface (UPS) of the Cove pit is composed of the Triassic Augusta Mountain 
Formation, an intermixed sequence of limestone, dolostone, conglomerate, and sandstone. The 
Augusta Mountain Formation is further subdivided into the Home Station, Panther Canyon, and 
Smelser Pass Members. The Home Station Member is a massively bedded limestone with minor 
lenses of sandstone and conglomerate. The Panther Canyon Member, which was the major ore 
host in the Cove deposit, has been further subdivided into the lower dolostone submember and 
the upper transitional submember. The lower dolostone submember is a uniformly bedded dolo-
stone, and the upper transitional submember coarsens upward from a dolostone, through silty 
and sandy dolostone and sandstone, to an upper conglomerate. The uppermost member of the 
Augusta Mountain Formation, the Smelser Pass Member, is a microcrystalline limestone. Sub-
sequent to deposition of sedimentary rocks, the area was subjected to Tertiary volcanism, which 
included emplacement of Eocene dikes and sills followed by deposition of the Tuff of Cove 
Mine (Johnston 2003; Johnston et al. 2008). 

2.3 Regional Hydrogeology and Water Quality 
Two distinct aquifers transmit groundwater flow within the area immediately surrounding the 
Cove pit, an alluvial aquifer and a regional carbonate bedrock aquifer. In general, the geochemi-
cal characteristics of both aquifers are similar, although the regional carbonate bedrock aquifer 
displays greater average concentrations of total dissolved solids (TDS), alkalinity, sulfate, and a 
number of major (e.g. Ca, Mg, Mn, and Na) and trace (e.g. As, Sb, B, Cd, Tl, and Zn) dissolved 
constituents.  

Observed water quality in the Cove pit lake is generally acceptable, with an average pH value 
of 7.9 standard units (s.u.) and an average TDS of 1,540 mg/L in 2015. The dominant solutes in 
pit-lake waters, in order of decreasing concentrations, are SO4, alkalinity, Ca, Na, Cl, Mg, and 
K. The majority of constituents have shown a decreasing trend over the 15-year infilling period 
of the pit lake (to date). Constituents that have shown an increase in average concentration in-
clude alkalinity, Al, As, B, Cr, F, pH, K, Na, and Tl. Fluoride is the only one of these constitu-
ents that currently exceeds the associated NDEP Profile III reference value; although, a screen-
ing-level ecological risk assessment (ERM 2016) indicates that current and predicted F 
concentrations do not pose a risk to wildlife or livestock. 

3 GEOCHEMICAL CHARACTERIZATION 

The Cove pit UPS was characterized to satisfy initial permitting requirements, and in association 
with previous water-quality studies (e.g. HCI 2002). Characterization methods included both 
static and kinetic geochemical tests. 
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3.1 Static Geochemical Testing Procedures 
Geochemical characterization of the Cove UPS has included MWMP tests, ABA procedures, 
and solid-phase rock chemistry tests. Meteoric Water Mobility Procedure tests are intended to 
quantify the release of solutes stored in a rock sample following interaction with meteoric water. 
The results of MWMP tests for the Cove pit were used to supplement the kinetic testing results 
by providing information on the release of Cl, F, and NO3, as these parameters were not includ-
ed in humidity-cell tests (see below). 

Acid-base accounting (ABA) procedures are used to evaluate the balance between acid-
generation potential (AGP) and acid-neutralization potential (ANP) within the UPS and are in-
dicative of the potential net production of acid by the weathering of wallrock material. The re-
sults of ABA procedures for Cove pit wallrock indicate that the UPS is overall net acid-
neutralizing but that some UPS materials (e.g. portions of the Panther Canyon Member) can be 
acid generating. The specific results of ABA tests (together with the kinetic testing results dis-
cussed below) were used to calibrate a site-specific pyrite-oxidation model that was subsequent-
ly used to predict the mass of oxidized rock inundated by the pit lake at different times. 

Solid-phase rock analyses that employed acid-digestion and inductively coupled plasma 
spectroscopy were used to define the total amount of each chemical constituent available within 
the Cove UPS. These results were used to set an upper limit on the total amount of each constit-
uent that could be released from the UPS through leaching reactions.  

3.2 Kinetic Geochemical Testing Procedures 
In addition to static geochemical testing procedures, the temporal variation in leachate chemistry 
was examined using humidity-cell tests. Humidity-cell tests consist of sequential flushing of a 
reaction vessel set up to promote continuous oxidation of rock materials, thereby evaluating the 
variance in leachate chemistry over prolonged periods of time. The results of humidity-cell tests 
were used to calculate an empirical solute-loading rate for each parameter included in the pre-
dictive geochemical model. These solute-loading rates represent the pseudo-steady state, long-
term loading of constituents due to ongoing sulfide-oxidation and other mineral dissolution reac-
tions in the UPS. A total of 32 humidity-cell tests were conducted for the Cove pit.  

3.3 Lithochemical Model 
A previous study of the Cove pit indicated that the lithologies exposed in the UPS are variably 
altered (Johnston et al. 2008), which has affected the geochemical characteristics of the various 
geologic units exposed in the UPS. The influence of alteration on acid-generation and leaching 
characteristics was apparent from the characterization testing; therefore, the geologic map of the 
Cove pit was used in conjunction with previous studies and geochemical characterization results 
to create a lithochemical model of the Cove UPS. This lithochemical model identified and 
mapped the distribution within the UPS of six distinct lithochemical rock types for utilization in 
the predictive geochemical model: 1) Intrusive-Unaltered, 2) Limestone-Clay, 3) Limestone-
Carbonaceous, 4) Limestone-Unaltered, 5) Panther Canyon-Sulfide, and 6) Panther Canyon-
Oxide. Each of these lithochemical rock types will be at least partially inundated by the pit lake 
during filling. 

4 PREDICTIVE MODELING METHODS 

The chemical composition of the Cove pit lake will be controlled by a variety of factors over the 
time period that the lake is approaching geochemical and hydrogeologic equilibrium. These fac-
tors include groundwater seepage into the lake, evapoconcentration, solute-loading from the 
UPS, gas exchange with the atmosphere, mineral dissolution and precipitation, and adsorption. 
Each of these processes was incorporated into the predictive geochemical model. 
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4.1 Water Sources 
The balance between meteoric precipitation and evaporation at the Cove pit is typical of the arid 
conditions that are found throughout much of Nevada, with evaporation rates that are greater 
than meteoric precipitation rates. The Cove pit hydrogeologic groundwater flow model (HCI 
2002, Itasca 2016a) indicated a net evaporation rate of 1.02 m/yr. The volume of water evapo-
rated from the pit lake in each annual model time step was calculated as the product of this 
evaporation rate and the surface area of the pit lake. Evapoconcentration was applied in the 
PHREEQC model by removing the corresponding fraction of pure deionized water (pH=7, 
TDS=0).  

The quantity of water in the pit lake, as well as groundwater inflow into the pit lake, was tak-
en from the calibrated hydrogeologic groundwater flow model. This groundwater flow model 
was calibrated to the observed pit-lake stage elevation as well as water levels measured in 
groundwater wells in the area (Itasca 2016b). In order to obtain an estimate of the range of po-
tential groundwater inflow compositions, regional groundwater chemistry was statistically ana-
lyzed to obtain three representative compositions for each aquifer. These three compositions 
were the average composition (mean concentration for each parameter), and the 10th and 90th 
percentiles (of the concentrations for each parameter) for groundwater compositions in both the 
alluvial and carbonate bedrock aquifers. The average groundwater composition was used as the 
input for the base-case prediction, whereas the 10th and 90th percentiles, respectively, represent 
lower and upper bounds for predicted values. These three compositions were paired with the wa-
ter quantity from the flow model to define the overall solute loading from influent bedrock and 
alluvial groundwater in each time step in the model. 

4.2 Solute Loading 
The release of solutes stored in the weathered UPS has the potential to impact the water quality 
of the Cove pit lake. For example, stored solutes can accumulate as a result of sulfide-oxidation 
reactions during mining when the water table was depressed due to dewatering operations and 
possibly prior to mining in the zone above the pre-mining water table.  

To simulate solute release in the predictive water-quality model, empirical solute-loading 
rates were calculated using the results of humidity-cell tests. The release of solutes from the 
humidity-cell tests varied through time. Release rates at the onset of testing were typically ele-
vated, while additional reaction products (solutes) that had accumulated in the sample prior to 
testing were being flushed from the sample. This process was simulated in the pit-lake water-
quality model by calculating long-term, pseudo-steady-state solute-release rates from the humid-
ity-cell tests (mass of solute per kg of oxidized rock per unit time) for each rock type and then 
applying those rates to the predicted oxidized mass for the respective rock type at the time it is 
inundated by the pit lake.  

The predicted oxidized mass of each rock type through time was estimated using a modified 
approach to the Davis-Ritchie model of pyrite oxidation (Davis & Ritchie 1986, 1987, Davis et 
al. 1986). This model of pyrite oxidation is based on the diffusion of oxygen gas (O2) through 
wall rock. The Cove pit-lake study utilized a propriety modified version of the original Davis-
Ritchie model, developed by Liu et al. (2002). Additional research on pyrite oxidation has for-
mulated rate laws governing the oxidation reaction (Jerz & Rimstidt 2004). Calculations using 
the method of Jerz & Rimstidt (2004) indicated that pyrite-oxidation rates may be appreciable at 
an O2 concentration of approximately 0.01% of the mean atmospheric value. 

The Cove pit pyrite-oxidation model was used to estimate the O2 concentration profile 
through the wall rock throughout time. The predicted O2 concentration profile was used to pre-
dict the thickness of the zone of active oxidation (i.e. greater than 0.01% of atmospheric oxy-
gen). This thickness of the zone of oxidation was paired with the density of the UPS to derive an 
estimate of the rock mass actively undergoing oxidation for each lithochemical rock type of the 
Cove UPS throughout the modeling period.   

The mass of each constituent released in each time step was then calculated according to 
Equation 1. The mass of solute released in each time step (St) from rock type n is calculated as 
the product of the rock mass in the oxidizing zone (M), the calculated solute-release rate (Sr), 
the amount of time over which the solutes had been accumulating (t, 1-year time-step duration), 
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and a surface area proportionality constant (CSA, a scalar that relates the reactive surface area of 
rock in humidity-cell tests to the reactive surface area of rock in the UPS; a value of 0.25 was 
used in the predictive water-quality model and is discussed in more detail in Itasca 2016b). The 
total solute release was then summed for each of the n rock types present in the UPS. 

 
 ܵ௧  = σ ܵ כ ܯ כ ݐ כ ௌଵܥ                                                   (1) 

4.3 Gas and Solid-Mineral Equilibrium Phases 
The exchange of gases (carbon dioxide [CO2] and O2) between the atmosphere and water is a 
process known to affect pit-lake water quality. Pit lakes that exhibit (or are anticipated to exhib-
it) seasonal mixing will have enhanced gas exchange relative to stratified pit lakes or pits that 
are backfilled with tailings or waste rock. Pit lakes that have enhanced gas exchange with the 
atmosphere tend to have greater O2 concentrations and oxidation-reduction (redox) potential, 
and as a result display decreased solubility for metals commonly bound in oxyhydroxides, such 
as Mn and Fe (Eary 1999). Enhanced CO2 exchange with the atmosphere tends to increase pH, 
due to CO2 degassing. Degassing occurs as pit-lake waters move closer to equilibrium with CO2 
concentrations in the atmosphere (values of approximately 10-3.5 atm), and farther from equilib-
rium with groundwater CO2 (values of approximately 10-1.5 to 10-3 atm).  

Although limnological modeling of the Cove pit-lake has not been performed, observations 
from the surface, middle, and bottom of the lake for constituents known to be dependent on the 
redox potential of pit-lake waters (i.e. Fe, Mn, and As) indicate that the pit lake experiences 
turnover at least once per year.  

The PHREEQC geochemical model simulates equilibrium reactions between the bulk pit-
lake solution and the specific set of equilibrium phases defined in the model inputs. The inclu-
sion of these phases in the model was based on observations from analogous pit lakes, experi-
mental results, literature review, and theoretical considerations. Equilibrium phases were desig-
nated for a number of constituents in the pit lake, including Al (gibbsite), Ba (barite), Ca 
(calcite, dolomite, and gypsum), Cd (otavite), Cu (malachite), F (fluorite), Fe (ferrihydrite), Mn 
(rhodochrosite), Pb (cerrusite), Sr (strontianite), and Zn (smithsonite). All of these mineral equi-
librium phases, with the exception of dolomite, have been noted as a likely equilibrium control 
in pit lakes (Eary 1999) and were allowed to precipitate in the model. Dolomite was allowed on-
ly to dissolve in the predictive model to simulate the reaction of acid-neutralizing rock types 
(primarily Limestone-Unaltered) with leachate derived from acid-producing rock types (Intru-
sive-Unaltered, Panther Canyon-Sulfide). The presence of dolomite available for reaction with 
acidic leachate is supported by Johnston et al. (2008), who noted the dolomite component of the 
Cove UPS. 

4.4 Adsorption 
Adsorption of species onto precipitated Fe and Mn oxyhydroxides is a process hypothesized to 
control the concentrations of metals (e.g. Cd, Cr, Pb, and Zn) and metalloids (e.g. As, Se, and 
Tl) in pit-lake environments (Davison 1993, Eary 1999, López et al. 2010), and that has been 
indicated by previous pit-lake modeling studies (Tempel et al. 2000, Castendyk & Webster-
Brown 2007, Newman 2014). Adsorption of species to precipitated ferrihydrite in the predictive 
geochemical model was simulated using the diffuse double layer model (DLM) provided by 
Dzombak & Morel (1990). Due to incomplete thermodynamic data, adsorption to Mn oxyhy-
droxide phases (e.g. manganite and birnessite) was not included in the predictive model, alt-
hough adsorption is known to occur on these solid species (Tonkin et al. 2004).  

In order to evaluate the sensitivity of predicted water quality to adsorption, a predictive simu-
lation was also completed using the base-case water chemistry (mean concentration for each 
constituent) and assuming no precipitation of (or subsequent adsorption to) ferrihydrite. 
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5 PREDICTIVE MODELING RESULTS 

The water quality of the Cove pit was simulated for 100 years beyond the present, for a total of 
approximately 115 years of pit-lake infilling. In general, the predicted water quality of the Cove 
pit lake is similar to that of influent groundwater, with additional controls imparted from solute 
loading, mineral precipitation, evapoconcentration, and adsorption. 

5.1 Pit-Lake Chemogenesis 
Pit-lake water-quality predictions indicate an initial influx of chemical constituents to the juve-
nile pit lake as the UPS is flushed of accumulated solutes. Figures 1-4, respectively, display the 
predicted concentrations of Ca, SO4, Na, and As throughout the simulation period. Figures 1-2 
illustrate the flushing of solutes accumulated by sulfide-oxidation and mineral dissolution reac-
tions in the UPS. Calcium concentrations in the simulated pit lake are initially high, followed by 
a decreasing trend as the initial pit lake is diluted by influent groundwater. These trends are re-
flected in the pit-lake monitoring data and are similar for SO4 (Fig. 2). Calcium continues to fol-
low a decreasing trend throughout the simulation period due to precipitation of calcite, whereas 
SO4

 shows a slight increasing trend as a result of evapoconcentration. Constituents with similar 
trends that were also predicted to be involved in mineral precipitation reactions include Al 
(gibbsite), Ba (barite), Cu (malachite), F (fluorite), and Fe (ferrihydrite). 

Figure 1. Calcium predictive water-quality model results (lines) and observations (points). 
 
The long-term evapoconcentration trend in the pit lake is exemplified by Na in Figure 3. This 

constituent is originally derived from leaching of the UPS and influent groundwater and is not 
predicted to participate in subsequent chemical reactions, such as mineral precipitation or ad-
sorption (although some ion exchange in clay minerals may occur). The increasing trend in pre-
dicted Na concentrations primarily reflects evapoconcentration of the pit lake and is similar to 
the trend observed in the pit-lake monitoring data. Other constituents displaying only long-term 
evapoconcentration trends (and not being affected by mineral equilibria) include Ag, B, Cl, Hg, 
K, Li, Mg, Mn, Mo, N, P, and U.  
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 Figure 2. Sulfate predictive water-quality model results (lines) and observations (points). 
 
 

Figure 3. Sodium predictive water-quality model results (lines) and observations (points). 
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The effect of adsorption in the simulated pit lake is illustrated by the predicted As concentra-
tions in Figure 4. Predicted As concentrations are temporally stable throughout the simulation 
period (with the exception of the simulation with ferrihydrite suppressed) and are generally less 
than the observed concentrations. Predictions indicated that approximately 90% of the As pre-
sent in the pit lake would be adsorbed. Significantly greater concentrations of As in the simula-
tion with ferrihydrite suppressed indicate the sensitivity of the model results to adsorption reac-
tions. Other constituents markedly affected by adsorption include Be, Cd, Cr, Cu, Pb, Ni, V, and 
Zn. 

 

Figure 4. Arsenic predictive water-quality model results (lines) and observations (points). 

5.2 Comparison of Predicted and Observed Pit-Lake Chemistry 
In general, the geochemical model reasonably represents the observed concentrations of parame-
ters monitored throughout the initial approximately 15-year period of infilling from 2001 
through 2015. Figure 5 provides a comparison of the predicted concentrations of parameters in-
cluded in the pit-lake water-quality model for the base-case scenario with the average observed 
concentrations from 2015. 

Figure 5 illustrates that a number of major and minor constituents were predicted relatively 
accurately by the geochemical model; these constituents lie near the 1:1 line on Figure 5, which 
represents predicted concentrations that are equal to the average pit-lake concentrations from 
2015. These constituents include alkalinity, B, Ca, Cr, Cl, K, Mg, Mo, Na, pH, Sr, SO4, and Zn. 
Constituents that were moderately overpredicted by the model (plotted close to but above the 
1:1 line) include Cd and Mn. Constituents that were moderately underpredicted by the model 
(plotted close to but below the 1:1 line) include Ag, Ba, Li, Ni, Se, and U.  

Many of the apparent discrepancies between the predicted and observed concentrations illus-
trated in Figure 5 are attributable to the use of detection limits to represent concentrations for 
non-detects in the observed pit-lake water quality (Al, Be, Cu, Fe, P, Pb, Sn, and V); however, 
there were several notable discrepancies between predicted and observed water quality. Concen-
trations of NO2-NO3, Sb, and Tl were overpredicted by the model and As concentrations were 
underpredicted. 
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Figure 5. Comparison of predicted and observed (average from 2015) pit-lake chemistry. 

5.3 Discrepancies Between Predicted and Observed Concentrations 
Possible causative factors for the discrepancies between the observed and predicted concentra-
tions include propagation of detection limit errors, thermodynamic database considerations, and 
inadequate geochemical characterization data. 

5.3.1 Detection Limits 
As described above, most of the apparent discrepancies occur for solutes that are below detec-
tion limits in the pit lake. Solutes that were not detected during the humidity-cell tests were as-
signed concentrations of zero for use in calculating the solute-loading rate. However, influent 
groundwater chemistry was calculated using one-half the detection limit for non-detect samples; 
therefore, the addition of constituents from influent groundwater may overrepresent loading of 
these constituents to the pit lake. 

5.3.2 Thermodynamic Considerations 
Several of the parameters noted to be underpredicted were also noted to display similar differ-
ences between predicted and observed concentrations in predictive modeling performed by Eary 
& Schafer (2009) of a Post-Betze proto-pit-lake test. Specifically, Eary & Schafer (2009) noted 
significant underprediction of As, Cu, Fe, and Pb. These researchers hypothesized 
that detection- limit errors and a lack of appropriate thermodynamic data for the incorporation of 
trace elements into solid minerals were likely causes of noted discrepancies (Eary & Schafer 
2009). A lack of, or incomplete, thermodynamic data is the most likely cause for the discrepan-
cy between predictions and observations of Sb and Tl in the Cove pit lake. The thermodynamic 
database used in the predictive geochemical model (minteq.V4) does not contain appropriate 
thermodynamic data for adsorption of Tl. Addition of these thermodynamic data to the database 
may have reduced the predicted Tl concentrations; however, the default database was used. 
Tempel et al. (2000) cited a similar cause for the overprediction of As in a modeling study of the 
Getchell pit lake (the thermodynamic data in that study did not include arsenic sorption data). 
Although the thermodynamic database used in the Cove model does contain data for the adsorp-
tion of Sb, there are a limited number of surface species compared to those for constituents such 
as As. An expanded thermodynamic database including data from the literature (e.g. Xi et al. 
2011) may have resulted in additional Sb adsorption and an improved representation of the 
measured pit-lake concentrations. 

Discrepancies between As predictions and observations in the Cove model may also be 
linked to adsorption behavior. The simulation that suppressed ferrihydrite precipitation (and as-
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sociated As sorption) resulted in predicted arsenic concentrations that were 0.392 mg/L greater 
than those observed in the pit lake, whereas the predictions that included ferrihydrite precipita-
tion (and sorption) underpredicted arsenic concentrations by 0.024 mg/L. This indicates that, 
although As sorption to ferrihydrite is probably occurring in the Cove pit lake, the extent of this 
reaction may be overrepresented by the PHREEQC model when ferrihydrite precipitation and 
sorption is included. Nonetheless, the most representative prediction of the measured As con-
centrations was achieved by including the processes of ferrihydrite precipitation and sorption. 

One study quantitatively addressed arsenic adsorption in pit-lake predictions in the Dexter pit 
lake (northeastern Nevada). That study modeled ferrihydrite precipitation and adsorption over 
several seasonal mixing events (Newman 2014) and indicated that the precipitation of ferrihy-
drite, and subsequent adsorption of As, tended to underestimate Fe and As concentrations in the 
bulk pit lake. Calibration of these processes, based on the observed hydrodynamic structure and 
observed Fe and As concentrations, was required to more accurately simulate the Fe and As 
concentrations in the Dexter pit lake; however, the details necessary for that type of calibration 
are not currently available for the Cove pit lake. 

Additional research on the speciation of aqueous As indicates that a number of species have 
poorly constrained thermodynamic data (Nordstrom & Archer 2003; Helz & Tossell 2008). 
Nordstrom & Archer (2003) provided a comprehensive review and update to thermodynamic 
data for a variety of As species. Helz & Tossell (2008), however, indicated that these updated 
thermodynamic data may be applicable only under redox conditions containing small amounts 
of dissolved sulfide. Stratified pit lakes are known to display elevated dissolved sulfide in hypo-
limnion waters (Martin & Pedersen 2002); therefore, the thermodynamic database used for the 
predictive geochemical model may not accurately describe the speciation of aqueous As (Helz & 
Tossell 2008), which in turn affects adsorption behavior (Plant et al. 2003). 

In addition to sorption, the mechanism of coprecipitation can remove metals and metalloids 
from solution. The thermodynamic database used did not include data that would enable simula-
tion of coprecipitation of constituents like Sb and Tl with equilibrium precipitates such as ferri-
hydrite.  

5.3.3 Geochemical Characterization Data 
Geochemical characterization data quality may be an additional source of error in the predictive 
geochemical model. Humidity-cell testing was conducted on all of the parameters included in 
the model, with the exceptions of Cl, F, and NO2-NO3. For these parameters, the solute-loading 
rates were approximated from the results of the MWMP tests. Comparison of SO4 release from 
both humidity-cell tests and MWMP tests indicated that MWMP releases were approximately 
30 times greater. The MWMP releases for Cl, F, and NO2-NO3 were therefore adjusted by this 
empirical factor to approximate the humidity-cell release rates. Close agreement between pre-
dicted and observed concentrations for Cl and F (Fig. 5) indicate that this approach resulted in a 
close match for these constituents, but not for NO2-NO3, which was overpredicted by the geo-
chemical model. This approach highlights a useful way to circumvent gaps in geochemical char-
acterization data, although empirical adjustments may not always be practical or justified. 

In addition to the lack of data for several parameters, the original ABA characterization un-
derrepresented the sulfur content and associated acid-generating behavior of several Cove pit 
samples. A variety of ABA methods have been used to characterize waste rock for mining oper-
ations (e.g. Sobek et al. 1978). The method used in the original Cove pit UPS characterization 
(total sulfur by peroxide oxidation) did not account for the entire AGP of six of the 32 Cove 
humidity-cell samples. These six samples were observed to produce more sulfur than was indi-
cated by the method to be originally present in the sample. To account for this experimental er-
ror, the total original sulfur present in each sample, which was an input to the pyrite-oxidation 
model, was adjusted to be 1.5 times the amount that was released over the entire testing period. 
The scalar of 1.5 was chosen to be environmentally conservative (i.e. tend towards overestima-
tion of AGP), based on the SO4 production rate trends during the testing period. Without the ap-
plied adjustments, the net effect of these errors would likely cause underprediction of total sulfur 
available for release and overprediction of  the mass of oxidized rock available for leaching, 
which in turn would underpredict leaching of sulfur (as SO4) from the UPS relative to the other 
constituents.  
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6 CONCLUSIONS 

The Cove pit lake represents a novel opportunity to compare the results of a predictive geo-
chemical model to a pit-lake water-quality dataset of relatively long duration. Additionally, geo-
chemical characterization data for the Cove UPS allow an empirical model for solute loading to 
the pit lake to be constructed. The combination of solute loading, groundwater inflow, and 
aqueous geochemical processes were used in a predictive model to assess long-term water quali-
ty and to guide regulatory decisions.  

The predicted concentrations of most of the major and minor constituents are similar to the 
measured concentrations after approximately 15 years of infilling. Predicted concentrations of 
trace constituents (i.e. less than approximately 0.1 mg/L) were generally representative of the 
measured concentrations, but were not as similar as for the major and minor constituents. Many 
of the apparent discrepancies between predicted and measured concentrations were attributable 
to the use of detection limits to represent concentrations that were below detection limits in 
some or all of the pit-lake samples. Some of the discrepancies between predicted and measured 
concentrations were more noteworthy; concentrations of NO2-NO3, Sb, and Tl were overpre-
dicted by the model and As concentrations were underpredicted, primarily as a result of limits 
associated with the thermodynamic database used in the model.  

Sensitivity evaluations generally represented the ranges of concentrations measured in the pit 
lake, and the model predictions were useful from a regulatory standpoint to assess the need (or, 
in this case, the lack thereof) for preventative actions in the pit lake. It is important to note that 
long-term predictions of water quality inherently contain uncertainty related to ranges in  
groundwater chemistry, geochemical characteristics of host rock, and climate.  

Although data deficiencies and non-ideal historical methodologies likely hindered the predic-
tive performance of the predictive geochemical model, this work highlights several approaches 
for addressing these hurdles. Specifically empirical corrections, while simple, may be appropri-
ate where data are inadequate. Finally, this work highlights the inherent uncertainties in geo-
chemical modeling that arise from incomplete or inaccurate thermodynamic datasets. 
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1 OBJECTIVE 

The objective of this work is to understand the impact of calcium compound chemistry on oil 
sands process water chemistry.  The impact of the treated process water chemistry on mature fine 
tailings properties will also be explored. 

 
2 BACKGROUND 
 
In Alberta, bitumen is commercially produced by surface mining the Athabasca oil sands for-
mation followed by removal in an ore-water slurry based extraction processes.  These oil sands 
plants are using versions of the Clark Hot Water Extraction (CHWE) process developed in 1930s 
(Clark 1930, 1939 & 1944).  CHWE process operating conditions are effective at extracting bitu-
men but promote dispersion of silt and clay size particles in the extraction process slurry.  This 
results in tailings effluent with poor settling and consolidation characteristics.  Concerns regarding 
the management of oil sands tailings produced by CHWE process were firstly highlighted by Dr. 
K.A. Clark, inventor of the process (Clark 1939).  When the tailings effluent is discharged, coarse 
sand particles and approximately 50% of the -44 µm fines segregate to form a beach.  The remain-
ing fines, water and residual bitumen drain as a slurry of 6% to 10% solids (by mass).  These fine 
tailings settle relatively quickly to 20% solids content and over a few years to 30% solids (86 % 
by volume water) with a stable slurry structure.  This structurally stable slurry is called mature 
fine tails (MFT); which is predicted to remain in a fluid state for decades because of its very slow 
consolidation rate (Kasperski 1992).  

During the last four decades, significant effort was devoted for the development of novel tech-
nologies to reduce MFT production and improve the reclamation characteristics of oil sand tail-
ings. A number of technologies have been explored (BCG 2010) including whole tailings treat-
ment, nonsegregating tailings (NST) production, composite tailings (CT) production, tailings 
reduction operations (TRO), atmospheric drying, in line thickener and centrifuge technology with 
limited commercial success. Canadian Oil Sands Innovation Alliance (COSIA) continues to ex-
plore novel technologies to reduce MFT inventory (COSIA 2012). 

Impacts of Calcium Compounds on Oil Sands Water Chemistry 
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J.D. Scott 
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ABSTRACT: The impact of tailings coagulants on the quality of oil sands surface mining process 
water quality must be considered carefully to insure their long term sustainable operation.  The effect 
of calcium compound addition on tailings treatment and water quality in oil sands surface mining is 
explored by simplified titration studies, theoretical modeling, and process simulation.  Calcium hy-
droxide (lime) increases pH while minimizing soluble calcium at a pH below 11 due to a preference 
for reacting with bicarbonate which produces an insoluble calcium carbonate precipitate.   Above a 
pH of 11, lime interacts with clays to facilitate settling through cation exchange.  Calcium sulfate 
(gypsum) slightly reduced pH and did not react with bicarbonates in the same way.  Mature fine 
tailings water chemistry and settling were studied further to explore the differences between lime 
and gypsum addition.  Results show a significant reduction in soluble calcium with the use of lime. 
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The use of coagulants has played an important role in proposed technologies for tailings treat-
ment.  Coagulants are used to assist in settling and dewatering oil sands tailings by interacting 
with fine tailings particles.  The coagulated tailings must have enough strength and durability to 
support the reclamation of tailings storage areas.  A number of coagulants, including anionic pol-
ymers, alum, gypsum and lime have been tried with mixed results (Kasperski 1992, MacKinnon 
et al 2010).   The effectiveness of coagulants can be influenced by water chemistry.   In turn, 
coagulants can impact the chemistry of water recycled back to the extraction process.  Despite 
significant work by the industry, many knowledge gaps still remain regarding coagulant perfor-
mance (BCG 2010). 

3 USE OF CALCIUM COMPOUNDS TO COAGULATE OIL SANDS TAILINGS 

3.1  Use of calcium compounds to treat oil sands tailings  
Calcium is a divalent cation that has a demonstrated performance record in the modification and 
stabilization of fine clay soils (Little 1995).  In these applications lime improves dewatering char-
acteristics through cation exchange and modifies strength through pozzolanic reactions with the 
clay.  The interaction of calcium (Ca+2) with fine particles has also been studied in a wide range 
of oil sands tailing treatment processes ranging from whole tailings to nonsegregating tailings to 
mature fine tailings treatment (Chalaturnyk et al 2002). 

Several types of calcium compounds have been studied.  Calcium oxide (CaO), which is called 
quicklime, is produced by the calcination of limestone (CaCO3).  Quicklime reacts with water to 
form a fine powder of calcium hydroxide (Ca(OH)2) or hydrated lime.  Since quicklime quickly 
converts to hydrated lime in water slurry applications, the generic term lime is used to describe 
hydrated lime. 

Another common source of calcium is gypsum (calcium sulfate (CaSO4.2H2O,)).   Though cal-
cium sulfate can be obtained through natural sources, gypsum is also a by-product of the reaction 
of hydrated lime or limestone with sulfates in water or flue gas.   The quality of this by-product 
gypsum can vary according to its source. 

3.1.1 Whole tailings treatment  

Initial research into tailings treatment with calcium compounds, including lime, focused on the 
whole tailings treatment to reduce the environmental impacts of oil sands tailings disposal 
(Speight & Moschopedis 1977/78 & 1980; Kessick 1978, 1979, 1980 & 1983; Ozum et al 2004).  
Lime and gypsum were mentioned by Baillie & Malmberg (1969) as possible flocculating rea-
gents prior to a centrifuging process.    Baillie targeted a pH of less than 7.5 or above 9.0 for 
flocculation.    Liu et al. (1980) investigated the use of three different calcium salts in the treatment 
of whole tailings prior to settling and vacuum filtration.    A lime dosage rate of 300 to 700 ppm 
by weight of whole tailings was preferred.  The treated tailings could be dewatered to 85% by 
weight solids after filtration.  Erno & Hepler (1981) investigated the use of additives to enhance 
pressure filtration and found that lime and the flocculent Cyanamid A-130 worked best.   Lane 
(1983), Lane et al. (1984) investigated the use of treated whole tailings with lime and a lime/ani-
onic polymer combination.  C-H Synfuels (1984) studied the treatment of whole tailings for dep-
osition by a thickened-discharge method.   Much of their work focused on the use of lime and the 
Cyanamid A-110 flocculent.  They found that the optimum lime dosage was 600 ppm without a 
polymer or 550 ppm with 6 ppm Cyanamid A-110.        

3.1.2 Nonsegregating tailings treatment 
Limited success with whole fine tailings work shifted attention to modification of the particle size 
distribution of the tailings to reduce segregation during the deposition of tailings. An additive, 
such as lime or gypsum, was added to coagulate fines which were blended with coarse tailings.  
Called Nonsegregating Tailings (NST), the targeted blend of sand to fines was 4-5 to 1 parts by 
weight.  Work performed by the University of Alberta (Caughill et al 1993a, b) with Syncrude 
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tailings indicated that nonsegregating mixes could be achieved with a lime addition dosages of 
600-800 ppm based on the total weight of tailings.   The tailings stream studied contained 45-55% 
solids and 15-20% fines.  Water chemistry analysis in this study showed that bicarbonates were 
removed in the targeted lime addition range.  The addition of lime did not appear to impact recycle 
water quality except to increase pH in this study.  Scott et al. (1993) indicated that over 90% of 
Syncrude fines could be captured or retained in NST with lime addition of 1250 g/m3 of tailings.  
Due to slow pore pressure dissipation, the treated tailings require longer term storage.  Donahue 
et al. (2008) indicated that 0.6 g-CaO/m3-NST dosage was the minimum value for preventing 
segregation  of  Aurora  Mine’s  NST.    Soluble  calcium was found to stay low until bicarbonate was 
removed at a pH of about 11.5. Chalaturnyk et al. (2002) explored the use of lime followed by 
CO2 treatment to significantly improve the precipitation rate of tailings. Scott et al. (2007) ex-
plored the impact of the use of lime to produce MFT on recycle water quality.  Romanuik et al. 
(2015) indicated that release water chemistry could be improved with the use of 400 – 800 g-
CaO/m3-NST. 

Work on the development of NST evolved into the development of the Composite Tailings 
process by Syncrude and the Consolidated Tailings process by Suncor.  These processes utilized 
a cyclone to separate whole fine tailings.  The underflow of a cyclone with a high solids content 
(>55%) and a low fines content (< 7%) can be blended with MFT and/or thickened tailings to 
produce a nonsegregating tailings product.  Initial work focused on the addition of gypsum as a 
coagulant.  Matthews et al. (2002) and MacKinnon (1989) discuss the use of lime and gypsum in 
the production of CT at Syncrude.  Key factors assessed in screening alternatives included supply 
cost, dosage, effects on pore and release water, segregation susceptibility, depositional perfor-
mance and geotechnical performance.  MacKinnon et al. (2010) noted that the optimum dosage 
of lime was 1250 – 1500 g/m3-CT.  The water quality, with high pH, at this concentration was a 
concern.   Gypsum dosage levels were lower, 1000 – 1200 g/m3-CT but elevated dosages of sol-
uble Ca+2 were  seen  in  solution.    Three  “sinks”  were  proposed  for  the  calcium  from  gypsum;;  one  
third of the calcium exchanged with cations on the clay, one third precipitated as calcium car-
bonate and one third was in solution as Ca+2.  The pH of the tailings decreased rather than in-
creased after gypsum addition. 

3.1.3  Mature fine tailings treatment 
Segregation of tailings and cyclone overflow result in a stable slurry of fine clay particles called 
Mature Fine Tailings (MFT) that eventually settle in ponds to 30-35% solids.  Sworska, et al. 
(2000) found that the presence of Ca+2 ions combined with Percol 727 polymer improved settling 
rate and improved the quality of the supernatant of fine tailings.  Ezeagwula et al. (2008) investi-
gated the addition of lime and gypsum to MFT.  Initial tests with lime addition rates of 1-5 mM 
without polymer did not show significant settling.  Additional work was done to examine the 
addition of a polymer, Magnafloc 1011 to improve settling.  The work noted a difference in per-
formance between the two calcium compounds.  Gypsum caused gelation in the mature fine tail-
ings and did not improve flocculation.   The addition of lime resulted in increased initial settling 
rate, decreased solids in the supernatant and improved supernatant clarity.  Lorentz et al (2014) 
indicate in the patent application Oil Sands Fluid Fine Tailings Dewatering using Rim Ditching 
that lime, gypsum or a combination of the two could be used as coagulants for rim ditch treat-
ments.  The presence of lime increased cracking which improves evaporation and reduced the 
amount of total dissolved solids (TDS) in the release water. 

4 INTERACTION OF CALCIUM COMPOUNDS WITH SODIUM BICARBONATE 

The ability of calcium compounds to be effective in tailing treatment depends on their ability 
to make soluble calcium cations available for exchange reactions on the surface of clays in 
solution. High levels of bicarbonate (HCO3

-) seen in oil sand process water can impact the per-
formance of calcium addition in two ways.  Calcium could react with bicarbonate to form in-
soluble calcium carbonate or calcium bicarbonates (Lane et al 1984); (Caughill et al 1993).   
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All oil sand plants are utilizing process water containing with high bicarbonates species be-
cause of the chemical reaction between the alkaline extraction process additive and atmospheric 
carbon dioxide (CO2).  High alkalinity buffers the extraction process pH fluctuations and pro-
vides steady operating conditions (Tollefson & Hall 1983; Hamza et al 1996); however, it pro-
motes silt-clay size particles dispersion, slows down bitumen droplets coalescence and aeration 
processes (Ozum et al 2014). 

Titrations experiments were performed to better understand how both lime and gypsum interact 
with a bicarbonate buffer system.  These titration experiments focused on understanding how the 
additives affect the pH, HCO3

-/CO3
2- buffer concentrations, and soluble calcium (Ca2+). The com-

plexes formed between Ca2+ and HCO3
- and CO3

2- are important, since Ca(HCO3)2 is soluble but 
reduces the activity of Ca2+ whereas calcium carbonate is an insoluble and readily precipitates. 

4.1 Titration of sodium bicarbonate with lime 
The titration of sodium bicarbonate solution (NaHCO3) with lime demonstrates the important ef-
fect of pH in this system. The results of this titration are shown in Figure 1. Initially, the addition 
of lime increases the pH of the solution.  Bicarbonate and carbonate are removed from the system 
by Reactions 1 and 2.  Both of these reactions form calcium carbonate which precipitates from 
solution. 

As seen in Reaction 2, the formation of sodium hydroxide (NaOH) initially increases pH.  As 
sodium bicarbonate approaches zero concentration at pH at about 11, free Ca2+ ions become sol-
uble by Reaction 3.  

 
𝐶𝑎(𝑂𝐻) + 2𝑁𝑎𝐻𝐶𝑂 → 𝐶𝑎𝐶𝑂 + 𝑁𝑎 𝐶𝑂 + 2𝐻 𝑂                                      (1) 
 𝐶𝑎(𝑂𝐻) + 𝑁𝑎 𝐶𝑂 → 𝐶𝑎𝐶𝑂 + 2𝑁𝑎𝑂𝐻                                                        (2) 
𝐶𝑎(𝑂𝐻) → 𝐶𝑎 + 2𝑂𝐻                                                               (3) 

 
The titration of NaHCO3 with Ca(OH)2 was also simulated using modelling software HS 

Chemistry Version 8. The results of the computer simulation, shown in Figure 2, appears 
consistent with the trends observed in the laboratory titration experiment. 

 

  
Figure 1.  Titration of NaHCO3 solution with 
Ca(OH)2.         

 
 

Figure 2.  Computer simulation, titration of Na-
HCO3 solution with Ca(OH)2. 
 

An important note about the soluble lime system is that, like sodium hydroxide, it is not stable 
at atmospheric conditions. Atmospheric carbon dioxide will readily dissolve in water with alkaline 
pH through Reaction 4 resulting in H2CO3 which will react with lime to precipitate the remaining 
soluble calcium and reduce the alkalinity of the system, as shown in Reaction 5, in time yielding 
a low Ca2+ concentration and a decrease in pH back towards neutral.  

 
𝐶𝑂 + 𝐻 𝑂 → 𝐻 𝐶𝑂                                                                                             (4) 
𝐶𝑎(𝑂𝐻) + 𝐻 𝐶𝑂 → 𝐶𝑎𝐶𝑂 + 2𝐻 𝑂                                                      (5) 
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4.2 Titration of sodium bicarbonate with gypsum 
The titration of a sodium bicarbonate (NaHCO3) solution with a gypsum (CaSO4) solution demon-
strates the importance of the Ca2+ complexation with HCO3

-
 through Reaction 6. Additionally, 

Ca(HCO3)2 can decompose through Reaction 7 to precipitate insoluble CaCO3, resulting in the 
decrease in HCO3

- concentration from 7.3 to 5.1 Mm, while forming acidic H2CO3, which would 
account for the small decrease in pH from 8.0 to 7.5, as seen in Figure 3. 
 

𝐶𝑎𝑆𝑂 + 2𝑁𝑎𝐻𝐶𝑂 → 𝐶𝑎(𝐻𝐶𝑂 ) + 𝑁𝑎 𝑆𝑂                                   (6) 
𝐶𝑎(𝐻𝐶𝑂 ) → 𝐶𝑎𝐶𝑂 + 𝐻 𝐶𝑂                                                         (7) 

 
Computer simulations, presented in Figure 4, indicate that the Ca(HCO3)2 complex, is thermo-

dynamically stable.  The stability of the Ca(HCO3)2 complex leads to higher Ca2+ concentrations 
in solution but a lower Ca2+ ion activity coefficient in solution.  We believe that the stability of 
this Ca(HCO3)2 complex and its impact on ion activity is interfering with the ability of Ca2+ from 
gypsum to bind to clays in MFT. 

 

  
Figure 3.  Titration of NaHCO3 solution with 
CaSO4.        

 
 

Figure 4.  Computer simulation, titration of Na-
HCO3 solution with CaSO4. 
 

The results of the computer simulated titration of a sodium bicarbonate solution with a gypsum 
show broad similarities, but are not entirely consistent with to the laboratory titration experiments. 
Unlike the lime titration simulation, the gypsum titration simulation highlights the importance of 
soluble Ca(HCO3)2 complex, since this complex forms very quickly and decreases free Ca2+ ions. 
The simulation does not account for the exchange of Ca2+ between HCO3

-, such as in an extended 
network, and therefore may underestimate the amount of Ca2+ participating in complexes with 
HCO3

-. In the laboratory titration experiment, Ca2+ complexes, while most likely present cannot 
be differentiated, thus any soluble Ca2+ is reported as Ca2+.  Additionally, the laboratory titration 
experiment demonstrates a small decrease in HCO3

- and pH that was not predicted in the simula-
tion. 

4.3 Ionic strength and its effects on Ca2+ activity 
The computer simulations of sodium bicarbonate titration with lime or gypsum can be used to 
predict the ionic strength (Glasstone & Lewis 1963) and Ca2+ activity coefficients during the ti-
trations. The predicted ionic strength and Ca2+ activity coefficients are presented in Figure 5 
which demonstrates the significant differences between lime and gypsum.  Lime results in a much 
lower ionic strength compared to gypsum because HCO3

- and CO3
2- concentrations are reduced, 

due to precipitation as calcium carbonate, and less total anions since OH- is consumed in acid/base 
reactions, unlike SO4

2- which is conserved. Ionic activity coefficients are inversely proportional 
to ionic strengths, thus Ca2+ activity coefficients are higher for lime than gypsum.  The higher 
Ca2+ activity coefficient means that the Ca2+ from lime should bind more readily to clay surfaces 
compared to Ca2+ from gypsum. 
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5 IMPACT OF LIME AND GYPSUM ADDITION ON MATURE FINE TAILINGS  

This case study examines the impact of both lime and gypsum addition to a MFT sam-
ple.   

 
5.1 Comparison of the effects of lime and gypsum additives on MFT settling 
 
To compare performance of lime and gypsum additives on the MFT settling, both addi-
tives were used at dosages up to 3000 ppm by weight of diluted MFT (1 to 1 dilution 
factor).  Due to the difference in the molecular weights of these additives, 3000 ppm dos-
age of gypsum contains approximately the same amount of calcium (Ca2+) ions as 1250 
ppm dosage of lime.  The MFT was diluted with both deionized water (DDMFT) and 
process water (PWMFT). 

Comparison of the settling of diluted MFT as a function of time for lime and gypsum 
additives is presented in Figure 6.  The final settling of the diluted MFT with 1250 ppm 
lime and 3000 ppm gypsum additives were similar after 2 weeks; however, lime addition 
allowed for quicker initial settling compared to gypsum, showing improved performance 
at 4 days. 
 

[  

Figure 5.  Ionic strength (I) and Ca2+ activity coef-
ficients  (γ)  by  computer  simulated  titrations  of  Na-
HCO3 solution with Ca(OH)2 or CaSO4.       

Figure 6.  CaO and CaSO4 additives on the settling 
of process water diluted MFT (1:1) 

 
 

5.2 Effects of lime and gypsum additives on yield stress 
 
After 3 weeks of settling, the middle fraction of the settled bed was collected and lightly mixed 
with a spatula. The yield stress was determined using a vane spindle (either V-71 or 72) on a 
Brookfield DVT-RV rheometer. The yield stress was determined using the built in yield stress 
measurement functionality. The yield stress was measured starting at 0.01 rpm and then the meas-
urement was repeated increasing the rpm by 0.01 until the reported value was identical for 2 ex-
periments. 

The material was pre-sheared at 200 rpm for 5 minutes, allowed to rest for 5 minutes in all 
measurements. Spindle choice was based on the strength of the material; V-71 has larger blades 
and is used for thin materials whereas V-72 has smaller blades and is used for thicker materials. 
Due to geometric and size constraints different immersion markers were used, the primary marker 
on the spindle approximately 1 cm above the top of the vane blades and the secondary marker 
halfway on the vane blades.   

The yield stress observed from the settled beds recovered using lime additive from both distilled 
and process water diluted MFT is presented in Table 1. Yield stress is observed to appear after a 
critical dose of 1,250 ppm lime. Before this critical dose there is a slight, 0.5 Pa or less reduction 
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in yield stress. All gypsum doses, between 1250 to 3000 ppm, results in a similar increase in yield 
stress, from 2 to 4 Pa. 

While gypsum shows an initial increase in yield stress with both dilution waters, the yield stress 
plateaus at approximately 4 Pa. On the other hand, lime does not increase yield stress until it 
reaches a critical value, at which point the yield stress increases up to about 12 to 14 Pa. 

5.3 Effects of lime and gypsum additives on released water chemistry  
The release water from the settling columns was recovered after 3 weeks settling time and ana-
lyzed for its ionic composition at the Department of Civil and Environmental Engineering, Uni-
versity of Alberta, Edmonton, Alberta.  The water chemistry of the release water recovered from 
distilled water diluted MFT is presented in Table 2 and from process water diluted MFT in Table 
3. 
 
Table 1.  Effect of Lime and Gypsum additives on the yield stress of the settled bed. 

  Distilled Water Diluted MFT (1:1) Process Water Diluted MFT (1:1) 
Additive Dose(**) Ca2+ Yield Stress Dose(**) Ca2+ Yield Stress 
Type(*) ppm  mM/kg Pa ppm mmol/kg Pa 

None 0 0 0.1 0 0 0.5 
Lime 500 9.1 0 500 9.1 0 
Lime 850 15.1 0 850 15.1 0 
Lime 1250 22.6 0 1250 22.6 0 
Lime 1700 30.2 4.6 1700 30.2 9.4 
Lime 2500 45.3 13.4 2500 45.3 11.9 

Gypsum 1250 7.4 3.9 1250 7.4 2.6 
Gypsum 2000 11.6 2.9 2000 11.6 3.5 
Gypsum 3000 17.4 3.8 3000 17.4 3.9 

(*) Lime CaO, Gypsum CaSO4.2H2O; (**) on diluted MFT mass basis 
 
 
Table 2.  Distilled water diluted MFT (1:1) release water chemistry. 

Additive Dose (**)   HCO3
- CO3

2- OH- Mg2+ Na+ Ca2+ SO4
2- 

Type(*) ppm Ca2+ mM pH mM mM mM mM mM mM mM 
None 0 0.0 7.8 5.6 0 0 0.3 7.1 0.3 0 
Lime 500 8.9 8.8 5.2 0.2 0 0.1 8.2 0.3 0 
Lime 850 15.2 8.6 5.4 0.1 0 0.1 7.3 0.2 0 
Lime 1250 22.3 11.2 0.7 0.6 1.5 0 6.5 0.3 0.3 
Lime 1700 30.3 11.6 0 0.4 3.8 0 7.1 0.4 0.2 
Lime 2500 44.6 12.1 0 0.2 13.8 0 8.3 3.9 0.2 

Gypsum 1250 7.3 8.0 5.3 0 0 2.1 9 5.2 3.1 
Gypsum 2000 11.6 7.8 5.4 0 0 2.6 8.3 7.6 2.1 
Gypsum 3000 17.4 7.8 4.7 0 0 3.1 8.5 12 3.7 
(*) Lime is CaO, Gypsum is CaSO4.2H2O; (**)  on diluted MFT mass basis 

 
 
 
 
 
Table 3.  Process water diluted MFT (1:1) release water chemistry. 

Additive Dose(**)   HCO3
- CO3

2- OH- Mg2+ Na+ Ca2+ SO4
2- 

Type(*) ppm Ca2+ mM pH mM mM mM mM mM mM mM 
None 0 0.0 8.2 7.9 0.1 0 0.4 14.1 0.4 0.4 
Lime 500 8.9 8.4 3.8 0 0 0.2 11.2 0.3 0.6 
Lime 850 15.2 7.9 2.7 0 0 0 11.1 0.2 0.7 
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Lime 1250 22.3 11.3 0.2 1.1 1.9 0 11.9 0.2 0.5 
Lime 1700 30.3 12.2 0 0 14.1 0 15.9 n/a 0.5 
Lime 2500 44.6 12.1 0 0 12.3 0 17.5 1.7 0.6 

Gypsum 1250 7.3 8.0 4.7 0 0 2.3 17 4.2 3.4 
Gypsum 2000 11.6 7.7 6.9 0 0 2.9 15.6 7.8 4.1 
Gypsum 3000 17.4 7.6 7.2 0 0 3.4 16.2 12.6 4.2 
(*) Lime is CaO, Gypsum is CaSO4.2H2O; (**)  on diluted MFT mass basis 

 
5.4 Potential use of lime to remove residual bitumen in MFT or tailings effluents  
 
MFT used in the present study contains about 2.9% bitumen (by mass of MFT).  When MFT was 
treated with lime and gypsum to improve its dewatering characteristics, it was also observed that 
residual bitumen was released from the MFT only with lime addition.  
This observation made us speculate that the reaction mechanisms of lime and gypsum with MFT 
are different, most likely resulting from how the additives affect the pH of the MFT slurry.  The 
removal of bitumen from MFT with a lime additive could improve MFT dewatering and remove 
toxic constituents of MFT from the environment. The removed residual bitumen could be used a 
low grade material for applications such as road paving (Romaniuk et al 2015). 

6 DISCUSSION  

The quality of process water after the addition of lime or gypsum can impact the tailings process 
in several ways.  First, the presence of sodium at the surface of clays aids in dispersion and makes 
settling difficult.  Replacing sodium with calcium at the surface of the clay has been shown to 
improve the dewatering characteristics of clays (Rogers 1953; Johnston 2008 & 2010).  For cation 
exchange to occur, test data suggests that calcium must be soluble in water.  As seen in the titration 
testing and theoretical modeling, when lime is used, a critical pH of 11 or higher must be reached.  
This corresponds to the theoretical pH level when bicarbonates shift to carbonates in solution 
(Bohn et al 1985). Gypsum provides some soluble calcium for cation exchange at low pH, but this 
does not appear to result in better settling characteristics. 
 Calcium can act as a coagulant by binding fine particles together.  Hall & Tollefson (1982) 
indicated that the surface charge neutralization and bridging effects of divalent calcium ions can 
be important for oil sands conditioning. This provides larger particles which theoretically should 
settle faster as well as improved reclamation characteristics.  The yield stress of tailings samples 
was dependent on the pH of the treated tailings.   Lime treated tailings showed better settling 
characteristics and improved yield stress above a pH of 11.  Gypsum addition resulted in yield 
stress formation at lower pH at a moderate level which did not increase significantly as additional 
gypsum was added.  This suggests that cation exchange can influence yield stress but pH has a 
much larger influence.  When lime is used in soil stabilization, pH is also very important.  In this 
application, ASTM D 6276 is used to determine the lowest percentage of lime that produces a 
laboratory pH of 12.4 (National Lime Association 2006).  Achieving this pH is necessary to ini-
tiate the pozzolanic reactions that strength the soil.  Since gypsum addition cannot increase pH, 
its ability to react with the tailings is limited.   

Lime addition to MFT showed the ability to improve water quality by removing residual bitu-
men.  Lime addition also improved water clarity, by the removal of soluble organic compounds 
in process water and improved the quality of the water by decreasing ionic strength.  Gypsum 
addition did not result in the same water quality improvement.  The partial solubility of calcium 
and the addition added to the complexity of the water chemistry rather than simplifying it. 

Our research results suggest that the pH of the tailings process is important.  The optimal pH 
level may be at the same pH where settling rate was optimized.  Lime drives the pH higher which 
increases potential for calcium to react with clay.  Despite high pH, lime also reacts with carbon 
dioxide from the air and produce bicarbonates which buffers the release process water pH.  Gyp-
sum slightly lowers the pH which limits its ability to interact calcium with clay.   

In summary, there is a clear difference in the behavior of lime and gypsum in tailings treatment.   
The ability of lime to reduce bicarbonates, control pH and interact with clay provides unique 
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benefits when used as a coagulant in tailings treatment processes.  Developing a method to treat 
MFT with lime in a simple, cost effective and environmental friendly manner is the focus of this 
work. 

   
6. CONCLUSIONS 
 
Significant differences were observed between lime and gypsum when use in the treatment of oil 
sands tailings.  Based on these observations, the following conclusions were made: 
 
 Lime addition increases the pH of MFT while gypsum slightly decreases the pH. 
 Lime does provide soluble calcium until a pH of approximately 11.5 is reached.   
 Gypsum is partially soluble when added to MFT.  This allows for some cation exchange to 

occur at low pH.   Some soluble calcium with gypsum addition is likely in the form of calcium 
bicarbonate. 

 Despite the cation exchange advantage for gypsum at low pH, better settling characteristics 
were seen with lime at the same molar dosage. 

 Lime did not build yield stress until the pH reached 11.  Gypsum showed some yield stress 
immediately but not at the same level seen with lime at high pH. 

 Lime, unlike gypsum, does not increase the concentration of Ca2+, Mg2+ or SO4
2- in recycle 

waters at a pH less than 11.5. 
 The reaction of lime with bicarbonate results in an insoluble calcium carbonate precipitate but 

increases pH through the formation of sodium hydroxide. 
 Computer simulations suggest that lime addition results in a lower ionic strength compared 

with gypsum for solutions contain sodium bicarbonate. 
 The addition of calcium hydroxide appeared to remove residual bitumen contained in the MFT.  

Gypsum did not show potential for bitumen release.  This observation may be related to pH 
levels of the MFT. 

 
7. FUTURE STUDIES 
 
Further research on the use of lime as coagulant for dewatering of MFT and improving water 
quality is currently underway.  The impact of raising pH to the levels required for stabilization of 
MFT and tailings effluents is being examined.   The solubility of calcium over time at these high 
pH levels is also being explored.  The impact of lime addition on bitumen removal from MFT will 
also be studied at different pH levels.   
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1 INTRODUCTION 

The Electric Power Research Institute (EPRI) performed a study of monitored natural attenua-
tion (MNA) for inorganic constituents of concern (COC) for coal combustion residuals (EPRI 
2015). Much of the information for the EPRI study came from mining and minerals processing 
case histories, as many of the inorganic COC are the same for both industries. 

According to the U.S. Environmental Protection Agency (USEPA; 1999, 2007a), MNA for 
groundwater is “the reliance on natural attenuation processes (within the context of a carefully 
controlled and monitored site cleanup approach) to achieve site-specific remediation objectives 
within a time frame that is reasonable compared to that offered by other more active methods.” 
The USEPA (2007a) MNA protocol consists of the following four tiers: 
� Tier I: Demonstrate active removal of COC from groundwater and dissolved plume stability 
� Tier II: Determine the mechanism(s) and rate(s) of attenuation 
� Tier III: Determine the long-term capacity for attenuation and stability of the immobilized 

COC 
� Tier IV: Design a performance monitoring program and establish contingency plans should 

MNA fail  
One question that often arises in the context of MNA is what constitutes a reasonable time 

frame. Based on a literature review of MNA remedies for inorganic constituents, time frames to 
achieve cleanup objectives ranged from 5 to 150 years, with 10 to 40 years being the most 
commonly proposed. 

Monitored Natural Attenuation for Inorganic Constituents in Mine 
Tailings 

J. Redwine, Ph.D., P.G. & R. Howell, P.G. 
Anchor QEA, LLC, Birmingham, Alabama, USA 

B. Hensel, P.G. 
Electric Power Research Institute, Palo Alto, California, USA 

 

ABSTRACT: Monitored natural attenuation (MNA) is a lower cost, sustainable alternative for 
groundwater remediation where natural processes reduce groundwater contamination to clean-
up standards within a reasonable time frame compared to other methods. MNA case histories 
were evaluated for 18 inorganic constituents of interest in tailings and mine waste.  The 
USEPA’s MNA protocol consists of four tiers: I) demonstrate removal of constituents from 
groundwater and dissolved plume stability; II) demonstrate the mechanisms and rates of attenu-
ation; III) determine the long-term capacity for attenuation and stability of immobilized constit-
uents; and IV) design a performance monitoring program and establish contingency plans 
should MNA be ineffective. Mechanisms for MNA include dilution/dispersion, sorption, pre-
cipitation, and coprecipitation. Techniques to identify these mechanisms, evaluate their perma-
nence, and predict the aquifer’s capacity for MNA were examined.  Proposed times to natural 
attenuation ranged from 5 to 150 years, with 10 to 40 years being the most commonly proposed. 
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Source control is a prerequisite for a MNA remedy. Specifically, the USEPA expects that 
source control measures will be evaluated for all contaminated sites and implemented at most 
sites where practical (USEPA 1999, 2007a). Source control measures for mine tailings and tail-
ings ponds include source removal, decanting and dewatering (for ponds), capping, barrier 
walls, in-situ solidification/stabilization, permeable reactive barriers, pump-and-treat, and sev-
eral others. A literature review was performed to document MNA applications for inorganic 
constituents, and unpublished case histories from the authors’ experiences were added. Most of 
the documented MNA applications were for arsenic and iron (Table 1). 

 
Table 1. Monitored natural attenuation case histories by constituent. 

Constituent Number of case histories1 
Examples from mining 
and minerals processing 

Arsenic1 12 9 
Antimony 1  
Beryllium 2 9 
Boron 1  
Cadmium 2 9 
Chromium 1 9 
Cobalt  1 9 
Copper 1 9 
Fluoride 1  
Iron2 >12 9 
Manganese 2 9 
Molybdenum 1 9 
Nickel 1 9 
Lead 1 9 
Selenium 2  
Sulfate 1  
Vanadium 1 9 
Zinc 1 9 
1 This includes unpublished case histories known to the authors. 
2 Iron attenuation is under-represented in the literature because iron does not have a primary drinking wa-
ter standard. Most of the arsenic case histories involve the precipitation of iron compounds, which re-
moves both iron and arsenic from groundwater. 

2 TIER I - DEMONSTRATE ACTIVE CONSTITUENT OF CONCERN REMOVAL FROM 
GROUNDWATER AND DISSOLVED PLUME STABILITY 

According to USEPA (2007a), the Tier I analysis has two objectives: 
� Eliminate the site from MNA consideration if the area of COC impacts in groundwater is 

expanding in areal or vertical extent 
� Demonstrate that chemical attenuation is occurring for COC that have the potential for 

chemical attenuation 
An increase in COC concentrations with time downgradient from a source area indicates that 

attenuation is not occurring sufficiently to prevent plume expansion (USEPA 2007a). Converse-
ly, stable or decreasing concentrations through time at downgradient locations provide evidence 
that attenuation is occurring (Figure 1).  
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Figure 1. Decreasing arsenic concentrations in downgradient wells.  

 
 
The area of impact can also be evaluated by contouring COC concentrations in map view. As 

shown on Figure 2, the area of impact has decreased somewhat in areal extent from 1999 to 
2013, but the concentrations within the area have decreased significantly, indicating that attenu-
ation is occurring. A confining bed occurs at relatively shallow depths below this area of im-
pact, so the plume is not expanding vertically. 

 
 

 
 

Figure 2. Dissipation of arsenic plume with time. 

3 TIER II - DEMONSTRATE THE MECHANISMS AND RATES OF THE OPERATIVE 
ATTENUATION PROCESSES 

3.1 Mechanisms of attenuation 
A Tier II analysis consists of the following two parts: 1) identify the specific mechanisms con-
trolling COC attenuation, and 2) estimate attenuation rates. 

Based on a thorough literature review, more investigation has been performed on attenuation 
mechanisms than any other topic related to MNA. Attenuation mechanisms can be placed in 
two broad categories, physical and chemical. Physical mechanisms include dilution, dispersion, 
flushing, and related processes. All COC are subject to physical attenuation mechanisms, so it 
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is important to include physical processes in MNA evaluations. Some constituents, such as bo-
ron, chloride, fluoride, and lithium, are not chemically attenuated under normal aquifer condi-
tions, so physical mechanisms may be the only operative natural attenuation mechanisms for 
those COC.  

Chemical attenuation processes that are potentially applicable for mine wastes include pre-
cipitation, coprecipitation, and sorption. Table 2 shows the major chemical attenuation mecha-
nisms and the constituents to which they apply. 

 
Table 2. Monitored natural attenuation case histories by constituent 

Constituent1 Precipitation Coprecipitation 
Ion  
exchange 

Sorption to 
sulfide  
minerals 

Sorption to alumi-
num, iron, and  
manganese  
oxides and  
oxyhydroxides 

Sorption to other  
minerals or  
organic matter 

Antimony       
Arsenic 9 9  9 9 9 
Barium 9  9    
Beryllium 9    9  
Boron       
Cadmium 9   9 9 9 
Calcium 9  9    
Chloride       
Chromium 9 9  9 9 9 
Cobalt     9 9 
Copper 9 9  9 9 9 
Fluoride       
Lead 9 9  9 9 9 
Lithium       
Manganese 9      
Mercury 9     9 
Molybdenum       
Nickel 9 9 9 9 9 9 
Radium  9 9  9 9 
Selenium 9   9 9 9 
Sulfate 9      
Thallium     9  
Vanadium    2 2 2 
Zinc 9  9  9 9 
1 Based on literature review, likely not complete for some constituents 
2 Sorption with no mineral association reported for vanadium  

 
In precipitation, the COC is a major reactant in the transformation from a dissolved to solid 

state under the required geochemical conditions. For example, copper can precipitate as copper 
carbonates, sulfides, and/or phosphates above about pH 6 (USEPA 2007b). Coprecipitation is 
the substitution of a trace element for a major element during precipitation. For example, arse-
nic may substitute for sulfur during the precipitation of iron pyrite (FeS2) under reducing condi-
tions. Similarly, barium, iron, manganese, and strontium can coprecipitate with calcium in the 
formation of calcite (Ettler et al. 2006).  

Sorption is a general term that describes the removal of a solute from a solution to a contigu-
ous solid phase (Smith 1999). For example, a solute in groundwater may be sorbed onto aquifer 
solids. Sorption likely begins as a surface phenomenon (adsorption), but the solute may be in-
corporated deeper into the solid through time. Several factors can affect sorption, including 
groundwater pH and the size and charge of the solute species. For example, arsenic can adsorb 
to iron pyrite and iron oxyhydroxide (ferrihydrite) surfaces as those minerals form. 

Both groundwater and aquifer solids analyses may be necessary to determine attenuating 
mechanisms (Tier II) and if the attenuated COC are stable (Tier III). 

The USEPA (2007a) recommends evaluation of the following parameters in groundwater for 
a Tier II analysis: pH, oxidation-reduction potential (ORP), dissolved oxygen (DO), alkalinity, 
ferrous iron, and dissolved sulfide. Other important variables may include temperature, total or-
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ganic carbon (TOC), ferric iron, sulfate, and other parameters specific to the COC. These pa-
rameters tend to control the behavior of the attenuating mechanisms, and may be measured in 
the field using conventional groundwater sampling techniques or field kits (depending upon the 
parameter).  

Calculation of saturation indices and geochemical modeling may be performed based on the 
groundwater analysis to predict if COC will remain in solution or coprecipitate with and/or ad-
sorb to solid phases. Eh-pH diagrams (also known as stability or Pourbaix diagrams) are widely 
used in geochemical analysis to determine the particular form (species) of a constituent and 
whether it is a dissolved or solid species under particular pH and Eh conditions.  

Solids characterization may not be needed if physical attenuation (dilution, dispersion, flush-
ing) sufficiently demonstrates MNA. Depending upon the COC and the expected attenuating 
mechanisms, solids characterization may include the following:  
� Grain size analysis or particle size distribution (e.g., ASTM D-422-63)  
� Examination under an optical or petrographic microscope to identify specific mineral phases 

in the aquifer matrix  
� X-ray diffraction (XRD) analysis to identify crystalline minerals in the aquifer matrix that 

may attenuate COC  
� Wet chemistry analysis, such as USEPA Method 6010 (metals and metalloids), USEPA 

Method 415.1 (TOC), and other methods, as appropriate for the COC and expected attenuat-
ing mechanisms  

� Electron microprobe analysis to determine the trace metal composition of solid phases such 
as precipitates and coprecipitates   

� Scanning electron microscopy and associated electron diffraction to identify secondary min-
eral phases and chemical composition  

� Sorption distribution coefficient, Kd, which provides the distribution between liquid 
(groundwater) and solid phases (soil or aquifer media) 

� Sequential chemical extraction, which provides the association of the COC with other min-
eral phases 

� Isotopic studies for specific cases, e.g., attenuation in biogenic sulfides 
� Synchrotron X-ray absorption spectroscopy (XAS), usually for research purposes 

3.2 Rate of attenuation 
Very little has been published on determining the rate of attenuation for inorganic COC. For 
chemical attenuation, an estimate of attenuation rates could include a calculation of the time for 
the apparent transfer of mass from the aqueous (groundwater) to the solid (aquifer) phase. For 
physical attenuation, dilution calculations or groundwater modeling that quantifies dilution, 
dispersion, or flushing could be performed.  

If historical groundwater data are available, then the rate of attenuation may be directly cal-
culated by dividing the decrease in COC mass in the impacted area groundwater by the period 
of time. This method would not be applicable if advective (slug) transport dominates. Contour-
ing, geographical information systems (GIS), or other software could aid in this calculation. La-
boratory-based methods to estimate the rate of attenuation include batch and bench-scale tests, 
where rates of COC sorption, for example, are measured directly (Fuller and Harvey 2000). 
Other methods include pilot-scale tests, point decay calculations (DOE 2012), and mass flux 
calculations based on site-specific data. 

Geochemical and groundwater modeling may be used as part of all four tiers, and they have 
been widely used as part of Tier II (mechanisms and rates of attenuation) and Tier III (long-term 
capacity for attenuation and stability of the immobilized COC). Despite widespread use, 
USEPA (2007a) recommends that estimates of attenuation rates be based as much as possible 
on field measurements rather than model predictions. 
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4 TIER III - DETERMINE THE LONG-TERM CAPACITY FOR ATTENUATION AND 
THE STABILITY OF IMMOBILIZED CONSTITUENTS 

4.1 Introduction 
According to the USEPA (2007a), the objectives of a Tier III analysis are to eliminate sites for a 
MNA remedy where: 
� Capacity of the aquifer is insufficient to attenuate the COC mass to regulatory standards 
� Stability of the immobilized COC is insufficient to prevent remobilization due to future 

changes in groundwater chemistry 
In other words, the objectives of Tier III are to determine the long-term capacity for attenuation 
and demonstrate the stability of the immobilized COC. While many of the techniques for Tier II 
also apply to Tier III, much less work has been documented in MNA literature for Tier III as 
compared to Tier II. The second part of Tier III, stability of immobilized constituents, applies to 
chemical attenuation mechanisms and would not be applicable to physical mechanisms such as 
dilution, dispersion, and flushing.  

4.2 Long-term capacity for attenuation 
According to the USEPA (2007a), the general approach to a long-term capacity evaluation is to 
estimate the attenuation capacity within the plume area, and compare this capacity to the esti-
mated mass flux coming from the source area(s). Determining the long-term capacity for atten-
uation requires a comparison of the mass of COC to be attenuated to the aquifer’s ability to at-
tenuate the COC. A simplified Tier III protocol could include the following steps:  
� Determine the attenuation capacity of a small sample of soil or aquifer media in the laborato-

ry using Kd or another sorption test.  
� Multiply the unit mass attenuated in the small sample (e.g., grams of COC per volume of soil 

or aquifer solids) by the volume of the aquifer within the plume.  
� Use groundwater COC concentrations and mass flux to determine the mass to be attenuated.  
� Compare the COC mass in groundwater to the aquifer’s attenuation capacity.  

This protocol presumes that sorption is the primary attenuating mechanism. If precipitation 
or coprecipitation is a significant attenuating mechanism, groundwater would need to supply the 
reactants in the proper proportions, and the geochemical conditions would need to remain suita-
ble for precipitation and/or coprecipitation of the COC.  

Geochemical and groundwater flow modeling have been used to demonstrate the long-term 
capacity for attenuation. Other methods used for attenuation capacity include calculations using 
site-specific historical data and bench-scale sorption tests.  

4.3 Stability of immobilized constituents of concern 
Stability of immobilized COC depends upon the mechanisms of attenuation, stability of attenu-
ating solids, and groundwater geochemical conditions, particularly pH and redox potential. If 
ambient groundwater conditions change, the COC may be remobilized, depending upon the at-
tenuated form. 

Many of the methods used in the Tier II analysis (determine the attenuating mechanism) can 
be used in the Tier III stability analysis. The attenuating mechanism(s) are defined as part of the 
Tier II analysis, which is a prerequisite for determining stability. Geochemical analysis may be 
used to determine if the attenuating mechanism(s) are stable under ambient and expected future 
site conditions. For example, Eh-pH stability diagrams may be used to show mineral stability 
under various pH and redox conditions. 

Stability of attenuated COC may also be determined by geochemical modeling, established 
(published) stability characteristics of the attenuating phase, sequential chemical extraction, or 
other batch or column leaching tests provided they reasonably simulate aquifer conditions. 

According to the USEPA (2007a), the stability of an immobilized COC can be evaluated 
through a combination of laboratory testing and chemical reaction modeling within the context 
of current and anticipated future site conditions. Information from the Tier II investigations can 
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be used to develop the laboratory testing and modeling. In Tier II, reactants and attenuation 
mechanisms are identified. The COC remobilization can be assessed by laboratory tests on aq-
uifer solids containing the attenuated COC (USEPA 2007a). For example, geochemical model-
ing may be used to predict concentrations of COC under various groundwater conditions, and 
leaching tests may be performed using site groundwater or simulated future site groundwater. 

As shown in Figures 1 and 2, if the COC plume remains stable or is shrinking through time, 
this indicates that the attenuated COC is stable under ambient site conditions. If COC concen-
trations increase with time, such as in certain wells after rainfall events, this suggests that the 
influx of oxygen is changing the redox (ORP) conditions and remobilizing COC. 

5 MINE TAILINGS CASE HISTORIES, TIERS I THROUGH III 

Hydrometrics, Inc. (Hydrometrics; 2010) described attenuation of antimony, arsenic, copper, 
lead, and uranium in sediments beneath an infiltration tailings pond associated with a copper 
and silver mine. More than 30 years of data showed a lack of appreciable transport of COC in 
groundwater away from the pond (Tier I). Concentrations of metals were much lower in 
groundwater than in pond water, though concentrations of conservative (non-attenuated) COC, 
such as nitrate, were about the same. Analyses of sediments indicated enrichment of metals in 
the sediments (Hydrometrics 2010).  

Geochemical modeling and laboratory experiments demonstrated that mixing of mine and 
pond water with ambient groundwater facilitated the precipitation of iron compounds (Tier II). 
These studies also demonstrated that the precipitation of naturally occurring iron and manga-
nese in groundwater can significantly reduce the concentrations of arsenic, antimony, copper, 
lead, and uranium from pond water (Camp, Dresser & McKee 2010; Hydrometrics 2010).  

Significant attenuation occurred from the pond to the closest monitoring wells, 100 to 
150 feet from the pond. Hydrometrics (2010) used this information to derive a minimum rate of 
attenuation, i.e., 30 years divided by 150 feet of flow path (Tier II). 

Hydrometrics (2010) used a mineral stability analysis based on saturation indices and Eh-pH 
diagrams to assess the long-term stability of attenuated arsenic, antimony, cadmium, copper, 
iron, lead, manganese, and uranium (Tier III). For COC that are attenuated by mineral precipita-
tion mechanisms or are adsorbed to freshly precipitated mineral surfaces, the stability of the as-
sociated minerals controls the stability of the immobilized COC. Mine water, decant pond wa-
ter, and groundwater were calculated to be near saturation or over-saturated with respect to 
copper, iron, lead, and manganese minerals. Precipitation of copper and lead minerals was pre-
dicted to attenuate these COC directly. For arsenic, antimony, cadmium, and uranium, the pre-
cipitation of iron and manganese minerals was predicted to provide surfaces upon which these 
COC may be adsorbed (Hydrometrics 2010).  

Wells et al. (2000) evaluated MNA for a molybdenum mine tailings pond. They first demon-
strated that natural attenuation was already occurring in sediments beneath the tailings pond 
(Tier I). Consistent with Tier II, the researchers used site-specific groundwater quality data and 
previous laboratory studies in the area that documented geochemical natural attenuation mecha-
nisms (Dames and Moore 1987). Wels et al. determined that molybdenum, manganese, and flu-
oride could be significantly attenuated in the aquifer by adsorption, precipitation, and/or co-
precipitation, but total dissolved solids (TDS) and sulfate were not attenuated by these 
mechanisms. Dilution and dispersion likely caused the reductions of TDS and sulfate in 
groundwater with distance from the tailings pond (Wels et al. 2000). 

Wels et al. (2000) used predictive modeling, both geochemical and transport, to evaluate the 
long-term potential for natural attenuation of fluoride, manganese, molybdenum, sulfate, and 
TDS (Tier III). The geochemical model MINTEQA2 was used to estimate the long-term 
porewater quality due to sulfide oxidation and secondary mineral formation. The model 
SEEP/W was used to quantify seepage from the tailings pond after closure, and the groundwater 
flow model MODFLOW was then used to estimate dilution potential for the tailings leachate 
(Wels et al. 2000). 

Wels et al. (2000) calculated the future concentrations of molybdenum, sulfate, and TDS by 
simulating mixing of seepage water with groundwater. Water quality predictions indicate that 
dilution will be sufficient to reduce COC concentrations to regulatory standards in groundwater 
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beneath the closed tailings pond. Shallow, perched groundwater flow, consisting of up to 70% 
to 75% tailings seepage, will take 5 to 18 years (depending upon COC) to meet water quality 
standards after cover placement. Groundwater in the deeper alluvial aquifer will always comply 
with regulatory standards due to the relatively large flow available for dilution (Wels et al. 
2000). 

6 TIER IV – DESIGN A PERFORMANCE MONITORING PROGRAM AND ESTABLISH 
CONTINGENCY PLANS 

According to the USEPA (2007a), the objectives of Tier IV are to: 
� Develop a monitoring program to assess long-term performance of the MNA remedy 
� Identify alternate remedies that could be implemented should MNA not be effective 
A performance monitoring program may include both groundwater and aquifer solids, locations 
and frequency of sample collection, sample collection methods, field and laboratory parameters 
for analysis, analytical procedures, and data analysis techniques. 

According to the USEPA (2007a), the monitoring program should consist of a network of 
wells that: 1) provide adequate areal and vertical coverage to verify that the area of groundwater 
impacts remains static or is shrinking, and 2) monitor groundwater chemistry in areas where 
COC attenuation occurs. 

Figure 3 shows a hypothetical, but realistic groundwater monitoring network for MNA. Note 
that the number of wells may be larger than a typical compliance groundwater monitoring pro-
gram because additional wells may be needed to monitor MNA processes. Types of wells and 
their functions include the following:  
� Upgradient wells for background monitoring 
� Downgradient wells in the plume to document MNA processes and changes in COC concen-

trations with time 
� Wells outside the plume boundary to document plume stability or changes in the areal extent 

of the plume with time 
� Wells near compliance boundaries and/or potential receptors for risk reduction 

 
 

 
 

Figure 3. Idealized MNA groundwater monitoring network, plan view. 
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The groundwater analytical parameter list will be based on the applicable regulations and 
COC. Additional parameters may be required to assess MNA processes and performance. As 
discussed in Section 3.1, these parameters could include the usual indicator parameters (pH, 
temperature, and ORP) as well as DO, alkalinity, TOC, ferrous and ferric iron, sulfate and sul-
fide, and other parameters specific to the COC.  

A MNA performance monitoring program is ideally tailored to the probable attenuation 
mechanisms. Hydrometrics (2010) reported the following attenuation mechanisms for COC in 
sediments beneath a mine tailings pond:  
� Copper: Carbonate and silicate mineral formation, adsorption to organic matter  
� Arsenic, copper, antimony, lead, and uranium: Ion exchange, adsorption, and coprecipitation 

with iron oxides  
Because of these attenuating mechanisms, Hydrometrics (2010) considered the following moni-
toring parameters critical to assessing natural attenuation in this environment: pH, redox 
(ORP/Eh and DO), dissolved silica, bicarbonate, and dissolved metals. The tailings pond was 
also monitored for accumulation of organic matter that may reduce oxygen levels and change 
redox conditions in groundwater (Hydrometrics 2010).  

For a beryllium processing site contaminated with beryllium, lead, and uranium, the 
U.S. Army Corps of Engineers (USACE; 2008) proposed a MNA performance monitoring pro-
gram that can be adapted to changing site conditions. This program was designed to demon-
strate the rate of natural attenuation, ensure the protection of downgradient receptors, detect po-
tential releases due to other site activities (e.g., soil removal), and verify achievement of 
regulatory standards for beryllium, lead, and uranium. The performance monitoring system uti-
lized the existing monitoring wells augmented by several new monitoring wells.  

MNA was expected to take between 40 and 150 years to achieve remediation objectives at 
the beryllium processing site. The USACE (2008) proposed 5-year review cycles for the MNA 
remedy with decision points after each cycle. Initial monitoring would occur semi-annually for 
the first 3 years to accommodate a soil remedy phase, followed by annual monitoring through 
the end of the first 5-year cycle. The semi-annual sampling would occur in spring (time of max-
imum recharge) and fall to assess seasonal trends, which would be used to optimize annual 
sampling. Data from the first 5-year cycle would undergo trend and statistical analysis, which 
would be used to support reductions in monitoring as MNA progresses or possible expansions if 
MNA does not perform as expected (USACE 2008).  

Developing contingency plans or alternative remedies would be similar to the feasibility 
study or assessment of corrective measures process depending upon site-specific regulatory re-
quirements. Contingency plans could include the following technologies: source removal, cap-
ping, barrier walls, in situ solidification/stabilization, permeable reactive barriers, pump-and-
treat, and several others. 

7 OTHER CONSIDERATIONS 

The EPRI study (2015) also examined natural attenuation processes in the zone of groundwater-
surface water interaction (GSI), sometimes known as the hyporheic zone if beneath a river, and 
the unsaturated (vadose) zone. Depending on flow direction and magnitude, groundwater may 
be discharging into surface waterbodies, or surface water may be discharging to groundwater.  
Geochemical conditions can change over short distances (inches to a few feet) in the GSI, 
which can facilitate precipitation, coprecipitation, sorption, and the associated attenuation of 
COC, particularly for groundwater discharge to surface waterbodies. 

Many of the processes that occur in the saturated zone also occur in the unsaturated (vadose) 
zone.  Some processes, such as unsaturated flow, vertical flow, and oxidizing conditions, are 
more prevalent in the unsaturated zone than in the saturated zone. Truex and Carroll (2013) 
provided a framework for evaluating MNA in the unsaturated zone.  
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1. INTRODUCTION

The mining industry continues to be influenced by a changing world economy and has 
responded by focusing on operational excellence and financial discipline. Value is created by 
finding new ways to improve the productivity of existing assets. This includes improvements to 
tailings management practices and optimization of site wide water usage and water treatment 
processes.  

Efficient and sustainable water usage is fundamental for all water-based mining operations 
to maintain a social license to operate. Ore processing is water intensive and results in the 
production of tailings (Gunson et al. 2011). Tailings are a mixture of gangue material, trace 
metals (or other minerals), residual processing aids, and water. For most mine tailings, the 
water readily separates from the solid fraction once the tailings are deposited in a Tailings 
Management Facility (TMF). The recovery of this reclaimed water from tailings is essential 
to mining operations, especially in arid climates with scarce water sources (Chambers et al. 
2003, Wels & Robertson 2003).  

In most modern mines, all of the available reclaim water is recycled (Gunson et al. 2011). 
Direct recycle of reclaim water from the TMF without treatment is preferred as significant 
operating costs are incurred if treatment is required due to the large volumes of water to be 
recycled. Minimizing operating costs by reducing overall water usage for ore processing and by 
optimizing reclaim water treatment systems is a valuable undertaking. 

Bench-scale tests are needed to optimize the addition of chemical coagulants and/or polymer 
flocculants, a key step in reclaim water treatment. The conventional strategy is to use the 
standard  ‘jar  test’  method.  There  are  numerous  examples  where  jar  testing  has  been  used  in  
mining and other industries to evaluate the performance of coagulants and flocculants (Sabah & 
Cengiz 2003, Gnandi et al. 2005, Yang et al. 2010, Ebeling et al. 2003, Ebeling et al. 2005). Jar 

Demonstration of a High-Throughput Treatability Study (HTTS) 
for Reclaim Water from Palladium Mine Tailings 

J. Cobbledick, A. Kasza & C. Biederman
Hatch Ltd, Mississauga, ON, Canada 

D. Moore
North American Palladium Ltd, Thunder Bay, ON, Canada 

D. R. Latulippe
Department of Chemical Engineering, McMaster University, Hamilton, ON, Canada 

ABSTRACT: Treating the release water from tailings can lead to high costs and operational 
challenges for any mine site. Current practices use ‘jar   tests’ requiring large volumes (1-2 L) 
and thus there is a practical limit to the number of tests that can be performed with reasonable 
amounts of resources. We have developed a high-throughput treatability study (HTTS) for the 
simultaneous testing of 24 treatment conditions using small vials (15 mL). This study focused 
on the evaluation of ten coagulants and seven flocculants for reclaim water from a palladium 
mine site. The primary objectives were to remove suspended solids from the reclaim water and 
achieve a final turbidity less than 10 NTU. In 5 days of ‘off-site’ testing at McMaster 
University, over 450 different treatment tests were conducted using 5 L of reclaim water. This 
extensive testing led to the identification of two coagulant/flocculant combinations to carry 
forward to ‘on-site’ testing. 
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tests are sufficient to evaluate the performance of a small number of chemicals when precedent 
exists  for  treating  a  particular  water  stream.  Each  individual  ‘jar  test’  requires  relatively  large  
volumes (1 to 2 L) of sample, therefore there are practical limitations to the number of tests that 
can be performed in a reasonable amount of time for a given water sample. Thus, when no 
precedent exists for a treatment protocol, such as for complex mine waters, the conventional jar 
testing method does not allow for a thorough evaluation of the addition of chemical coagulants 
and/or polymer flocculants to be tested in a cost-effective manner. 

To allow for the testing of a wide range of chemical coagulants and/or polymer flocculants on 
complex waters, a high-throughput treatability study (HTTS) was developed. High-throughput 
platforms involve the use of small scale tests that allow for an efficient study of a variety of 
process conditions using minimal amounts of material; they have been widely used in the 
bioprocessing (Kostov et al. 2000, Welch et al. 2002, Bensch et al. 2007) and chemical 
production industry (Dar 2004, Merrington et al. 2006). There has been some limited work in 
the environmental sector – specifically on the use of activated carbon for removal of organic 
pollutants (Crittenden et al. 1991, Ying et al. 2006, Chang et al. 2007), the development of bio-
electrochemical systems (Call & Logan 2011, Ren et al. 2013), and the development of 
flocculants for the treatment of oil sands tailings (Mohler 2012). Recently a HTTS study was 
applied to biosolids dewatering (LaRue et al. 2015). In that work, a microplate-based method, 
requiring less than 5 mL of starting material, was developed to evaluate the performance of 
different polymer flocculants over a range of dosages. 

This paper demonstrates the application and validation of a HTTS for reclaim water. The 
methodology involved simultaneous testing of up to 24 treatment conditions using small 
turbidity vials (15 mL). The purpose of this study was to evaluate and compare several 
coagulants and flocculants, and combinations thereof, against the current chemical recipe used 
to treat reclaim water  from  the  TMF  at  North  American  Palladium’s  (NAP)  Lac  des Iles mine. A 
robust HTTS program was developed to screen the performance of multiple chemicals at 
various dosages; this information was critically needed due to the limited data that was available 
for treating reclaim water from the TMF. The results of this study were used to guide larger 
volume tests conducted at NAP’s  mine  site in order to evaluate the treatment performance of the 
top performing chemical recipes against NAP’s  discharge regulations and treated water toxicity. 

2. EXPERIMENTAL

2.1 Reclaim water samples 

Reclaim water samples were obtained from NAP’s Lac des Iles mine. The sample was shipped 
in a sealed, 5 gallon bucket with care to ensure the sample was never frozen. Samples were 
stored at 4 oC when not in use. The reclaim water had an initial turbidity of ~1700 NTU (as 
measured by AGAT Laboratories) and an initial pH of 8.0 (± 0.1). Before small aliquots (1 L) 
were drawn from the sample bucket, adequate mixing was provided using a hand drill with a 
large vortex mixer attachment to suspend settled particles. Once the aliquot was drawn it was 
kept under constant mixing with a magnetic stir bar and plate while samples were drawn for 
testing. Using the HTTS described herein, only 5 L of the reclaim water sample was used to 
evaluate all of the treatment conditions described below.  

2.2 Reagent preparation 

A total of 10 coagulants were tested in this work; the properties of these coagulants can be 
found in Table 1. The coagulants were diluted to the make-down concentrations listed in Table 
1 using deionized (DI) water via mixing in a beaker with a magnetic stir bar at 800 RPM. 
Diluted polymer mixtures were mixed for between 5 and 30 minutes, and all the coagulant 
solutions were used within 24 hours of preparation. The two polyelectrolytes pDADMAC and 
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polyacrylamide are available in a range of molecular weights; the ones used in this study are of 
low molecular weight and thus are considered to be coagulants. 

Table 1. Properties of the ten coagulants used in the study. 

Coagulant Concentrate form Initial concentration 
(w/w%)

Make-down 
concentration (w/w%)

Aluminum Chlorohydrate Liquid 30-60 1.0 
Calcium Chloride Powder ≥  96 1.0 

Ferric Chloride Powder ≤  100 1.0 
pDADMAC Liquid 10-50 1.0 

P822FG (ChemTreat) Liquid undisclosed 1.0 
Polyacrylamide  Powder 100 1.0 

Polyaluminum Chloride Liquid 35 1.0 
Polyamine Liquid undisclosed 1.0 

Sodium 
Hexametaphosphate Granular 96 1.0 

Sodium Silicates Liquid 37.5 0.1 

Magnafloc 10 was provided by NAP as it is currently used at their mine site; an additional six 
polymer flocculants were tested. Properties of the polymer flocculants are listed in Table 2. All 
polymer flocculants are a copolymer of polyacrylamide and acrylic acid or polyacrylamide and 
quaternized-N,N dimethylamino ethy-lacrylate (DMAEA-Q). The ‘as received’ flocculants were 
diluted to the make-down concentrations listed in Table 2 using DI water via mixing in a beaker 
with a magnetic stir bar at 800 RPM. Diluted polymer mixtures were mixed for a minimum of 
30 minutes, and all the polymer solutions were used within 24 hours of preparation. 

Table 2. Properties of the seven flocculants used in the study. 

Flocculant Form Molecular 
weight*

Charge 
density*

Active 
content (%)

Make-down 
concentration (w/w%)

Magnafloc 10 Powder High Weakly Anionic 100 0.15 
Anionic A Powder High Very Low 100 0.15 
Anionic B Powder High Low 100 0.15 
Anionic C Powder Very High Medium-Low 100 0.15 
Anionic D Powder Very High Medium 100 0.15 
Cationic A Emulsion Very High Medium 34 0.05 
Cationic B Emulsion Very High High 40 0.06 

*Note that all polymer properties such as charge density and molecular weight are qualitative properties 
provided by the manufacturer to compare polymers.

The effect of modifying the pH of the reclaim water was also evaluated. Hydrochloric acid 
(HCl) was used to lower the pH and was diluted from a stock concentration of 37% (w/v) to 
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3.7% (w/v) with DI water before addition. Calcium hydroxide (Lime) was used to increase the 
pH and a solution was made with Lime powder and DI water to a concentration of 1.5% (w/v). 

2.3 pH measurements 

The pH was measured in the small turbidity vials under mixing conditions using a Hach H-
series pH probe with an ISFET silicon chip and a Hach H160NP handheld meter. The pH was 
allowed to stabilize for 1 minute before the mixing was stopped and the sample allowed a 
settling time of 15 minutes. Samples were not allowed to mix for more than a total of 5 minutes. 

2.4 Turbidity measurements 

The turbidity was measured using a Hach 2100Q portable turbidimeter. Samples were allowed 
to settle for 15 minutes before reading and the vial exterior was thoroughly cleaned with a lint-
free tissue.  

3. RESULTS AND DISCUSSION

3.1 Design and operation of the HTTS 

There are several methods to evaluate the addition of coagulants and/or flocculants in tailings 
release water treatment. The total suspended solids (TSS) is typically listed in the Certificate of 
Approval for a mine site. However, when the solids content of the reclaim water is low, the TSS 
test requires larger volumes to ensure accurate measurements are made and require long drying 
times after solids settling to determine treatment performance. Turbidity measurements were 
chosen for this work because of the small sample size (15 mL) and very quick evaluation time. 
As well, a correlation between TSS and turbidity values had already been determined for the 
reclaim water. For this study, the entire treatment process (including the sample mixing, reagent 
addition, and settling steps) could be performed in a standard Hach turbidity vial.  This strategy 
is ideal as it eliminated all of the sample transfer steps and enabled direct measurement of the 
sample turbidity.  This approach may not be applicable to all mine waste water streams, 
especially those with high solids content resulting in a settled layer greater than 10 mm (which 
is the height of the lowest sensor in the Hach 2100Q portable turbidimeter) or solids with high 
levels of grit contaminants as they may scour the walls of the turbidity vial and negatively affect 
the readings. In these cases parallel mixing in a vessel separate to the turbidity vial would be 
required; the supernatant would then be transferred into the turbidity vial after settling.  

Typically, treatability studies are conducted using the conventional ‘jar test’ apparatus that 
has four to six vessels (1 to 2 L in capacity). Each vessel is mixed by an overhead paddle or 
blade stirrer. For this work, a magnetic tumble stirrer was used to simultaneously mix multiple 
vessels at once due to the formation of a radial magnetic field; this is the same type of stirrer 
used for a recent microplate-based study of biosolids dewatering (LaRue et al., 2015). The 
tumble stirrer was oriented vertically in a custom built stand that can be disassembled to lay 
perfectly flat and thus is quite portable. The small turbidity vials (25 mm diameter) are an ideal 
vessel for the HTTS. Up to 48 vials can be mixed simultaneously by the tumble stirrer; 
however, for this study only 24 vials were mixed at a time. Vials were held in groups of 12 
using custom made trays which provide greater stability to the narrow vials, especially while in 
the magnetic field during mixing. 

The workflow diagram for the HTTS is shown below in Figure 1. A thin cylindrical magnetic 
stir bar with dimensions of 30 mm × 3 mm was inserted into each vial in a vertical orientation 
followed by 15 mL of untreated reclaim water. The vessel from which the reclaim water was 
drawn from was continuously mixed. Coagulants and flocculants were added to the vials under 
high shear mixing conditions (approximately 900 RPM) and mixed for 10 seconds to simulate 
flash mixing. The mixing speed was then lowered to approximately 170 RPM and mixing 
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continued for one minute. These mixing conditions were modelled using ANSYS CFX 
computational fluid dynamics software to ensure sufficient average shear was applied in the vial 
during the flash mixing, and low shear conditions were provided during the additional one 
minute of mixing to allow for particle aggregation. For this particular mixing apparatus at 900 
RPM  the  average  shear  applied  is  ≈  250  s-1, and at 170 RPM the average applied shear  is  ≈  25  s-

1. Flocs were observed as compact and formed quickly leading to the conclusion that the 10
seconds of high shear mixing was not detrimental to floc structure and one minute of low shear
mixing was sufficient to allow for good floc formation . The magnetic stir bars were removed
after one minute and the samples were allowed to settle for 15 minutes; initial tests found that
there was less than a 2 NTU difference between samples that settled for 15 and 30 minutes and
thus the shorter settling time was chosen for the remainder of the experiments. Following the
settling period, the outside of the vial was wiped with a lint free tissue and placed in the
turbidimeter. The vial was then removed from the turbidimeter and the pH was recorded. The
vials were then emptied, cleaned with a non-residue detergent, and rinsed with DI water to be
reused for the next series of tests.

Figure 1. High-throughput treatability study (HTTS) for the identification of optimal coagulant and 
flocculant dosage conditions; refer to the text for a detailed explanation of the equipment used in the 
process. 

3.2 Coagulant and flocculant screening 

When no treatment precedent for a mine reclaim water exists it can be difficult to determine 
which reagent is appropriate to enhance separation or treatability. The current reclaim water 
treatment system at  NAP’s  Lac des Iles mine includes the addition of a coagulant and a 
flocculant followed by a solids separation step. It was hypothesized that there existed a 
significant opportunity for performance improvement and lowered operating costs by 
considering alternative coagulants and possibly polymer flocculants. There were few results 
available in the literature and thus the initial work focused on a HTTS of the 10 coagulants and 
7 flocculants over a range of dosages to evaluate treatment performance.  

The results from the coagulant testing are displayed in Panel A of Figure 2. The measurement 
range of the Hach turbidimeter is 0.01-1000 NTU. Since the turbidity of the raw reclaim water 
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sample was measured to be ~1700 NTU, all samples that were above of the measurement range 
of the Hach turbidimeter (‘over-range’) were assigned a value of 1000 NTU for comparison 
purposes. From Figure 2, relatively low dosages (< 50 mg/L) of polyamine, pDADMAC, and 
P822FG gave a turbidity less than 100 NTU. These three coagulants are all polymerized 
coagulants that induce particle bridging, the main mechanism of flocculants, and charge 
neutralization. At the highest dosage (150 mg/L), the traditional coagulants such as 
polyaluminum chloride (PAC), aluminum chlorohydrate (ACH) and ferric chloride had lower 
turbidity values than the polymerized coagulants. The key result of the coagulant screening test 
was to select PAC, ACH, and ferric chloride to evaluate further in a two-stage treatment 
process. 

The results from the flocculant testing are displayed in Panel B of Figure 2; the x-axis 
flocculant dosage in mg/L is of the active polymer concentration.  Only Magnafloc 10 (weakly 
anionic) and Anionic flocculant A gave turbidity values less than 1000 NTU at dosages less than 
3 mg/L. When the dosage was increased, the two oppositely charged cationic polymers gave 
turbidity values less than 1000 NTU. This is likely a result of the partial negative charge on the 
silicates in the clay crystalline structure, but further testing would be required to validate this 
hypothesis. The key result of the flocculant screening test was to select Magnafloc 10 and the 
two cationic flocculants to evaluate further in a two-stage treatment process. 

Figure 2. Results from HTTS of NAP reclaim water treated individually with various coagulants and 
flocculants. Panel A depicts the coagulant results over a range of dosages; Panel B depicts the flocculant 
results over a range of dosages. The discharge target turbidity of 10 NTU is shown as a dashed line (- -) 
for reference.  All the data points at 1000 NTU indicate  an  ‘over-range’ reading on the turbidimeter 
instrument. 

The results from the pH adjustment tests are displayed in Figure 3. Using acid and base 
addition, a total of 19 different pH values between 3 and 12 were evaluated. Between pH 4 and 
10.5, there was no measurable effect on sample turbidity. There was a small effect at lower pH 
values; however the mine site infrastructure is not designed for strongly acidic conditions. 
Increasing the pH above 10.5 resulted in a significant decrease in turbidity. In order to utilize 
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this finding at the Lac des Iles mine, significant infrastructure upgrades would be necessary to 
slake lime, dose lime slurry, and adjust pH upon discharge. Due to these considerations and the 
performance of other coagulants, pH treatment was not pursued further. 

Figure 3. Results from HTTS for pH adjustment of NAP reclaim water. The discharge target turbidity of 
10 NTU is shown as a dashed line (- -) for reference.  All the data points at 1000 NTU indicate an  ‘over-
range’  reading  on  the  turbidimeter  instrument. 

3.3 Two-stage treatment 

Once the initial HTTS of coagulants and flocculants was completed, the same experimental 
approach was used to evaluate different combinations of the three best coagulants (ferric 
chloride, polyaluminum chloride, aluminum chlorohydrate) and three best polymer flocculants 
(Magnafloc 10, Cationic A, Cationic B). For those nine coagulant-flocculant combinations, ten 
incremental dosages were evaluated. The results in Table 3 are for the combination of ferric 
chloride and Magnafloc 10; the results for the other eight coagulant-flocculant combinations are 
given in Table A1 in the Appendix. As shown in Table 3, as the coagulant dosage was increased 
from 0 to 150 mg/L the flocculant dosage was also increased; note that the Magnafloc 10 dosage 
was increased from 0 to 8 mg/L while the cationic polymers dosage was increased from 0 to 12 
mg/L.  The 1 mg/L flocculant dosage was evaluated at both the 5 and 150 mg/L dosages of 
coagulant.  The total number of conditions tested was 90 (ten tests for each of the nine 
coagulant-flocculant combinations).  It would be quite impractical to complete this number of 
tests  using  the  conventional  ‘jar  test’  method.     

Of the nine coagulant-flocculant combinations tested, the combination of ferric chloride and 
Magnafloc 10 gave the overall best performance; the turbidity was close to the target value at all 
coagulant dosages greater than or equal to 30 mg/L. The sharp decrease in turbidity from 20 to 
30 mg/L is likely a result of the increasing flocculant dosage (>4 mg/L) combined with enough 
charge neutralization from the coagulant to induce rapid particle aggregation. While this test did 
not include repeat measurements, future tests would likely include at least triplicate experiments 
in order to evaluate the statistical significance of the difference between two dosage 
combinations. From the two-stage treatment experiments it was determined that the Magnafloc 
10 polymer was the optimal flocculant choice. Samples treated with that flocculant consistently 
achieved lower turbidities than the two cationic polymers. The PAC and ferric chloride were 
chosen as the coagulants for further testing as they achieved the lowest turbidity with values of 
3.4 and 5.7 NTU respectively.  
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Table 3. Results from HTTS of NAP reclaim water for one coagulant-flocculant combinations from the 
two-stage treatment experiments. Turbidity  values  of  1000  NTU  indicate  an  ‘over-range’  reading  on  the  
turbidimeter instrument. 

Coagulant Coagulant Dosage 
(mg/L) Flocculant Flocculant Dosage 

(mg/L)
Turbidity 

(NTU) 

Ferric Chloride 

0 

Magnafloc 10 

0 1000 
5 1 437 

10 2 289 
20 3 267 
30 4 5.6 
40 5 11.3 
50 6 8.6 
75 7 18.9 

100 8 5.7 
150 1 7.3 

3.4 Performance optimization 

Previously in the two-stage treatment experiments, the flocculant dosages had varied along with 
coagulant dosages to identify the best operating condition. Once the number of coagulants had 
been narrowed to two and the flocculant identified, another series of experiments could be 
performed at a select number of flocculant dosages across a narrower range of coagulant 
dosages. This would allow for the optimal coagulant and flocculant dosage ranges to be 
identified  for  further  pilot  testing  at  NAP’s  Lac  des  Iles mine. The results of these experiments 
can be found in Figure 5 below. For both coagulants, the Magnafloc 10 dosage of 1.0 and 1.5 
mg/L achieved lower turbidities on average compared to the 0.5 mg/L dosage. The optimal 
dosage range for the PAC coagulant was identified as 170-200 mg/L with a lowest turbidity 
achieved of 3.2 NTU (at 1.0 mg/L Magnafloc 10). The optimal dosage range for ferric chloride 
was identified as 110-125 mg/L with a lowest turbidity achieved of 1.7 NTU (at 1.5 mg/L of 
Magnafloc 10). An interesting trend was also seen in the ferric chloride dosage curve which was 
not observed with the PAC. There appeared to be an optimum point in the middle of the dosage 
curve, where above approximately 125 mg/L there was a small but consistent increase in 
turbidity. This trend was not observed in the PAC dosage curve.  By incorporating the HTTS 
design, we were able to identify 24 different coagulant-flocculant combinations that gave 
turbidity values less than the target value of 10 NTU. These 24 effective combinations allow us 
to determine both a potential operating range as well as minimize cost by manipulating the 
coagulant and flocculant dosage.  
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Figure 5. Results from HTTS of NAP water for optimal coagulant/flocculant treatment combinations. 
Flocculant for both combinations is Magnafloc 10 at three different constant dosages of 0.5 mg/L (◊ ), 1.0 
mg/L (□), and 1.5 mg/L ( ∆) with varying coagulant dosages. The discharge target turbidity of 10 NTU is 
shown as a dashed line (- -) for reference. 

4. CONCLUSIONS

The authors have demonstrated the following key points: 

 The HTTS was shown to be an effective tool for treatability testing of mine waste
waters. It has the ability to screen multiple coagulants and flocculants individually or in
a two-stage process. It has also been shown that the number of tests possible using this
approach is  significantly  larger  than  the  number  of  tests  possible  with  a  traditional  ‘jar
testing’  apparatus.

 Only some of the coagulants and flocculants were able to decrease the reclaim water
turbidity individually. Adjustments made to the pH of the reclaim water also resulted in
significantly decreases in turbidity, but due to a lack of existing infrastructure for Lime
handling and the low pH required to induce fines settling, pH was not explored further
in the tests

 The incumbent polymer at NAP, the weakly anionic Magnafloc 10, was the best
performing flocculant and its peak performance was at a much lower concentration than
the other flocculants. The next best performing flocculants were both cationic polymers
but they required much higher dosages for optimal effectiveness.

 The results of the two-stage treatment and optimization yielded a good starting point for
full-scale  testing  at  NAP’s  mine site. A combination of a coagulant (either PAC at a
dosage of 170-200 mg/L or ferric chloride at a dosage 90-125 mg/L) with the
Magnafloc 10 at a dosage of 1-1.5 mg/L as a flocculant aid resulted in the best removal
of suspended solids in the reclaim water.
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APPENDIX 

Table A1. Results from HTTS of NAP reclaim water from the two-stage treatment experiments. Turbidity 
values  of  1000  NTU  indicate  an  ‘over-range’  reading  on  the  turbidimeter  instrument. 

Coagulant
Coagulant 

Dosage 
(mg/L)

Flocculant
Flocculant 

Dosage 
(mg/L)

Ferric PAC ACH 

Turbidity (NTU) 

Ferric 
Chloride 

Polyaluminum 
Chloride 

(PAC) 

Aluminum 
Chlorohydrate 

(ACH)

0 

Magnafloc 10 

0 1000 1000 1000 
5 1 437 433 1000 
10 2 289 527 523 
20 3 267 387 384 
30 4 5.6 448 531 
40 5 11.3 345 409 
50 6 8.6 311 426 
75 7 18.9 227 328 

100 8 5.7 106 341 
150 1 7.3 3.4 111 

Coagulant
Coagulant 

Dosage 
(mg/L)

Flocculant
Flocculant 

Dosage 
(mg/L)

Ferric PAC ACH 

Turbidity (NTU) 

Ferric 
Chloride 

Polyaluminum 
Chloride 

(PAC) 

Aluminum 
Chlorohydrate 

(ACH)

0 

Cationic A 

0 1000 1000 1000 
5 2 1000 1000 1000 
10 3 1000 1000 1000 
20 4.1 654 1000 1000 
30 5.1 423 520 1000 
40 6.1 227 426 707 
50 7.1 125 182 789 
75 8.2 21 130 570 

100 9.2 6.6 54 332 
150 10.2 15 34 94 

Coagulant
Coagulant 

Dosage 
(mg/L)

Flocculant
Flocculant 

Dosage 
(mg/L)

Ferric PAC ACH 

Turbidity (NTU) 

Ferric 
Chloride 

Polyaluminum 
Chloride 

(PAC) 

Aluminum 
Chlorohydrate 

(ACH)

0 

Cationic B 

0 1000 1000 1000 
5 2.4 1000 1000 1000 
10 3.6 1000 1000 1000 
20 4.8 417 645 783 
30 6 343 523 677 
40 7.2 183 152 413 
50 8.4 131 85 219 
75 9.6 63 81 176 

100 10.8 8.1 97 105 
150 12 8.8 33 9.6 
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ABSTRACT 

Thankfully there was but one reported significant tailings facility failure in 2015, namely that of 
the Samarco, Brazil tailings facility.  This paper first discusses what is known of the causes of 
failure.  The paper uses only information publically available on the web.  Thanks to good 
reporting and talkative engineers, however, we already know much about possible causes of 
failure.   Secondly, the paper examines the findings in two reports from 2015 of the 2014 failure 
of the Mt Polley tailings facility.  One may regard the two reports on the failure as professional 
“successes.”     The   first  was the expert panel report by Morgenstren, Vick, and Van Zyl.  The 
second was by the British Columbia Ministry of Energy of Mines.  They differ substantially in 
their investigative methods and findings.  The latter report is thorough and makes findings and 
recommendations that will probably change the way we design, construct, operate, and close 
tailings facilities from now on.  Hence the paper compares the two reports and summarizes the 
implications of the report to future tailings management practice. 
 

 

 

 

 INTRODUCTION 

This paper follows on papers from 2013, 2014, and 2015 on tailings failures in the year 
preceding the paper.  Generally there were three to four failures described in each paper. Luckily 
this year there is but one failure to report on.  Hence we expand the scope of the paper to what I 
consider   two   of   the   tailings   “successes”   of   2015,   namely   reports   on   the   2014   failure   of   the  
Mount Polley tailings facility.  
 
 
2  SAMARCO 

2.1  Caveat. 

Perhaps we should await the findings of the BHP investigation into the causes of failure.  But 
nobody else has, so why should we?  Brazilian authorities have levied heavy fines; they have 
interviewed engineers; and they have arrested company officials and an engineer from a 
consulting company who certified the facility safe some months before it failed.  The internet is 
awash with reports and opinions on the failure---sufficient for me to make reasonable 
conclusions about possible failure causes.  So I write aware that subsequent official findings 
may prove me wrong. 
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2.2  The Failure 

The Fundao tailings facility failed on the 5th November 2015. More than sixty million cubic 
meters of waste ore and water flowed from the failure, overtopped a lower dam, flowed through 
the town of Bento Rodrigues, and continued some six hundred kilometers down the Rio Doce to 
the ocean.   Nineteen were killed. The villagers receive no warning of the failure of the 
oncoming flow of tailings—there was no mine warning system. 
 The town was destroyed; the river affected; and fish in the ocean died.  It is reported that the 
water quality in the river has returned to normal, although there is mud on the river banks.  To 
date, tailings are still flowing from the failed facility; dams constructed to stem the flow are 
ineffective; the authorities are threatening continued heavy fines if the situation is not remedied.  
The share price of the mining companies involved has plummeted. 
 
2.3  Facility Description 

The dam that failed was being constructed by the upstream method.  Tailings were cy-cloned; 
the sand was discharged from the crest of the embankment; and the fines (slime) were 
discharged from the back of the reservoir.  Apparently the design anticipation was that 70% 
would be sand and 30% would be fines.  There are reports that preceding the failure, the 
percentage of sand had reduced and the percentage of fines increased.  The slimes beach 
advanced further to the embankment than anticipated in the design. 
 The intention was that there would be a small pool on the reservoir, kept up to 200 m from 
the crest of the perimeter embankment.  Preceding the failure, more water than anticipated was 
retained in the pool which was larger than anticipated.  Just before the failure, a new inflatable 
weir had been installed to enable an increase of the water level in the pool to be achieved. 
The facility was being raised at a rate of 20 meter per year.  It had been intended that 
instruments would be in place to monitor pore pressure and presumably the development and 
dissipation of excess pore pressures.  It is reported that the monitoring instruments were 
deficient, not in place, or not read, or interpreted preceding failure.  
 There was a penstock or water discharge pipe from the back end of the reservoir to the outer 
face of the embankment.  Originally the design called for the crest to rise along a straight line 
(Figure 1).  But some time before failure a bend was introduced into the crest alignment towards 
the left abutment (Figure 2).  Apparently this was done to provide access to the penstock so that 
it could be grouted closed.  I do not know if the entire pipe was filled or if partial filling enabled 
high water pressures to develop in the left abutment foundation. 

 
Figure 1.  The original design called for the crest to be a straight line from one abutment to the other. 
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Figure 2.  In practice, sometime in 2013 the alignment of the crest was change by swinging the crest 
adjacent to the left abutment inwards, and continuing raising of the outer slope over previously deposited 
tailings. 
 

Apparently there was or was supposed to be underdrainage of the perimeter, sand zone.  Here 
are some poor translations of public reports:  “(1) the design provided for a drain that 
malfunctioned in 2019 causing excessive pressure; (2) the dam begun operating with a drainage 
mat (to replace the underdrain) 130 meters long and  the  entire  length  of  the  dike  of  the  dam.”  
Apparently no additional drains were installed when the crest alignment was change adjacent to 
the left abutment and the crest move back into the reservoir.   
 

2.4  Police Findings 

The Civil Police of the State of Minas Gerais concluded that the following were the causes of 
failure—I quote the Google translation and in the next section add my gloss and a more 
plausible technical explanation.  
 1) High saturation of sandy tailings deposited in the Fundão Dam, not only those deposited 
under the retreat of the axis of the dam, whose water level inside reached an approximate 878m 
(according to the reading on the piezometers indicated by consultant Pimenta de Ávila), but also 
the sandy tailings deposited in the remainder of the dam, by virtue of the subterraneous flow of 
water and of the contributions from surrounding fountains. 
 2) Failures in the continuous monitoring of water level and pore pressures in the area of the 
sandy tailings deposited inside the dam and of the tailings that composed the raising dykes. 
 3) Various monitoring equipment items were faulty, whereby the respective readings had not 
been performed also by VOGBR [a Brazil consulting company] personnel,   when   the   dam’s  
safety report was issued. 
 4) Inefficient monitoring because of the reduced number of equipment items installed in the 
dam. Some regions in the raisings were uncovered, in terms of number of piezometers and water 
level meters in place. 
 5) High annual raising rates for the dam, because of the high level of mud deposited inside 
(some 20m high per year, in average). It is common knowledge that any tailings dam raising 
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must accompany the heightened level of the lake thus formed. In the past two years, raisings 
were performed at a much higher yearly rate than that which is recommended in the technical 
literature, which is 10m high at the most. 
 6) Silting of dyke 02, which allowed for generalized water infiltration into the area 
comprehended by the sandy tailings, on the right side of the tailings deposition pool. 
 7) Faulty internal drainage system in the dam, whose drained water volumes, according to the 
monitoring results presented by Samarco for the months of September and October 2015, were 
similar and even lesser than results obtained in 2014. 
 

2.5  Possible Causes of Failure 

In 2014 cracks appeared in the dam wall.  Samarco called on Pimenta de Avila to inspect the 
crack.  Pimenta had been the original designer of the facility but was replaced by mine staff 
sometime in 2012.   Pimenta told police that he advised Samarco to install instrument and get 
water out of the reservoir.  Apparently this was not done.  I do not know if the cracks were an 
indication of the impending failure. But certainly installing and interpreting the data from more 
instruments may have warned of impending failure.  
 Reportedly some ten minutes before the failure there was a small earthquake felt at the site.  
Reportedly the shaking broke the windows of the mill building.  There was no seismic 
instrumentation at the site for it was considered an a-seismic region.  Records from a few 
hundred miles away confirm that the shake was small—but it was big enough to break 
windows—and I have seen many unbroken window after both the Loma Prieta and Northridge 
earthquakes.  Most reports discount the earthquake, but I wonder if it did not turn a meta-stable 
structure liquid. 
 I cannot but wonder if the excessive fines and the high water level in the reservoir did not 
transport fines to the outer perimeter.  Is it possible that there were layers of slimes beneath the 
rising outer slope?  Is it possible that the left abutment step-back was done over slimes from a 
pool too close to the outer crest?  If so, this had not been anticipated in design and failure along 
weaker layers near the outer face could have caused or contributed to failure. 
 The crest was rising at a rate of 20 meters per year.  This is fast.  It is hard to believe there 
was time for dissipation of excess pore pressure resulting from so high a rate of rise.  It is 
feasible that instability was the result simply of excess pore pressure—alone or in association 
with weak slimes layers.  Or did the earthquake cause some liquefaction of the sands, some 
water to rise to a slimes layer, there to be trapped causing a water layer along which slope 
instability occurred? 
 Blocked drains, malfunctioning drains, or no drains at all, may, in association with the large 
pool, have resulted in a raised phreatic line that in and of itself could have caused water 
pressures sufficient to induce slope failure. 
 The development of excess pore pressures in the outer embankment may have resulted from 
the funnel effect resulting from the step-back of the crest alignment adjacent to the left 
abutment.  Maybe this was exacerbated by seepage from a partially grouted penstock. 
 We will never be certain which of these bad conditions alone or in combination caused the 
failure---the evidence has been washed away by the failure and the subsequent and ongoing 
escape of tailings from the facility.  Regardless it is clear there are plenty of possible root 
causes, possible trigger events, contributing factors, and compounding circumstances--any one 
or any combination of which could have caused the failure.  This was a disaster waiting to 
happen and it happened.  
 
 
2.6 Germano 

There is a similar tailings dam adjacent to the one that failed.  It remains stable.  The reason:  a 
sand buttress has been constructed on the downstream side of the outer slope.  The sand is well-
drained and compacted.  There had been talk of a similar buttress at Fundoa, but recall there was 
not enough sand to even operate as planned, and certainly there was not enough sand to build a 
buttress.  
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2.7   Discussion 

There had been a competent designer for the facility.  He was removed and replaced by mine 
personnel.  Just before the failure, a young engineer from VOGBR came in, inspected the 
facility, and pronounced it safe. There was an independent peer review group of reputedly 
reasonable experience.  There was no oversight by engineers from the ultimate company 
owners, Vale and BHP.—for they considered Samarco an independent company, not subject to 
Vale or BHP procedures. Brazilian regulatory oversight was essentially zero. 
 A simple risk assessment including a root cause analysis would have and hopefully will 
illustrate the many risks associated with the facility.  For this facility violated all too many 
simple rules that have over and over lead to failure: 
 
• Upstream construction 
• High rates of rise 
• Inadequate basal drainage 
• Too large a pool 
• Slime near the perimeter 
• A penstock (malfunctional?) 
• Seismic shaking 
• No recognized competent engineer or continuity of engineers 
• A non-aggressive peer review body 
• Lax or absent corporate oversight 
• A non-functioning regulatory body. 
 

There is at least one well-document tailings failure that occurred as a result of each and every 
one of these risks.  Yet nobody was aware or awake to them.  Were they just isolated in a vast 
country, cut off from common knowledge by language, or like the frog in heating water?  Recall 
that if you plunge a frog into hot water, it reacts and jumps out.  But put a frog in cold water and 
slowly heat the water.  The frog never jumps out but boils to death.  The  frog’s  and  all  too  often  
our nervous systems become acclimated to worsening conditions and we simply do not act or 
react in time. 
  Hence the lesson learnt:  do not be a frog—watch for heating water and jump out before you 
boil. 
 

3      MOUNT POLLEY 

3.1   The Failure 

In August 2014 the Mount Polley tailings facility in British Columbia failed.  Part of the 
perimeter embankment collapsed and tailings and water flowed to downstream lakes.  No-body 
died.  The salmon fry in the lakes are reported to now be more numerous and fatter than is 
normally the case.  Maybe the flow of minerals and organic debris to the lakes introduced 
nutrients on which the fry flourish. 
 
3.2   The Expert Report 

In January 2015, the Report on Mount Polley Tailings storage Facility Breach was published.  
We must count this as one of the successes of tailings in 2015, although it was the result of a 
tailings failure.  The authors, N. Morgenstern, S. Vick, and D. Van Zyl concluded that failure 
was the result of a weak glaciolacustrine clay layer, the presence of which was not initially 
identified and the properties of which were not fully understood when it was identified.  They 
conclude that a significant, compounding cause was too much water in the reservoir---a result of 
failure to predict  and  manage  the  mine’s  water  balance.      And  of  course  the  failed  embankment  
was too high, too steep, and of insufficient factor of safety when it failed.  
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 The key finding of the report in my opinion is this: the only safe tailings facility is one with 
no water on the tailings and no water in the voids of the tailings. The report comes down heavily 
in favor of filter-pressed tailings facilities.  To quote: 
 Tailings dams are complex systems that have evolved over the years. They are also 
unforgiving systems, in terms of the number of things that have to go right.  Their reliability is 
contingent on consistently flawless execution in planning, in subsurface investigations, in 
analysis and design, in construction quality, in operational diligence, in monitoring, in 
regulatory actions, and in risk management at every level.  All of these activities are subject to 
human error.    
    Improving technology to ensure against failures requires eliminating water both on and in the 
tailings: water on the surface, and water contained in the interparticle voids.  Only this can 
provide the kind of failsafe redundancy that prevents releases no matter what.   
 

As far as changing standard of tailings practice, the report also recommends the following—
edited here for brevity: 
 

    1) Implement best available technology (BAT) using a phased approach. 
    2) To improve corporate governance:  Corporations proposing to operate a tailings storage 
facility (TSF) should be required to be a member of the Mining Association of Canada (MAC) 
or be obliged to commit to an equivalent program for tailings management, including the audit 
function. 
 3) To expand corporate design commitments:  Future permit applications for a new TSF 
should be based on a bankable feasibility that would have to consider all technical, 
environmental, social and economic aspects of the project in sufficient detail to support an 
investment decision, which might have an accuracy of plus or minus ten to fifteen percent. 
 4) To enhance validation of safety and regulation of all phases of a TSF: increase utilization 
of Independent Tailings Review Board (ITRB) 
 5) To strengthen current regulatory operations: 
       a. Utilize the recent inspections of TSFs in the province to ascertain whether they may be 
at  risk due to the potential failure modes and take appropriate actions: 
       b. Utilize the concept of QPOs to improve Regulator evaluation of ongoing facilities. 
 6) To improve professional practice: Encourage the Association of Professional Engineers 
and Geologists of British Columbia (APEGBC) to develop guidelines that would lead to 
improved site characterization for tailings dams with respect to the geological, geomorphic, 
hydrogeological and possibly seismotectonic characteristics. 
 7) To improve dam safety guidelines: Recognizing the limitations of the current Canadian 
Dam Association (CDA) Guidelines incorporated as statutory requirement, develop improved 
guidelines that are tailored to the conditions encountered with TSFs in British Columbia and that 
emphasize protecting public safety. 
 
 To date none of these recommendations has been fully implemented anywhere.  Although 
there are changes afoot: increased dam safety inspections; new peer review boards; increased 
attention to operations; greater consideration of filter pressed tailings; and more care and caution 
by engineers.  Except those at Samarco! 
    The report recommendations have been criticized for focusing on the physical stability of 
tailings and ignoring the chemical stability of tailings.  Critics say that no water in the voids of 
acid generating tailings leads to excessive acid drainage and that the only chemically stable acid 
generating tailings are those under water.  Recognizing this, I say:  flood the acid tailings if you 
must, but make sure the pool is far from the crest.  I recommend a beach of length at least five 
times the height of the embankment. And be prepared to undertake perpetual surveillance and 
maintenance of a water-retaining structure. 
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3.3  The MEM Report 

In December 2015, the British Columbia Ministry of Energy and Mines issued the Investigation 
Report of the Chief Inspector of Mines on the Mount Polley Mine Tailings Storage Facility 
Breach.  In my opinion, this is one of the great documents in the history of tailings and should 
be read by all involved in tailings. 
 The report concludes that the dam failure mechanism was geotechnical, specifically sliding 
failure on a weak clay layers 10 meters below the surface.  The report concludes that the dam 
breach mechanism was hydrologic, specifically insufficient beaches to protect the embankment 
from the surplus of water in the tailings pond once the embankment failed.  And finally the 
report concludes that the root causes of the event were organizational, specifically; a mistaken 
belief that adequate foundation studies had been completed; a misplaced faith in the Factor of 
Safety that result; overconfidence in the reliance on professional judgment; narrow planning 
perspective in mine management; and failure to adequately understand and act on risk. 
  I believe the findings are the harshest and most significant I have yet seen regarding a tailings 
facility failure. I quote: 
    “Mount  Polley  Mining  Company  and  its  engineering  consultants did not fully recognize and 
manage geotechnical and management risks associated with the design, construction, factor of 
safety, and operation of the tailings storage facility.” 
     Mount Polley Mining Company failed to conduct a risk assessment in accordance with 
Towards Sustainable Mining guidelines developed by the Mining Association of Canada, which 
might have been sufficient to identify concerns about the steep geometry, the toe sub-
excavation,  and  the  absence  of  sufficient  site  investigation.” 
  

3.4   Implications for Practice 

In my opinion, this report and its conclusions change the standard of practice for tailings 
practitioners.  Specifically I believe the report finding that can be summarized thus is a practice 
changer: 
 Consultants can and do make mistakes.  Mining professionals can and do make mistakes.  But 
the mine manager and the mining company is, in law, totally responsible if the tailings facility 
fails.  How can they achieve this legal requirement if their consultants and staff make mistakes?  
The answer is to manage using the theory and tools of risk assessment.   
 The  Chief   Inspector  concludes:  “All  mine  personnel  have  a   role   to  play   in  recognizing  and  
reporting   risk   conditions….and   should   be   educated   in   the   recognition   of   conditions   or   events  
that could impact tailings facility safety  or  contravene  permit  conditions  and  regulations.” 
    Clearly this was not done at Samarco.  I venture that it is not done at most mines world-wide.  
Now we are apprised that it should be done, and I venture that failure to do so can, prima facie, 
be said to be negligence.  
 
4   CONCLUSIONS 

2015 was, I suggest, a momentous year in the annals of tailings practice.  We saw yet another 
major and disastrous failure, hot on the heels of a big one the year before.  And we saw 
publication of two practice-changing reports on the 2014 failure of a major tailings facility. 
The Samarco failure and the Mount Polley failure reports mean that we cannot proceed as in the 
past.  To do so is negligence plain, simple, and non-arguable.   
 At the time of submitting this paper in mid-2016 we have seen a report from the British 
Columbia Auditor General.  They recommend fundamental changes in the way tailings facilities 
are regulated in British Columbia.  We still await government and industry response—a topic 
for next year’s  conference. 
 In Brazil the police continue to investigate—we can anticipate more reports from them.  And 
we anticipate a formal report from BHP.  Again a topic  for  next  year’s  conference. 
 Also we await a report from ICMM on what the industry should do to limit tailings facility 
failures.  A lot of work is in progress, many debates continue, and I am hopeful advances and 
improvements will be made.  But that is another topic for another forum. 
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  Major changes are occurring.  Bigger changes need to be made.  It will take courage. It will 
take money.  And sadly I am sure it will take a few more failures.  But I suggest that a sea-
change occurred in 2015 in the course and direction of tailings facility design and operation.  
We were lucky to be part of it. 
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ABSTRACT:  Tailings storage facilities continue to fail on a relatively regular basis.  As a result 
of the failure of the Mt Polley tailings facility in 2014 and the Samarco tailings facility in 2015, 
there has been a concerted effort to clarify existing guidelines and formulate new guidelines for 
the design, construction, operation, and closure of tailings facilities.   This paper discusses a 
series of improvements in tailings facility practice that may contribute to a reduction in the risk 
of such facilities and hopefully a reduction in the failure rate.  The paper represents the personal 
opinions of the authors and not of any of the organizations also seeking to improve tailings 
facility practice.  
 

1 INTRODUCTION 

Tailings storage facilities continue to fail on a relatively regular basis.  As a result of the failure 
of the Mt Polley tailings facility in 2014 and the Samarco tailings facility in 2015, there has 
been a concerted effort to clarify existing guidelines and formulate new guidelines for the 
design, construction, operation, and closure of tailings facilities.  Specifically, the Canadian 
Dam Association (CDA) and the International Committee on Mining and Metallurgy (ICMM) 
have undertaken to update and produce new guidelines aimed at improving guidance, 
presumably with the goal of zero tailings facility failures.  Many other organizations have also 
established task groups and committees, such as the Mining Association of Canada, the 
government of British Columbia, the government of Brazil, and others that the authors are likely 
unaware of.   
    At the time of preparing this paper it is not known what these organizations will recommend.  
To the extent that their findings and recommendations are public, the conference presentation 
may discuss their findings and recommendation. 
    Regardless of findings and recommendations of various organizations, this paper explores the 
following potentially controversial propositions that may lead to zero tailings facility failure---
note that every tailings facility that has failed has violated one or more of these guidelines.   And 
hence the paper discusses these potential guidelines with respect to the failure of one or more 
tailings facility that failed to abide by the guidelines we set out to explore. 

2  PROPOSED GUIDELINES 

These are the guideline examined in this paper with respect to the past failure of specific tailings 
facilities: 

 No tailings facilities upstream of human habitation or sensitive environments. 
 No upstream dams rising at a rate of rise greater than 2m/y – or in earthquake prone 

places. 
 No slimes (fine tailings) near the perimeter of the outer slope or at least within the zone 

of a potential failure surface. 
 No cascading tailings dams 
 Limit or avoid clays in the foundations of the tailings facility (where possible) 
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 No tailings facilities higher than 100m. 
 No water standing on the reservoir. 
 Or if a pool is inevitable, it should be at least five times the height of the embankment 

from the crest of the embankment 
 Embankments at least as flat as 5:1 and of compacted rockfill or tailings. 
 Increase the design Factor of Safety (perhaps to even 2 to 3) depending on: site 

knowledge, complexity of structure, and consequences of failure. 
 No penstocks or pipe through the tailings. 
 A risk of failure that is less than one in a million or at least within tolerability limits 

accepted by all stakeholders. 
 Public access to reports by independent peer reviewers. 
 Educated regulators who report to the public on their findings 
 Certification of tailings professionals. 

Clearly these guidelines are not universally applicable.  There are obvious exemptions that we 
discuss.  Clearly these guidelines are not absolute.  It all depends on engineering judgement.  
For as Terzaghi and Peck said it all boils down to judgment which is the act of knowing 
precedent, doing the calculations, having a sense of proportion, and then deciding. 

 
3 CASE HISTORY: STAVE 

In July 1985, the Prestavel tailings dams (Italy) failed, flooded the Stava valley, destroyed the 
village, and killed 268 people.  This failure was a result of a disregard for many of the 
guidelines noted above. 

The tailings facility consisted of two large upstream dams, located one above the other in a 
valley (Cascading Dams).  Both were being constructed by the upstream method, and when the 
lower dam was full, the owners constructed an additional tailings dam on the upstream side of 
the original dam within the same valley. When the upper dam collapsed, it inundated and 
overwhelmed the lower dam, flowing down the valley and into the town of Stava.  The year 
before the failure the rate of rise of the upper dam was 4 meters per year—probably too fast for 
tailings consolidation. And the dams were above a relatively large population center—most of 
whose inhabitants were killed by the air shock wave and resulting flow of tailings and debris. 

The immediate cause of failure is speculated to have been failure of the penstock beneath the 
upper dam.  The penstock had been designed for nine meters of tailings but had nearly thirty 
meter over it when it failed.   While the foundations were not clayey, the groundwater rose up 
into the tailings via springs, thereby increase pore pressures in the tailings and along the basal 
failure plane. 

Before the failure   the   regulators  had  expressed  concerns;;   the  mine’s  engineer  had   issued  a  
false report; and nobody seemed to have the insight or power to act.    At a subsequent trial, ten 
people  were  convicted  of  multiple  manslaughter  and  “culpable  catastrophe.”    None  went to jail. 
It is interesting to note that about the time of the Stava failure, one of the authors was 
constructing the Cannon Mine tailings dam, and that was rockfill embankment constructed to 
the standards of water dams.  We cannot conclude that the Italian engineers were uninformed. 
 

4  APPROPRIATE APPLICATION OF DESING FACTOR OF SAFETY. 

Factors of Safety, or Safety factors, (FOS) are used in design as the terms to describe the ratio of 
load carrying capacity to the actual loads.  In other words, the FOS may be described as the 
forces resisting failure divided by the forces mobilizing failure.  By this definition, a FOS of 1.0 
represents a failure condition.  It is common to design a tailings dam structure to varying FOS 
for different stages in the life of the structure.  The most referenced guideline for factors of 
safety for design of dams in Canada is from the Canadian Dam Association (CDA), where long-
term operational minimum FOS of 1.5 is generally required.   
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There are instances when FOS less than 1.5 may be justified, and when FOS greater than 1.5 
should be used.   

The process generally followed by the individual(s) assigned to a slope stability assessment 
is to first define the analysis parameters (soil strength, pore water pressure parameters, 
stratigraphy, surface geometry, and analysis method) and then input this data into a computer 
model.  Generally, the analyst will determine input parameters that are representative, but when 
faced with uncertainty related to input parameters, select values that will provide a conservative 
analysis.  Uncertainty in input parameters may occur due to the significant cost of drilling 
programs and extensive laboratory testing.  Then, independent of the parameters selected, design 
to the appropriately selected factor of safety (whether by design, guideline or regulation).   

Some of the influencing factors that may contribute to the designer selecting a higher factor 
of safety are high consequence of failure, uncertainty in input parameters, and variable or 
unknown construction and operating conditions throughout the life of the structure.  Similarly, 
where consequence of failure is low, site conditions are well understood and soil behaviour well 
characterized, effective risk management systems are used (generally incorporating the use of 
extensive instrumentation programs and the Observational Method), and the significant 
involvement of highly qualified professionals throughout the life of the structure, the designer 
may choose to utilize a FOS that is lower than 1.5 (although perhaps not always appropriately).  
It is well established that discontinuities, weak zones, high or low permeability zones, and other 
features can elude geotechnical investigations (Silva et. al., 2008).  Therefore, for the design of 
earth structures with high consequences of failure, it is essential that the analyst conduct 
sensitivity analysis to test the impact to calculated factor of safety should assumptions regarding 
input parameters be incorrect.  Consideration should also be given to whether the project is such 
that design and construction may or may not be altered during the life of the project, if 
contingency measures are available, and the failure mode for the structure (i.e. brittle, ductile, 
potential for liquefaction, etc.). 

The practice of combining conservative analysis parameters with the justification for using 
lower factors of safety can present a situation that is somewhat in contrast to the intent of 
utilizing factors of safety, and the insurance that factors of safety provide to all stakeholders.     

Consequences of failure also vary significantly from structure to structure.  The Stava tailings 
impoundment failure in Italy in 1985 resulted in the death of 268 people.  Most recently, the 
failure of the Samarco tailings dam failure in Brazil in November of 2015 resulted in the death 
of 18 people.  Contrastly, the Mount Polley tailings dame failure in British Columbia, Canada in 
August of 2014 was considered a large failure and a disaster in the media, but resulted in no 
deaths and relatively low environmental consequences.  Regardless, determining the 
Consequence of Failure for a dam is an assessment that is well established in Canada by the 
CDA.  There are, however, currently no criteria for the design factor of safety relative to the 
consequence of failure and, perhaps, are area of study for future guidelines. 

 

5  NO DOWNSTREAM HUMAN HABITATION 

 All tailings facilities will in the goodness of time fail.  Some will fail slowly; some will fail fast.  
Some will flow; some will erode at more or less the same rate as the surrounding topography.  
Regardless, if there are farms, villages, towns, or other human habitation  downstream of a site, 
do not select it as the tailings facility site.   The consequence of failure determination for a 
tailings dam must consider the downstream impacts that may result should a breach occur, 
regardless of the perceived likelihood of the event occurring.  Where downstream residents or 
sensitive environments exist downstream of the structure, the designer should consider 
alternative locations and/or methods for tailings storage.  The owner should be made aware of 
the consequence should a breach occur, as well as the liability that would result.  It is recognized 
and understood that much of the worlds mining occurs in mountainous terrain, and that a valley 
represents the best cost benefit for tailings storage, primarily due to the utilization of natural 
abutment slopes functioning to contain the facility at its sides.  In these instances, few other 
locations may be available to contain the volume of tailings expected from the mining operation.  
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In instances where no other locations are available, the designer should (again) consider higher 
design factors of safety to reduce the probability of failure.   

While not downplaying the consequences of the Mount Polley failure or over-emphasizing 
the consequences of the Samarco failure, the presence of people downstream of the latter lead to 
far more severe consequences, loss of life, than the former.   

If your current tailings facility is above human habitation, the simple advice is this:  find 
another site; shut down the current site; and dewater the tailings so that they erode at rates 
comparable with the surrounding topography. 

 

6  UPSTREAM TAILINGS FACILITIES 

 
Upstream tailings facilities have been the norm in South Africa for over 100 years.  Practical 
experience on the gold mines lead to cost-effective and safe facilities.  The principles of 
upstream construction were applied to the South African platinum tailings facilities---and then 
one of them, namely Bafokeng, failed in 1974.   In the next four years there were slope failures 
at three more platinum tailings facilities.  As the water had been removed from them, a lesson 
learnt from Bafokeng, no significant impact resulted.   

On the basis of practical experience, the rate of rise of South African upstream facilities is 
limited to about 1.5 to 2 meters per year.  This provides ample time for drying, consolidation, 
and strength gain of the outer shell of the facility.  In most gold tailings facilities, considerable 
negative pore pressures develop within the drying tailings and this also contributes substantially 
to the strength and stability of the facility. 

Martin and McRoberts et al.  note that upstream facilities maybe safe in other climates, 
specifically the wet, relatively cold climate of British Columbia, if the following is done: 

 Spigotting of a wide, sand (drained) tailings beach from the embankment crest 
 Avoiding situations whereby the dam slope is underlain by fine tailings (slimes) 

deposited within the water pool 
 Prevention of seepage emerging on the dam face 
 Having a well-drained foundation. 

Reasons for the failure of the Samarco tailings facility include possible upstream construction 
over slimes layers that formed when the pool was at the embankment crest and also a failure to 
ensure well-drained foundations. 

Marin and McRoberts emphasize the need to raise the dam sufficiently slowly that there is a 
sufficient degree of dissipation of excess pore pressure in the outer shell and in the slimes so that 
excess pore pressures do not build up.   Samarco was being raised at early 20 meters per year—
it is hard to believe there was time for pore pressure dissipation. 

Chile has long banned the use of upstream construction, mainly because the country is 
seismic and experienced catastrophic failures of such facilities.  There are reports of a small 
earthquake preceding the failure of Samarco, although little is known of this earthquake that was 
sufficient to break the windows of the mill. 

Thus a very simple rule: avoid upstream construction—use only if: (1) long practice 
establishes that it is safe; (2) the rate of rise provides for pore pressure dissipation; (3) the site is 
a-seismic;  and (4) you can achieve a wide beach of compacted sand. 

 
 

7 NO CASCADING DAMS 
 
The failure of the Merrispruit slimes dam in 1994 was exacerbated by a series of cascading 
dams, as was the Stava tailings dam failure in 1985, two events that resulted in significant loss 
of life.  It is not unreasonable to conclude that the problems at Samarco were made worse by the 
system of cascading dams.   And at the least the cascading dams at Samarco are making it 
difficult to secure the failed facility and prevent further egress of tailings from the site. 

768

Failures



Conversely cascading dams may be designed to benefit the site and reduce the consequences 
of failure.  Some of the water dams in Los Angeles have an empty dam downstream of the water 
reservoir.  The idea is that in the event of failure of the water-retaining dam, flow is into another 
reservoir and not to the city below.   

At the Ekati fine processed kimberlite tailings facility in the Northwest Territories of Canada 
there is a series of four cascading dams.   The upper two are used for deposition; the lower two 
are used as polishing ponds.  In the event of failure of the tailings-impounding structures, flow 
would be to the lower reservoirs and not to the environments.  This is a robust and resilient 
facility. 

Thus cascading dams may be beneficial in preventing egress of tailings from a failing 
upstream embankment.  But the system must be designed and operated for this purpose.  A 
series of vulnerable impoundments may only make things worse. 

 
 

8  AVOID CLAY FOUNDATIONS 
 
The leading practice for the location of a tailings dam is to remove non-cohesive and clayey 
soils and construct the dam upon a solid foundation (rock).  This is easier said than done.  
Undetected clay in the foundation of the Mount Polley tailings facility was the initiating cause 
of failure.  And sadly, to the extent it was known there were clays in the foundation, the nature 
of the clays was not well understood. 

Thus the simple rule:  avoid clays in the foundation.  
If necessary excavate and remove clays.  If not possible, make sure you fully characterise the 

clays and predict their response to loading.  And be very conservative.  Soils with low hydraulic 
conductivity, such as clays, are also susceptible to (sometimes) large increases in pore water 
pressure when loaded, reducing the strength of the soils.  Due to the low hydraulic conductivity 
of clays, long periods of time are often required for these excess pore water pressures to 
dissipate.  Further, clayey soils are generally of lower strength than other soils, and may contain 
thin weak zones that are difficult to detect during a geotechnical investigation.  The design of 
tailings facilities on clayey foundations adds complication to the design and the long term 
monitoring of the structures.  The designer must characterize this deposit to the extent that is 
reasonable, primarily including the strength and consolidation characteristics of the deposit.  
The pore water pressure response of the soils must be frequently monitored during construction 
of the dam, and during operation of the facility, and determine the impact on the stability of the 
structure.  It must also be understood by the designer that the degree of pore water pressure 
response of the soils will change with time, whether due to the level consolidation of the 
material, exceeding the preconsolidation pressure of the soil, or because rates of loading change 
throughout the life of the mine.  The undrained strength and behavior of clay layers should be 
investigated and considered during the design.  Further, should the strain of this layer be 
expected under load, the designer should be evaluating the impact of this strain on the other 
components and stratigraphy that exists.   

Keep in mind that Terzaghi, when faced with clays in the foundation of the Terzaghi dam in 
British Columbia, concluded that he could not fully characterise the clay--difficult in 1948, but 
not that much easier to do now in spite of advances in sampling and testing.  Terzaghi 
accordingly made the downstream slope of the dam a very flat: eight horizontal to one vertical.   
The dam is still stable and in operation.   

 
 

9 NO HIGHER THAN 100 METERS 
 
Of course this is an arbitrary limit.  And of course there are many successful water dams and 
tailings facilities higher than this.   But unless you assemble a team of great engineers and 
commit to the highest standards of practice and operation, do not go higher. 

Once the height gets that great, there are new and difficult factors to consider:  high stresses 
on the foundations; high stresses on the construction materials; excessive deformation; and 
potential cracking, to name but a few. 
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10  NO WATER ON THE TAILINGS 
 
As  the  expert  panel  concluded  regarding  failure  of  the  Mount  Polley  tailings  facility:    “The  only  
safe tailings facility is one where there is no water on the tailings and no water in the voids of 
the  tailings.” 

If all tailings facilities were of filter-pressed tailings, we would be very close to the goal of 
zero failures--and to the extent there were failures, the consequences would be negligible.  

Filter-pressed tailings need a profitable ore body, low production rates, a warm dry climate, 
and constant construction oversight.  Filter-pressing can be done in wetter, colder climates.  
Consider the success of the Greens Creek facility in Alaska.  But the cold, snowy and wet 
climate at the KSM mine in British Columbia was considered to preclude practical placement of 
filter-pressed tailings. 

Tailings that may be acid generating are also not prime candidates for filter pressing.  It is 
better to keep acid generating tailings saturated and under water: chemical stability may need to 
take preference over physical stability.  Thus if you have to keep acid generating tailings 
saturated, provide a robust rockfill embankment and a very wide beach so as to keep the water 
pool a long way from the embankment.  We would suggest that the beach be at least five to ten 
times the height of the embankment.   Thus if the embankment fails, the water is far away and a 
lot of erosion has to occur before the water can escape.  This should give ample time to repair 
what, in essence, is a simple slope failure.   

 
 

11 FLAT EMBANKMENTS 
 
On the Uranium Mill Tailings Remedial Action (UMTRA) Project, we concluded after much 
heart-searching that the close sideslope should be five to one.  We concluded this was a practical 
and safe inclination that also facilitated erosion control.  We were criticised—and never 
emulated.   

But we must deplore the current practice of steep embankments.  Mount Polley was 1.3:1 
when it failed.  Regardless of the inadequate factor of safety for such a slope, one must question 
the prudence of building a slope at what is the angle of repose of rockfill.   

Guidance documents set a factor of safety of 1.3 during construction and 1.5 during 
operation.  This is, in our opinion, overly optimistic.  Terzaghi, Peck and the other greats 
suggested higher factors of safety for earthern embankments before some dark day when a 
committee of unknowns lowered the recommended factor of safety and the mining industry 
seized on the numbers with glee—and cheaper tailings disposal.   

We recommend higher factors of safety that take into account: site conditions and the extent 
to which they are characterized: the complexity of the facility; the consequences of failure; and 
ultimately the risk of failure.  Whatever the factor of safety, the probability of failure should be 
shown to be less than one in a million.  

 
 

12 NO PENSTOCK 
 
There are some who believe that the failure of the Bafokeng penstock was the initiating cause of 
failure—certainly the slope failed right where the penstock exited the toe.   Failure of the Philex, 
Padcal Mine tailings facility in the Philippines in 2012 was a direct consequence of failure of the 
penstock. It is feasible that a partially grouted penstock pipe at Samarco contributed to 
conditions preceding failure. 

Penstocks are cheap to operate and are generally resilient to vandalism and theft.  The new 
Bafokeng dam has a very high penstock.  A barge and pumps is not used as the mine considers 
them vulnerable to theft.   Thus if you must use penstocks, make sure they are well designed, 
properly operated, and in good condition. 
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13 INDEPENDENT REVIEW 
 
Conducting an independent peer review of a tailings dam design is required in some regions, 
and recommended for others.  The intent of the independent peer review is not necessarily to 
repeat all of the analysis and calculations used to support the design, but to review the design 
report, the input parameters used, the design assumptions, etc., by another experienced designer.  
The reviewer should also interview and/or provide questions to the original designer to establish 
that appropriate measures were taken in the design to satisfy the state of practice of tailings dam 
engineering.  Further, the reviewer should dig deep into the assumptions used and question the 
original designer regarding the assumptions used.  In some instances, these questions may not be 
entirely relevant to the purpose of the design, but the independent reviewer should be given the 
access to information, and authority to ask these types of questions.  As a result, the independent 
reviewer investigation is sometimes kept as a internal, confidential process.  Understandably, 
it’s   possible   that   information  may   be  misinterpreted   by   the   public,   should   it   be   released   in   a  
publicly accessible forum.   It is, therefore, understandable that some in the industry wish to 
keep the independent review confidential.  However, it is also possible for the independent 
reviewer to produce a summary report highlighting the major conclusions of the expert 
assessment, and that this information be public information.  Several scenarios may result, 
including (but not necessarily limited to):  

 The review found that the original design was completed in accordance with best 
engineering practices – demonstrating to the owner, the regulator, and the public that the 
dam meets criteria;  

 The review found minor deficiencies in the design, which were communicated to the 
original designer and deficiencies were rectified -  demonstrating to the owner, the 
regulator, and the public that the dam meets criteria; 

 The review found major deficiencies in the design, where were communicated to the 
original designer and it is unknown whether the deficiencies were rectified – leaving the 
burden on the owner to demonstrate to the regulator and the public that additional work 
is required.   

In all three cases, there is a burden on the owner to ensure that competent engineering design 
has been completed, and there is burden on the regulator to ensure that deficiencies are 
addressed prior to issuing a permit for the work.  In all cases, the public should be satisfied that 
the owner, the regulator, and the various consultants involved have performed their due 
diligence in the review, and that this has been verified and sealed by an expert, otherwise 
unattached to the project. 
 
 
   
14 EDUCATED REGULATORS 
 
It is not possible, or perhaps reasonable, for all government agencies in all regions that mining 
tailings dam will be built, to have qualified experts on staff on all specializations involved in the 
design, construction, and performance monitoring of tailings facilities.  There is a responsibility, 
however, for governments that are responsible for the review and approval of tailings facilities 
to have above average training and experience related to the facilities that they permit, and to 
recognize when advice from an external specialist may be required.  Ultimately, no tailings 
facility is constructed without approval from the regulator.   

 
15 CERTIFICATION OF TAILING PROFESSIONALS 
 
There are people of many disciplines who, through development during their career, find 
themselves working in the tailings profession.   Unfortunately, there is no university program 
known to the authors that trains in the area of tailings engineering (although some courses are 
available at some universities).  The professionals who practice tailings engineering generally 

771

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



have a long history of various types of projects, whether it be dam construction, hydrological 
assessments, geochemistry or otherwise.  At a professional level, some professions require a 
declaration by the individual in the sectors which they practice.  For instance, a person trained as 
a Civil Engineer may work and specialize in a wide variety of fields, such as Transportation, 
Sanitary Engineering, Geotechnical engineering, Structural Engineering, etc.  There is, however, 
no certification for many of these fields, as there is no certification for tailings engineering.   
Due to the significant consequences of failure of these facilities, it is recommended that a 
certification or QPO designation for tailings professional be developed.  It is likely that the 
responsibility for this initiative would be within the professional associations of each province.   
 
 
16 MANGEMENT SYSTEMS 
 
Many have sought to classify tailings facility failure on the basis of broad categories: 
overtopping; foundation distress; piping; and so on. 

As we learn from the failures of Mount Polley and Samarco, there is seldom one and only 
one cause.  There may be an initiating factor, a contributing condition, an exacerbating 
circumstance, and a vulnerable receiving environment.  But ultimately all tailings facility 
failures are the result of many root causes, some technical, some engineering, and many 
institutional. 

In the institutional category, we include: competent engineers; responsible miners; 
empowered consultants; powerful regulators; and wise legislatures.  It is obvious, that every 
tailings facility if it is to remain stable should have behind it: a committed, financially sound 
mining company; informed, active, and empowered mining staff; an experienced, expert 
responsible engineer of record; diverse and reputable peer reviewers; and regulators who care 
and act in the best interests of the taxpayers who fund them. 

Without going into detail, we submit that at least one of these institutional or managerial 
components was absent from every tailings facility failure.  Certainly Samarco had a peer 
review board, responsible engineers, and, at least in the background, reputable mining 
companies.  Yet all for naught.  We await definitive findings, but anticipate that the absence of 
staff continuity, limited regulatory oversight, and a complete absence of public knowledge were 
contributory factors.    

Of course mines with tailings facilities must have: a tailings management plan; adequate 
financial resources; and processes to oversee design and operation. Of course the tailings plans 
should include design, operating manuals, emergency management procedures, risk registers, 
continuous improvement programs, and the long list of things common to any well-managed 
facility.  Of course ISO 14001 requirement should be met. Of course the stands, procedures, 
guidelines, regulations and laws applicable must be followed.  

But as we see all too often this is simply not sufficient.  We believe that in addition, full and 
frequent public disclosure is necessary.  We know of mines where the locals are actively 
engaged in mine water monitoring and decision making.  That should serve as a model for safe 
tailings facility management.   

Thus in addition to responsible engineer involvement, regular dam safety inspections, in 
camera peer review board meetings, and regulator inspections, we suggest that at least once each 
year a group of citizens convene and consider the safety of the tailings facility.  At the least the 
group should include: tailings experts; other relevant topic experts; a lawyer; a regulator; 
representatives of local stakeholders; and an informed shareholder.  At first blush expensive—
but in reality cheap considering the millions and billions knocked off share value by recent 
failures.   

In the final analysis, only public disclosure of the condition of the tailings facility and the 
power of shareholders to buy or sell the shares on mining companies with dicey tailings 
facilities can force the changes and implementation of the practices that will improve tailings 
management practice.  Like the airline industry:  public knowledge of accidents and the power 
of the public to refuse is, we believe, at the heart of the excellent safety record of the industry.  
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16 CONCLUSIONS 
 
The historical rate of failure of tailings facilities has averaged about four a year (Caldwell 2014).  
About one a year was failure of a major tailings dam, the remainder were of smaller, often out-
of-the-way dams.  Let us assume that the failures at Mount Polley and Samarco jolt the mining 
industry, or at least the more responsible mining companies to improve tailings management.   
Let us assume that CIMM and other guidance-setting organizations clarify or improve guidance 
and that his leads to better practice.  If all this results in, say, seventy-five percent of mining 
companies improving their management, we are still left with a potential failure rate of one a 
year.   

Zero failures is an unrealistic goal.  Even the best of industries, the airline industry, continues 
to experience failure.  We must therefore conclude that a goal of zero tailings failures is 
unachievable.  But we submit that consideration and adoption of the simple rules described here 
(coupled with careful reading and implementation of the many fine papers by others more expert 
than we) can contribute to a safer practice.  It will simply take sea changes, the overcoming of 
entrenched interests, and lots of argument before this happens. 

 
REFERENCES 
 
Foundation Stave 1985.   http://www.stava1985.it/  
Silva,  F.,  Lambe,  W.L.,  Marr,  W.A.,  (2008),  “Probability  and  Risk  of  Slope  Failure”,  Journal  of      
    Geotechnical and Geoenvironmental Engineering, ASCE, 1691-1699. 
 

773

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



774

Failures



 

1 INTRODUCTION 

The Report of the TSM (Towards Sustainable Mining) Tailings Review Task Force (2015) 
states  in  its  preface:  “...  The  tailings  failure  that  occurred  on  August  4,  2014  at  the  Mount  Pol-
ley Mine - owned and operated by Imperial Metals, a member of the Mining Association of 
Canada (MAC) - led the Board of MAC to ask: "Are there improvements in the tailings proto-
cols  under  Towards  Sustainable  Mining  (TSM)  that  could  have  prevented  this   tailings  spill?”  
MAC's TSM initiative was developed starting in the late 1990s, after the Canadian mining in-
dustry faced an erosion of public confidence following a series of tailing spill incidents. In the 
face of these incidents, members of MAC embarked on a collective initiative to improve per-
formances and ensure public and environmental safety. After years of development in consulta-
tion with communities of interest, TSM was officially launched in 2004. 
In  this  paper  we  present  a  systemic  approach  of  the  “failure  chain  process”  during  the  service  

life of dams. Investigations, Design and Construction and then Management, Monitoring & 
Water Balance control (e-IDC) of the dam are analyzed with a probabilistic causality analysis 

A Systemic Look at Tailings Dams Failure Process 

Franco Oboni 
Riskope, Vancouver, BC, Canada 

Cesar Oboni 
Riskope, Vancouver, BC, Canada 

ABSTRACT: Tailings failures are on the radar screen of regulators, engineers and the media at 
least since the mid 70s. The Authors of this paper have performed quantitative risk assessments 
of mines, often featuring multiple active tailings dams, for over 20 years and have reviewed 
numerous qualitative and semi-quantitative risk assessments (FMEA etc.), oftentimes paired 
with peer reviews and inspections. After each failure the mining community sees codes evolve 
and imposes tougher criteria and dam specifications while FMEA remains the common practice 
risk  assessment  methodology.  FMEA  lacks  the  finesse  needed  to  predict  the  progress  “toward  
zero   failures”   goal.  The   effects   of   today's   risk  mitigation   programs  will   only   slowly   become  
visible because the world-portfolio will contain mitigated and unmitigated (legacy) dams. Dur-
ing that time the public will perceive at best a status-quo. It will be very difficult to evaluate 
progress, as factors such as climate change, seismicity and increase in population will further 
complicate the situation. Thus public outcry and hostility toward the mining industry, fueled by 
the diffusion of Information and Communication Technology will likely increase. In this paper 
we  present  a  systemic  approach  of  the  “failure  chain  process”  of  tailings dams using a probabil-
istic causality analysis based on publicly available incident and accidents data from the last 60 
years.  The  predictive  model,  geared  toward  filling  the  gap  between  common  practice  and  “path  
to   zero   failures”   requirements,   accommodates data-mining   analytics.  The  model   “constructs”  
the probability of failure of a dam which is consistent with factual historical world-data. The 
causality of various factors entering in the dam's service life can then be individually discussed 
with a sensitivity analysis. We then show where and how mitigative actions can benefit the 
most with practical example. Attention is focused on Common Cause Failure (CCF) in opera-
tions, risk assessment, peer reviewing and inspections of tailings dams. 
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based on publicly available incident and accidents data from the last hundred years. The predic-
tive  model,  geared  toward  filling  the  gap  between  common  practice  and  the  “path  to  zero  fail-
ures”  goal  (Independent  Expert  Engineering  Investigation  and  Review  Panel,  2015),  accommo-
dates data-mining  analytics.  The  model  “constructs”  the  probability  of  failure of a dam which is 
consistent with factual historical world-data. The causality of various factors entering in the 
extended IDC process (e-IDC) and other elements in the dam's service life can then be individ-
ually discussed with a sensitivity analysis. We then show where and how extended IDC process 
mitigative actions can benefit the most, with practical example. Special attention is spent on 
Common Cause Failure (CCF) in operations, risk assessment and peer reviewing and inspec-
tions of tailings dams.  CCF  means  that  a  “hidden”  shared  cause  may  lead  parallel  components  
to fail, annihilating the theoretical redundancy they have (or were designed for) (Mahesh, 
2014). 

2 PRIOR PAPERS ON PREDICTIVE PERFORMANCES OF TAILINGS DAMS 

Past and future probabilistic failure behavior of tailings dams has been studied and published 
respectively in 2013, 2014 and 2015 at the Tailings and Mine Waste conferences (Oboni, 
Oboni, 2013; Oboni et Al, 2014, Caldwell et Al, 2015) to provide quantitative measures to the 
predictive performances and various mitigation measures and levels of risk of tailings dams. As 
this paper constitutes the logical extension of the prior ones it seems useful to summarize the 
previous steps.  

At Tailings and Mine Waste - TMW 2013 (Oboni, Oboni, 2013) we attempted the first esti-
mate of the rate of failure of major tailings dams and compared their risks to human life to well 
known social tolerance. After stating the limitations of the available data and the lack of clear 
definition of what constituted a major failure in commonly available statistics, we found rates 
varying between 10-3 (decade around 1979) to 2*10-4 (decade around 1999) major failures per 
dam year. In the same paper we showed quantitatively how, over time, multiple hazards hit 
would significantly increase the probability of failure of a dam and lead to intolerable future 
risks.  The  paper  concluded  “...  Especially  in  the  case  of  TDs  located  in  areas  where  demograph-
ic pressure leads to settlements in the downstream areas, social and legal consequences of a 
failure will dramatically increase. This will particularly be the case if the methodologies used to 
perform  the  risk  assessments  prove  to  be  in  disconnect  with  the  needs  of  our  modern  society.”   

The theme of the long term survivability of TD was further detailed at TMW 2014 (Oboni, 
Oboni, Caldwell 2014) where attention was focused on modeling the aging process of a geo-
structure as a series of discrete hits by hazardous conditions (these could be anything, from an 
earthquake to flooding, etc.). In that paper an attempt was drafted at multidimensional estimate 
of  future  consequences.  The  paper  stated  that  “...  Should  the  value  of  consequences  increase,  ...  
then  the  “excellent  dam”  would  soon  pose  a  societally  unacceptable  risk  even  for  shorter terms. 
Any dam that starts its life with a small initial FoS or reduced standards of care (...) would see 
its risk evolve towards intolerable societal risks faster, even if its consequences of failure re-
main constant. ... the methodology developed in this  paper  enables  us  to  “measure”  and  give  a  
sense to a complex problem, to transparently compare alternatives, to discuss rationally and 
openly the survival conditions, or to evaluate the premature failure of a structure. The only way 
to slow down the increase of the probability of failure is to repair damage occurring as a result 
of  each  hazard  hit,  or  to  entirely  avoid  the  damage.  The  second  is  generally  “not  feasible”  for  
economic and constructional reasons. Risks, especially long term ones, can never be reduced to 
nil.” 

Finally, at TMW2015 (Caldwell, Oboni, Oboni, 2015) we were delighted to examine the re-
sult of a new study of tailings dam historic failures (Bowker, Chambers, 2015) which used de-
tailed data and actuarial techniques to define historic rate of failures of tailings dams after at-
tempting  to  define  what  constitutes  “serious”  and  “very  serious”  TD  failures.  We  stated  that  “...  
The  common  practice  approach  of  using  oversimplified  consequence  functions  (with  “and/or”  
clauses as just defined above) is often used in research papers because of scope/budget limita-
tions, but should not be accepted for a rational world-wide approach to decision making and 
tailings risks management for an industry that has significant societal impacts like mining. Tail-
ings accidents generate multiple direct and indirect consequences on the environmental, human, 
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H&S, operational and reputational areas and we believe it is time for the mining industry as a 
whole  to  adopt  a  uniform  consequence  function.”  Our  paper  concluded  that  “...  It  is  comforting  
that  the  results  of  the  “quick  and  dirty”  2013  (Oboni  &  Oboni)  study  reached  globally  compa-
rable results to the 2015 (Bowker & Chambers) very deep and solid analytical approach. We 
note that the selection of the time frame has a large influence on the conclusions of the 2015 
study and therefore we recommend these comparative studies to be performed with constant 
duration (for example decade by decade) to avoid the hazard of drawing misleading conclu-
sions.  “Averaging”  over  70  years,  during which so many conditions have changed, may indeed 
mask decennial spikes. To prove this it is enough to note that the accident rates have actually 
decreased by 15%-24% from the 1990-1999 to the 2000- 2009 decades using the 2015 study's 
own  data.”  The paper  concluded  “...  We  reiterate  that  the  aim  of  zero  tailings  failures  is  impos-
sible to achieve. Tailings dams will continue to fail. In fact, in the long term all tailings facili-
ties will spiral toward significant increases of their probability of failure and when they fail the 
tailings will go to downstream rivers, lakes, and the ocean as they did at every failure to date. 
We have demonstrated that consequences are not necessarily correlated, in one way or another, 
with dam height or pond volume. As in many  industries  the  “scary  stuff”  is  not  necessarily  the  
riskier one. Our practice and research have shown that the probability of failure is, or will be, 
often way higher in smaller structures than in major ones, simply because more care is taken for 
larger   structures   than   for   “insignificant   ones”.  Examples   like  Stava   or  Bafokeng   are   there   to  
show  that  “extreme”  consequences  can  actually  occur.  We  have  also  demonstrated  that  the  rate  
of   fatalities   in   the   tailings  “industry”   lies  way  above   the  generally  accepted  “safe”  thresholds  
for hazardous industries. The number of existing, operational, and closed tailings storage facili-
ties around the world makes it necessary to prioritize the mitigation tasks, if we want to achieve 
a higher quality, be it at corporate  or  at  national  levels.” 

3 DESIGN PROCESS AND COMMON PRACTICE RISK ASSESSMENT  

After each failure the mining community sees codes evolve and imposes tougher criteria and 
dam's specifications (TSM Tailings Review Task Force 2015). Factors of Safety (FoS) are 
eventually increased by empirical consensus among experts, whereas risk assessment methods 
have generally remained unchanged over almost half a century. 

The relation between FoS and the probability of failure is often misunderstood, together with 
the multidimensional nature of potential damages to the environment, infrastructure and human 
beings. Codes that allow designers to use, for example, FoS=1 under some pseudo-static seis-
mic condition (CDA 2014, Table 3-5) actually accept that a tailings dam undergoing that seis-
mic event would have the same chance of surviving/failing than a coin toss (p

f

=0.5). If the con-
sidered quake has a probability of 1/100 then the estimate of the risk under seismic loading 
would be p

fs

=0.5/100=5*10-3 times the consequences of the failure (annually), respectively 10-3 
times the consequences, if the quake has a probability of 1/500 annually. These are certainly 
not safe conditions with respect to public expectation or published tolerance thresholds (Oboni, 
Oboni, 2013). FMEAs (PIGs) remain the common practice risk assessment methodology 
(Oboni, Oboni, 2012) despite their know limitation and misleading aspects (Chapman, Ward, 
2011; Cox, 2008; FAA, 2002; Hubbard, 2009; NASA, 2007). FMEAs lack the finesse needed 
to evaluate or predict the   suggested  progress  “toward  zero   failures”.  Furthermore  FMEAs  do  
not help bringing any significant conclusion when comparing alternatives, cannot measure the 
efficiency of the (potential) mitigative measures implementation and compare them against 
themselves or even just determine if they are sufficient. 

Finally, a significant number of risk studies we review do not start with a tailings system def-
inition, its functional analysis and they confuse hazards, risks and consequences (Oboni et Al. 
2016) leading  to  misleading  results.  It  is  for  example  rather  common  to  see  “insufficient  FoS”  
considered as a hazard (or a risk), whereas such deficiencies are generally the result of deliber-
ate human choices (excessive audacity, errors and omissions, insufficient efforts). In this paper 
we will take a rather extreme, but logical, line of thinking, stating that dams failures find, in the 
vast majority, their root-causes in human choices and not in natural events.  
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At the center of this reasoning there is the concept of credibility threshold. Many industries 
consider the limit of credibility at around 1/100,000 to 1/1,000,000 (10-5 to 10-6) (Comar, 1987; 
Wilson & Crouch, 1982; Renshaw, 1990), so it can be stated that any event above that limit is 
not   an   “Act   of   God”   (or, following modern times buzz-words   a   “Black   Swan”)   and   should  
therefore foreseen/planned for. We will also note that, reportedly, the vast majority of dam fail-
ures  has  occurred  for  other  causes  than  “Black  Swan”  natural  events,  but  again  for  “chains”  of  
gradual  deviances,  which  become  “normalized”  over   time,   stemming   from   investigations,  de-
sign, construction, management and long-term monitoring. 

4 FUTURE PERFORMANCE OF THE WORLD-WIDE PORTFOLIO 

Given the nature of the structures under consideration, their construction time and expected 
service life and closure, the effects of today's risk mitigation programs will only slowly become 
visible because the world-portfolio will contain mitigated and unmitigated (legacy) dams. Dur-
ing that period the public will perceive at best a status-quo and the industry credibility and so-
cial license to operate (SLO) will remain at stake (Oboni, Oboni, 2014; Oboni, Oboni, Zabolot-
niuk, 2013).  

It will be very difficult to evaluate progress. Factors such as climate change, seismicity 
(again,   not   necessarily   “Black   Swans”),   increase   in   population   and   environmental   awareness  
(consequence side of the risk equation) will further complicate the situation. Thus public outcry 
and hostility toward the mining industry, fueled by the Information and Communication Tech-
nology diffusion will likely increase and lead to prosecutions and larger fines. Due to the same 
influencing factors negligence and Force Majeure implications will certainly drastically change 
in the coming decades. 

5 A SYSTEMIC LOOK AT TAILINGS DAMS FAILURE PROCESS 

The  elements  described  above  show  the  need  for  a  systemic  approach  of  the  “failure  chain  pro-
cess”  through  Investigations,  Design  and  Construction  (IDC)  of  Tailings  Dams  and  then  service  
life Management and long term Monitoring, which we will call e-IDC (for extended IDC).  

For the discussion in this paper we have opted for a probabilistic causality analysis. Publicly 
available incident and accidents data from the last hundred years were used. The predictive 
model is geared toward   filling   the  gap  between  common  practice   and  “path   to   zero   failures”  
goal and accommodates data-mining  analytics   and   future  “lesson   learned”   that  could  make   it  
possible to perform Bayesian updates (Dezfuli et Al. 2009) after the first estimates (after the a 
priori estimate).  

The model has to include Common Cause Failure (CCF) (Stott et Al., 2010) in operations, 
risk assessment, peer reviewing and inspections of tailings dams, at least in a simplified way, 
for the sake of completeness and explicit inclusion of conflict of interest and complacency 
(Oboni et Al., 2013). 

5.1 The Reliability Model 
Engineering structures (and machinery, but also processes, including e-IDC processes) are sys-
tems consisting of a number of structural/physiological elements that can individually fail. The 
way elements are connected and their reliability X

j
, where Xj

j
=1-pfj define the reliability of the 

whole system (eq. 1,2). For a series system (eq. 1), failure of an element results in failure of the 
whole system. Reliability of the system is the product of the reliabilities of its elements. Equiv-
alently, the system fails if any component fails. 

 
Success:          
 
             (1) 
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A parallel system (eq. 2) is a redundant system that is successful, if at least one of its ele-
ments is successful. 
 Success: 

 
                    (2) 
                     
 
For the e-IDC we have identified in Figure 1 four different functions (Geotechnical Investi-

gations, Engineering, Construction, Management (including Water balance), Monitoring) con-
stituting the chain of elements responsible for success/failure of a dam. 

 

 Fig. 1 Functional scheme of the e-IDC with the hazards selected for this study. 
 

Various hazards are lurking on each element (Figure 1) such as, in the specific approach 
adopted in this paper: Insufficient effort, Mistakes, Excessive Audacity, etc. leading to a proba-
bility of failure pf for each element evaluated using a reliability model (eq. 1,2). The chained 
elements can then be evaluated using, again, a reliability model (series (eq. 1) in the case de-
picted in Figure 1). The list of selected hazards should be discussed project by project. 

Modes of failure previously identified in the literature (COLD, UNEP, WISE, USCOLD, and 
USEPA) due to the hazards selected in Figure 1 are (Fig. 2): 

Slope Instability,  
Earthquake and Mine Subsidence,  
Overtopping,  
Foundation,  
Seepage and Structural. 

5.2 The data 
As pointed out in our prior papers, data on tailings failure is scarce, sometimes tainted by bias-
es and censorship, and spread through various entities and databases of variable reliability (for 
example,   notice   in   Fig.   2   the   very   large   number   of   “unknown”   causes).   In   prior   papers   we  
adopted   a   “quick   and   dirty”   engineering   approach   to   estimates,   preferring   to   rapidly   gain   an  
understanding for the order of magnitude of the estimate rather than waiting to get very precise 
“true”  numbers.  We  saluted  the  actuarial  effort  published  in  2015  and  were  delighted  to  notice  
that our prior estimates had framed the more precise numbers with good agreement, although 
we   commented   on   some  unfortunately   “forced”   linear   regressions   drafted   by   various   authors  
and to the tendency to use variable time intervals to jump to conclusions. 
In  this  paper  we  ensure  coherence  with  our  prior,  now  proven  correct,  “quick  and  dirty”  en-

gineering approach, but decided to also include uncertainties by using two different sets of 
causal lists, namely those resulting from ICOLD 1994, respectively from a 1910-2009 compila-
tion (Azam, 2010). 
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5.2.1  Failures reported by ICOLD 1994 
For the sake of this study it was necessary to re-interpret literature data. Readily available liter-
ature generally reports Number of Failures vs. Cause of Failure (Fig. 2, Fig. 3) and is fraught by 
many  “unknown  causes”  or  statements  like  “unusual  weather”  that  leave great space to conjec-
tures. This study requires to attribute causality of the failures to the various phases of the e-IDC 
process, so that the model becomes amenable to analyses. Of course, should in the future de-
tailed data on causality of failures become available, they could be readily included in the mod-
el and many assumptions made could be released/replaced. 

Out of a total of 106 recorded failures (Fig. 2), 87 are from known recorded causes (column 
1 of Table 1) which were re-interpreted as described in Table 1. 

 
Table 1 Recorded cause of failure, attributed causality scenario and related recorded failures number 

(from USCOLD 1994, Fig. 1). 
Recorded Cause of Failure Attributed Causality Scenario  Recorded Failures Number 

Slope Instability, Earthquake 
and Mine Subsidence 

Engineering error & omission, excessive 
audacity 

23+3+18=44 

Overtopping Poor management (mostly over in this 
example as a life time flaw rather than an 

initial one) 

17 

Foundation Poor Investigation 9 
Seepage and Structural Poor Construction 10+7=17 

  TOTAL = 87 

5.2.2 Failures world-wide 1910-2009 data 
The data in Figure 3 are a compilation (Azam, 2010) from the following sources: 

 
1. United Nations Environmental Protection (UNEP); 
2. International Commission On Large Dams (ICOLD); 
3. World Information Service of Energy (WISE); 
4. United States Commission On Large Dams (USCOLD); and 
5. United States Environmental Protection Agency (USEPA). 

 

Fig. 2 Dam Failures vs. Cause of Failure from USCOLD 1994. 
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The same re-interpretation described in the prior section was performed for the 1910-2009 data. 
 
Out of 167 recorded failures 145 are from known causes, 22 from unknown causes, which were 
re-interpreted as described in Table 2. 
 
 

Fig. 3 A recent compilation of Number of Failure vs. Causes from various sources (Azam, 2010) 
 
 

Table 2 Recorded cause of failure, attributed causality scenario and related recorded failures number 
(from Azam (2010), Fig. 2). 
Recorded Cause of Failure Attributed Causality Scenario  Recorded Failures Number 

Slope stability  Engineering error & omission, excessive 
audacity 

9 

50% Unusual Weather “ 23; total of 2 lines= 32 

Management Poor management (mostly considered in 
this example as a life time flaw rather 

than an initial one)  

21 

Overtopping “ 9 

50% Unusual Weather “ 23; total of 3 lines=53 

Foundation Subsidence Poor Investigation 12 
Structural Defects Poor construction 14 

Seepage “ 34; total of 2 lines=48 

  TOTAL = 145 
 

5.2.3 Attributed Causality Scenario relative split for initial flaws 
Using the data of Table 1, 2 it was then possible to define a relative (%) split of Attributed 
Causality Scenario stemming from project inception (Table 3).  
 For ICOLD (Table 1) overtopping had to be removed (as it was attributed to management 
during lifetime) leaving us with 70 recorded failures  with  “known”  causes. 
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 For world-wide 1910-2009 data (Table 2) we eliminated poor management for the same rea-
sons as above. Quake remained in the counting because the design should be considered as 
faulty from the beginning with respect to that loading if the dam fails under seismic loading. 
 

Table 3 Attributed Causality Scenario stemming from project inception. 
Attributed Causality Scenario ICOLD  World-wide 1910-2009 data 

 Recorded failures  Failures in % Recorded failures Failures in % 

Poor investigation 9 13 12 13 

Engineering error & omission, 
excessive audacity 

44 63 32 35 

Poor Construction  17 24 48 52 

Total 70 100 92 100 
 

We note a rather wide difference in the percentage split of causality, due to the database poor 
quality, requiring the study to proceed with both values to include uncertainties. 

5.3 The Mitigations Models 
In this study we considered two possible types of mitigations M1, M2 to be implemented dur-
ing the e-IDC development, i.e. Independent Peer Review and Inspections described as follows: 

 
M1: Engineering performance can be enhanced with an independent peer review (including 

sensible risk based decision-making procedures and risk assessment from project inception). 
Engineering and Peer Review become a parallel subsystem (eq. 2, Fig. 4) possibly fraught by 
Common Cause Failure (CCF). 

M2: Monitoring, Management, Water balance function can be enhanced with Inspections 
paired to sensible risk based decision-making procedures and risk assessment from project in-
ception. Again CCF has nefarious potential on this additional parallel subsystem (eq. 2, Fig. 5). 

Adopting a very simplified approach to CCF it is possible to assume that insufficient rigor, 
complacency, conflict of interest, common excessive audacious approach in M1, M2 could re-
duce the expected positive result of any mitigation to nil. 

Four levels of mitigation (Fig. 1,4,5,6) were studied: 
 
A) Base case with no M1, M2, depicted in Section 5.1, Figure 1. 
 
B) Base case with M1, i.e. independent peer review (including sensible risk based decision 

making procedures and risk assessment from project inception).  
 

Fig. 4 In case -B- the base case is mitigated with M1=Peer Review during Engineering. 
 

C) Base case with M2, i.e. Inspections paired to sensible risk based decision making proce-
dures and risk assessment from project inception. 

782

Failures



Fig. 5 In case -C- the base case is mitigated with M2=Inspections during service life. 
 

d) Base case with M1, M2 (descriptions as above) implemented. 
 

Fig. 6 In case -D- the base case is mitigated with M1=Peer Review AND M2=Inspections. 
 

By using ICOLD and World-wide 1910-2009 data (Table 2, 3) and the various mitigation 
variants of the model described above it was possible to evaluate the probability of failure of 
the dam under the considered hazard selection for a selected average life span of 30 years. In 
order to perform the calculations one further step was necessary as the probability of each haz-
ard hitting a function had to be determined.  

The first framing was easy: all those probabilities lie in the range 10-2 to 10-4. The higher 
value corresponds to a threshold where insurers generally shy away from insuring (thus any 
engineering/construction accident likely has a lower probability of occurrence), and 10-4 is a 
rate one order of magnitude above the higher bound of credibility (as engineering/construction 
accidents are unfortunately well into the credible realm).  

The second framing required to calibrate the model based on the data derived causalities 
(Table 1, 2, 3). Finally the probabilities were annualized. 

4.4 Results  

4.4.1 One dam, various levels of mitigation  
Figure 7 depicts the results of the analyses for the four levels of mitigation (Fig. 1,4,5,6) A,B,C 
and  D.   In  Figure  7,   the  horizontal  dotted/dashed   lines  “1979”  and  “2000”  depict   the   framing 
estimates thresholds we published in the 2013 TMW paper (Oboni, Oboni, 2013). It is interest-
ing to compare the results of the various mitigative levels (A,..D) to those thresholds. 

The Base Case (A) and B: Base Case and Peer Review (including sensible risk based deci-
sion making procedures and risk assessment from project inception) have calculated probabili-
ties of failure in the vicinity of 10-3, i.e. the factual estimated rate we published in our prior pa-
per (Oboni, Oboni, 2013) for the decade around 1979. 

Case C: Base case and Inspections (over the life of the structure paired to sensible risk based 
decision-making procedures and risk assessment from project inception) leads to a value near to 
the mid-point of the values for 1979 and 2000, bordering with the higher estimate from the 
most recent data (Oboni et Al, 2015, Bowker, Chambers 2015), for the Serious and Very Seri-
ous failures. 

Finally, Case D with Peer Review and Inspections reaches the lower bound of the interval, 
i.e. the value we published for the 2000, very similar to the lower estimate from the most recent 
data (Oboni et Al, 2015, Bowker, Chambers 2015) for the Very Serious failures. 
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Absent or botched mitigations M1 and/or M2 can increase the value of the probability of 

failure to historic high (decade around 1979) due to CCF. 
 

 
Fig. 7 Results of the annual probability of failures derived from the model for mitigation level A,B,C,D 

including attributed causalities (Table 2, 3) derived from factual data (Fig. 2, 3). 

Based on this example, the biggest reduction in the probability of failure of the e-IDC chain is 
obtained through thorough inspections with sensible risk based decision-making procedures and 
risk assessment from project inception. Peer review has also a beneficial effect, of course, but 
smaller, probably because the most deviances and shortcuts intervene during the long term ser-
vice life rather than during design. All together the implementation of both mitigation reduces 
the e-IDC chain probability of failure by almost one order of magnitude. 

4.4.2 Prioritizing risks in a portfolio of dams 
Notwithstanding the assumptions made, which could be perfected in a real-life portfolio study, 
the model is capable of reconstructing first estimates (a priori) of the probability of failure in 
good agreement with the last one hundred years of tailing dams failure history by looking at 
data (records) that should still be available for many structures, possibly in corporate, govern-
mental or regulators' offices archives. Thus, based on an examination of those records it will be 
possible to determine, dam by dam, the first estimate of the probability of failure which, paired 
with each dam potential consequences (to be determined using a multi-dimensional conse-
quence analysis), will give the total risk and finally a dam portfolio (corporate, national, re-
gional) quantitative risk prioritization. That quantitative risk prioritization would be the first 
step   of   what   the   Auditor   General   for   the   Province   of   British   Columbia   recommends.   “1.10 
Risk-based approach. We recommend that government develop a risk-based approach to com-
pliance verification activities, where frequency of inspections are based on risks, such as in-
dustry’s  non-compliance   record,   industry’s   financial   state,   and   industry’s  activities   (e.g.,   ex-
pansion), as well as risks related to seasonal variations.”  (Bellringer, 2016). 

These authors have already demonstrated (Oboni, Oboni, 2012) how to include societal and 
corporate tolerance into the risk prioritization techniques, shown how decision-makers focus 
can be enhanced rather than fogged-up by unclear risk assessments (Oboni, Oboni, 2016).  

Given the public and corporate capital investments required to reduce future risks generated 
by dams, it is paramount to be able to address the riskier situations that lie above corporate and 
social tolerance first. In order to be able to use more efficient prioritization it will be necessary 
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to define multi-dimensional tolerance levels, an exercise that has already performed from local 
to country-wide scale by these authors, but cannot be brought within the space of this paper. 

6 CONCLUSIONS 

Given the nature of tailings dams, their construction time and expected service life and closure, 
the effects of today's risk mitigation programs will only slowly become visible because the 
world-portfolio will contain mitigated and unmitigated (legacy) dams. During that period the 
public will perceive at best a status-quo and the industry credibility and social license to oper-
ate (SLO) will remain at stake (Oboni, Oboni, 2014; Oboni, Oboni, Zabolotniuk, 2013). It will 
be very difficult to evaluate progress as factors such as climate change, seismicity (again, not 
necessarily  “Black  Swans”),  increase  in  population  and  environmental  awareness  (consequence  
side of the risk equation) will further complicate the situation. Thus public outcry and hostility 
toward the mining industry, fueled by the Information and Communication Technology diffu-
sion will likely increase if transparent, rational, and defensible approaches to dam portfolio risk 
prioritization aren't swiftly implemented. 
The  presented  model  has  been  shown  to  “construct”   the  first  estimate  of   the  probability  of  

failure of a dam which is consistent with factual historical world-data. As such it constitutes the 
support to any prioritization effort on a portfolio of dams or a first stab for a single dam. 

The causality of various factors entering in the e-IDC process and other elements in the 
dam's service life can then be individually discussed/negotiated among experts and stakeholders 
with a sensitivity analysis allowing for better communication and enhancing transparency.  

It has been shown where and how e-IDC process mitigative actions can benefit the most, if 
properly implemented, with a practical example. The potential effects of Common Cause Fail-
ure (CCF) have been described. 

This methodical approach allows to determine in an economical, orderly, efficient way the 
relative a priori probabilities of failure of dams, based on archival data, expressed in ranges to 
include uncertainties. It is possible to use this approach for one dam or for a portfolio of dams. 

Companies, governments, regulatory agencies dealing with large portfolios of dams need to 
be able to prioritize risks in order to develop credible and efficient risk reduction programs 
(Bellringer, 2016). 
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1 INRODUCTION 

This paper presents a preliminary landslide analysis of Kennecott Utah Copper's Bingham Can-
yon Mine pit wall slides, which occurred along a geotechnical fault on its north-eastern wall at 
9.31pm and 11:06pm on 10 April 2013. Monitored wall movements had accelerated in the pre-
ceding weeks from 1 to 5 mm/day, and workers were evacuated to avoid any casualties. How-
ever, considerable haulage equipment was buried below about 150 Mt of material that moved. 
These slides highlight the importance of improving predictive tools. The significant difference 
between the expected and observed performance is also important. This paper focuses on the 
numerical simulation of landslides such as the one described therein. 

Catastrophic events such as open pit failures have huge economic consequences, and the po-
tential for loss of life. Roughly two open pit failures occur worldwide each year. This failure 
rate is more than two orders of magnitude higher than the failure rate of conventional civil en-
gineering excavations. Even when a potential landslide can be predicted, the question of how 
far the debris may travel remains. The answer to this question is critical to preventing further 
losses and mitigating the loss of life hazard (Llano-Serna et al. 2015). 

The modelling of large-scale run-out processes may be classified numerically as a finite de-
formation problem, making them very complex and difficult to solve. During run-out, 
compaction, and localised failures can occur, where stresses reach threshold levels. Popular 
modelling methods include the discrete element method (DEM), smoothed particle hydrody-
namics (SPH), and the material point method (MPM). In the DEM, each particle is considered 
discretely; hence, the macroscopic behaviour cannot reasonably be directly modelled. On the 
other hand, the SPH and MPM are derived from continuum mechanics, which allows the use of 
conventional geotechnical constitutive models. It also means that they may be implemented in 
current finite element methods. Advantages and disadvantages of methods used to model run-
out are described by Soga et al. (2015). 

Analysis of Kennecott Utah Copper's Bingham Canyon Mine Pit 
Wall Slides 

M.A. Llano-Serna
The University of Queensland, Brisbane, QLD, Australia 

D.J. Williams
The University of Queensland, Brisbane, QLD, Australia 

M.R. Ruest
The University of Queensland, Brisbane, QLD, Australia 

ABSTRACT: Bingham Canyon Mine is the largest open pit worldwide, measuring 1 km deep 
by 4 km wide. At 9.31pm and 11:06 pm on 10 April 2013, the pit experienced two slides along 
a geotechnical fault on its north-eastern wall. Monitored wall movements had accelerated in the 
preceding weeks, from 1 to 5 mm/day, and workers were evacuated. There were no casualties, 
although the extent of the slide was much larger than anticipated and considerable haulage 
equipment was buried. About 150 Mt of material moved and debris covered two-thirds of the 
pit base. The mine was operational again within about 18 months. The two slides were accom-
panied by seismic events of magnitude 5.1 and magnitude 4.9, respectively. A further seismic 
event was recorded after the second slide, plus 16 additional seismic events. A landslide analy-
sis was applied to simulate the two slides, and the results matched the reported extent of the 
slides reasonably well. 
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Despite the limitations a numerical simulation may present, the use of mathematical tech-
niques is invaluable in understanding the kinematics of a landslide. It can provide, for example, 
information for use in risk assessments, such as the delineation of the area that would potential-
ly be affected by a landslide run-out. It enables the quantification of potential losses of human 
life, infrastructure, and environmental assets. The delineation of the extent and run-out of an 
open pit slope failure also enables planning for the safe evacuation of the pit and rapid recovery 
post-failure. 

2 BINGHAM CANYON MINE 

The Bingham Canyon Mine is located 30 km south-west of Salt Lake City, Utah, USA, and 
measures 1 km deep by 4 km wide. It is the largest man-made excavation in the world. The two 
distinct slides, separated by approximately 1.5 hours, were detected by a comprehensive seismic 
and infrasound network installed in the region. The surface wave-detection magnitudes were 
5.1 and 4.9 for the first and second events, respectively (Hibert et al. 2014). A further seismic 
event was recorded 1 min after the end of the second slide, and 16 additional seismic events 
were detected and located in the mine area. This incident may be the only large-scale event to 
have triggered several small earthquakes (Pankow et al. 2013). 

Using seismic observations of durations, peak amplitudes of the seismogram envelopes, and 
the area underneath each envelope, Pankow et al. (2013) also determined that both slides had 
roughly the same volume. Later, Hibert et al. (2014) used the inversion method to determine the 
slide force history (LFH analysis; Ekstrom & Stark 2013). The method is based on the assump-
tion that a slide seismic source can be described as a time-varying force taking into account the 
long-period signals. Based on the displacement history presented by Hibert et al. (2014), it is 
possible to draw some interesting conclusions. Firstly, the first slide caused the onset of mobili-
sation of the second slide at a higher elevation. Essentially, the first slide constituted  the  “pas-
sive  wedge”  in  the  whole  slide mechanism. As a consequence, the second slide, comprising the 
“active  wedge”  was triggered. Secondly, the LFH analysis enables the progression of the centre 
of mass to be determined. These observations are depicted in Figure 1. 

3 NUMERICAL MODEL 

The numerical framework used therein is based on the approach proposed by Llano-Serna et al. 
(2015). The methodology has been successfully used to model run-out processes in natural 
slopes, highlighting the applicability of the MPM. Note that this framework focuses on the se-
quential ground flow after initiation of the slope failure. One of the main advantages of the 
method relies on its capacity to take advantage of results of traditional slope stability models or 
field observations. It enables results to be obtained quickly from a computational point of view. 
Usually, the cross-section for the simulation is composed of the sliding slope. The part that is 
not expected to slide during the run-out is considered as a stiff body. 

In this study, an initial two-dimensional idealisation was made, based on the trajectory ob-
tained by Hibert et al. (2014), overlapped on the topographic survey available in Google Earth 
Pro® from 2007. It is noted in advance that this time lag accounts for a vertical difference of 
about 40 m between the cross-section based on Google Earth Pro® from 2007 and the pit ge-
ometry at the time in the incident. Although it can be argued that significant geometrical chang-
es occurred between 2007 and 2013, the main aim of the paper is to show how a very simple 
MPM model is useful for simulating the complex mechanics of run-out progression. The adopt-
ed cross-section is shown in Figure 2. The failure lines were defined based on photographic in-
terpretation of Figure 1. The MPM size was defined as 5 m according to Llano-Serna et al. 
(2015) for the model presented therein. 
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Figure 1. Photograph of two Bingham Canyon Mine slides. 
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Figure 2. MPM numerical model of cross-section of Bingham Canyon in slide area, based on Google 
Earth Pro® from 2007. 
 

3.1 Material Parameters 
As demonstrated by Llano-Serna et al. (2015) a total stress analysis is appropriate for the post-
failure analysis of landslides. As described by Pankow et al. (2013), the Bingham Canyon Mine 
slides lasted roughly 90 s. From a mechanical point of view, this means that the cross-section of 
the true failure envelope on a deviatoric plane in stress space is considered circular. This means 
that the shear strength resistance may readily be described by a single shear strength parameter 
adopted in a total stresses analysis. The material parameters given in Table 1 were adopted for 
the analyses, which were derived from the results presented by Styles et al. (2011) and a back-
analysis performed by the authors. 
 
Table 1. Material parameters used in analysis of Bingham Canyon slides. ________________________________________________________________________________________________________ 

Parameter                  Symbol            Value ________________________________________________________________________________________________________ 

Unit Weight (kN/m3)                  γ               23.0 
Elastic Modulus (MPa)                E             600 
Shear Strength (MPa)                 τ             250 
Poisson Ratio                    ν               0.33 ________________________________________________________________________________________________________ 

 
The material parameters summarised in Table 1 were used for the analyses of both slides. It 

is not possible to build a more detailed model, including different material layers with different 
parameters, since the information available is rather limited. Nevertheless, despite the simplifi-
cations, the results obtained are satisfactory, as described in the following paragraphs. 

The simulation was carried out in two stages. The first slide was activated by increasing 
gravity up to g = 9.8 m/s2. In this stage, the mass equivalent to the second slide is also consid-
ered as a rigid material; unable to flow down the slope. Once the first slide achieves a state of 
repose, the position of the material points corresponding to the first slide are imported into a 
second analysis in which the second slide is allowed to run-out under the action of gravity and 
interact with the deposited debris from the first slide. 

3.2 Simulation of First Slide 
In Figure 3 it is possible to see how the first slide progresses down the slope. After the first 
20 s, the slide achieves its maximum velocity (see also Fig. 4). The sliding mass reaches an av-
erage peak kinetic energy of about 50 kJ and a maximum speed of about 35 m/s. After that, at 
approximately t = 30 s, the first particles reach the base of the pit, and a reduction in energy 
may be observed. The speed decreases and the movement stops at t = 60 s. At this po0int, the 
velocity of some of the particles decreases, while they are accommodated in the new topogra-
phy and the movement gradually stops after t = 85 s. 
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Figure 3. Progression and changes of kinetic energy of first landslide. 
 

According to Pankow et al. (2013), the seismic records indicate that the slide duration was 
about 90 s, which is close to the value obtained in the simulations presented therein. The 
resulting velocities are also compared via computations using the LFH with the inversion meth-
od developed by Ekstrom & Stark (2013) (see Fig. 4). The inverse model of seismic data allows 
the interpretation of long- and short-period seismic signals generated by landslides, shedding 
light on the dynamics of a slope failure. From Figure 4, it can be seen that both techniques 
match the principal features and shape of the slide. For example, the maximum velocity, and s 
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rates of increasing and decreasing velocity shown in Figure 4 match reasonably well. However, 
some differences are apparent, probably caused by constraints imposed by the two-dimensional 
model presented herein. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Change in velocity with time during first slide. 

3.3 Simulation of Second Slide 
The simulated progression and kinematic energy released in the second slide are presented in 
Figure 5. It can be observed that the kinetic energy increases until t = 20 s, when the advancing 
front reaches the accumulation of debris left after the first slide. At this stage, the maximum ve-
locity also reaches its peak of about 30 m/s (see Fig. 6). At t = 40 s, the second slide reaches the 
depositional area from the first slide; then the velocity starts to decrease and after t = 75 s most 
of the kinetic energy is dissipated. From Figure 6, it can be noted that the estimates given by the 
MPM and LFH analyses are similar. The first 20 s are comparable both in shape and increasing 
rate of velocity. However, there is a difference of about 5 m/s in the maximum velocity. The 
initial descending slopes from both approaches are very similar, but are dislocated by approxi-
mately 10 s. The MPM shows a smoother transition to repose, while the LFH shows a smaller 
increase by the end of the slide, similar to Figure 4. 

4 CONCLUSIONS 

This paper shows how the MPM can deal with large-strain problems such as open pit slides. 
Despite the limitations in the available input information and the simplicity of some of the nu-
merical assumptions, the two-dimensional analyses presented herein were able to describe the 
principal features observed in Bingham Canyon Mine pit wall slides. 

The numerical simulations presented provide the details of the interaction between the two 
slides with the surrounding topography. They also make possible the calculation of the energy 
released in such events and the estimation of the extent of the slides. The accurate prediction of 
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run-out distances in landslides remains an issue. The analysis presented therein may help to de-
lineate the extent of a run-out in open pits. This feature would enable an improved risk assess-
ment to assist in the planning of the safe evacuation of personnel and equipment from the pit 
and its efficient recovery post-failure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Progression and changes of kinetic energy of second slide. 
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Figure 6. Change in velocity with time during second slide. 
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1 INTRODUCTION 

At many tailings storage facilities, construction of dams during operation or placement of cover 
during closure and reclamation requires construction over soft tailings. The low strength and high 
compressibility of this material presents challenges, often leading to the use of costly ground 
improvement methods such as wick drains or foundation reinforcement.  

In the case history presented in this paper, the authors describe successful implementation of 
the offset upstream construction method at a low-seismicity, cold-climate tailings storage facility 
without use of costly ground improvement techniques. As described herein, instrumentation 
monitoring and field performance data were used in accordance with the Observational Approach 
to successfully complete construction without ground improvement.  

2 BACKGROUND 

The authors were hired to evaluate initial offset upstream construction completed using ground 
improvement techniques that included wick drains and geotextile reinforcement. Instrumentation 
monitoring data obtained during construction was evaluated and a geotechnical investigation was 
completed to gain a better understanding of the engineering properties of the underlying fine 
tailings/slimes deposit. This allowed subsequent construction to be completed without ground 
improvement.  

Observational Approach to Construction over Soft Tailings 

Iván A. Contreras, PhD, PE; Michael B. Haggerty, PE; & Kurt J. Schimpke, PE. 
Barr Engineering Co., Minneapolis, MN, USA 

ABSTRACT: Operation and closure of tailings storage facilities frequently requires construction 
over soft tailings, such as fill placement associated with dam construction during operation or 
cover placed for closure and reclamation. Challenges faced during construction over soft tailings 
are primarily related to the low strength and high compressibility of the material, which can lead 
to difficult construction conditions and increased costs. It is often thought that ground 
improvement is required to provide a stable foundation. However, proper application of soil 
mechanics principles and engineering judgment based on field observations can eliminate the 
need for costly ground improvement techniques. The case history presented in this paper describes 
an alternative approach consisting of staged construction over soft tailings through the use of in-
situ and laboratory testing, as well as review of field instrumentation data in accordance with the 
Observational Approach. This method has facilitated successful ongoing construction over soft 
tailings without costly ground improvement techniques. 
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3 USE OF THE OBSERVATIONAL APPROACH 

Design based on the most unfavorable assumptions is inevitably uneconomical; however, it 
provides some degree of assurance that a soil-supported structure will not develop unanticipated 
defects. Nonetheless, when design permits, making construction modifications that consider the 
most probable rather than the most unfavorable conditions can result in large savings. Using the 
Observational Approach introduced by Peck (1969), information and data gaps are filled by 
monitoring during construction and the design is modified, as needed. 

As demonstrated by this case study, the Observational Approach can be used to improve 
designs and reduce construction costs, particularly in the case of tailings impoundment dams.  

4 OFFSET UPSTREAM CONSTRUCTION METHOD 

The offset upstream construction method allows tailings dams to be raised without increasing the 
overall footprint of the tailings storage facility. This technique, introduced in the early 1990s at 
the tailings storage facility, uses a staged construction approach. Initial dam construction materials 
(coarse tailings in this case) are placed during the winter over frozen fine tailings/slimes using 
lightweight earthwork equipment. After the surface of the fine tailings/slimes thaws the following 
summer, additional dam construction material is placed above the winter fill to complete the dam 
raise. 

A section of the offset upstream construction at the tailings storage facility is illustrated in 
Figure 1. Figure 1 also shows the perimeter dam, which was constructed above competent native 
soils using a combination of downstream, centerline, and upstream construction methods. The 
perimeter dam retains fine tailings/slimes which were deposited prior to offset upstream 
construction and are used as the foundation for the offset upstream dam. 

 

 
 
Figure 1. Offset Upstream Construction 

 
The offset upstream construction method was used for several reasons. First, continuation of the 
perimeter dam construction method would result in high uplift pressures immediately upstream 
of the perimeter dam. The offset upstream construction method pushes the pond further upstream, 
which helps minimize pore-water pressures at the perimeter dam. Second, downstream and 
centerline construction methods are considered more expensive and less flexible. Third, the use 
of coarse tailings as a construction material allows a waste product of the mining process to be 
used beneficially. In addition, select clay borrow was becoming less available. Though 
construction over fine tailings/slimes presents challenges due to the low strength and 
compressibility of the material, these challenges can be overcome through use of appropriate 
construction staging and the Observational Approach.  

5 INITIAL OFFSET UPSTREAM DAM CONSTRUCTION 

Initial offset upstream dam construction at the tailings storage facility incorporated ground 
improvement techniques. These included installation of wick drains and use of geotextile for 
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foundation reinforcement, as shown in Figure 1. According to the previous designers, the wick 
drains were installed to expedite primary consolidation, improve the overall seepage regime, and 
mitigate liquefaction potential. The geotextile was used to reinforce the coarse tailings foundation 
and provide a stable working platform during construction. Initial offset upstream dam 
construction phase included two stages, as described below.  

5.1 Stage 1 
The offset upstream dam foundation consisted of 1.2 m of coarse tailings placed during the winter 
over previously deposited fine tailings/slimes which were allowed to sufficiently freeze prior to 
construction. A geotextile was placed within the coarse tailings, approximately 0.6 m above the 
surface of the fine tailings/slimes.  

Prior to placement of the first layer of coarse tailings, pneumatic piezometers were installed to 
monitor pore-water pressures within the fine tailings/slimes deposit. Settlement plates were also 
installed to monitor displacement at the interface of the coarse tailings and the frozen fine 
tailings/slimes.  

5.2 Stage 2 
After the fine tailings/slimes underlying the offset upstream dam foundation had thawed the 
following summer, wick drains were installed in a square pattern, spaced 3 m apart. These 
penetrated the fine tailings/slimes deposit (approximately 18 m thick) and toed into the top of the 
underlying native glacial till. 

Following wick drain installation, additional coarse tailings fill was placed in lifts. The 
thickness of the additional coarse tailings was approximately 2.4 m, giving a total fill thickness 
(winter foundation plus summer construction) of approximately 3.6 m.  

This two-stage construction method allowed for comparison of the fine tailings/slimes response 
to fill placement and dam performance under two conditions: (1) initial winter foundation without 
wick drains and (2) summer construction with wick drains.  

6 INSTRUMENTATION MONITORING 

As previously indicated, prior to Stage 1, pneumatic piezometers and settlement plates were 
installed at the site. This instrumentation provided valuable data to help assess consolidation 
characteristics of the fine tailings/slimes under load, with and without wick drains. Observations 
made from instrumentation monitoring data are included below.  

6.1 Pore-Water Pressure Distribution 
Figure 2 shows the typical pore-water pressure distribution within the fine tailings/slimes deposit 
and underlying native soils in an area without wick drains. The hydrostatic pore-water pressure 
line is included in Figure 2 for reference. The pore-water pressure distribution indicates that there 
are downward flow conditions within the fine tailings/slimes at the site. The downward flow 
conditions differed from models prepared by the previous designers, which assumed the bottom 
glacial till to be impervious, resulting in hydrostatic pore-water pressure distribution within the 
fine tailings/slimes deposit. 

The native foundation soils typically observed across the tailings storage facility include glacial 
till above fractured bedrock. At some locations, a sand layer is present between the glacial till and 
the bedrock. Although the glacial till consists of a relatively impermeable clay material, it is 
believed to be discontinuous and contain preferential flow paths to the fractured bedrock. This 
creates the downward flow condition, resulting in an increased effective stress (compared to 
hydrostatic conditions) that is favorable for overall stability (Davies et al., 2002). Additionally, 
the discontinuity within the glacial till allows the fine tailings/slimes deposit to be doubly drained 
(both upward and downward), increasing the rate of consolidation.  
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Figure 2. Typical Pore-Water Pressure Distribution in Area without Wick Drains 

6.2 Excess Pore-Water Pressure 
Figure 3 shows a comparison of excess pore-water pressure versus time at three locations along 
the dam alignment, before and after wick drain installation. The measurements were obtained 
using pneumatic piezometers installed approximately 4.6 m below the surface of the fine 
tailings/slimes. The open symbols in Figure 3 correspond to measurements taken prior to wick 
drain installation (Stage 1). The closed symbols correspond to measurements taken after wick 
drain installation (Stage 2). As shown in Figure 3, maximum excess pore-water pressures prior to 
wick drain installation ranged from approximately 24 to 28 kPa and dissipated in approximately 
130 to 170 days (by extrapolation due to piezometer damage during construction). After wick 
drain installation, the maximum excess pore-water pressures ranged from approximately 36 to 
43 kPa and dissipated in approximately 60 to 200 days. Note that the piezometer at location C was 
damaged before an accurate assessment of dissipation time could be made. This indicates that the 
wick drains expedited excess pore-water pressure dissipation at only some locations. It should 
also be noted that the difference in thickness of fill placed during Stages 1 and 2 (approximately 
1.2 m vs. 2.4 m) caused the difference in peak excess pore-water pressures between the two stages.  
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Figure 3. Comparison of Excess Pore-Water Pressure vs. Time in Fine Tailings/Slimes Deposit at 4.6 m 

with and without Wick Drains 
 

Figure 4 shows a comparison of the measured excess pore-water pressure versus time at two 
locations along the dam alignment before and after wick drain installation. Excess pore-water 
pressures at these locations were measured using pneumatic piezometers installed approximately 
20 m below the surface of the fine tailings/slimes deposit. The open symbols in Figure 4 
correspond to measurements taken prior to wick drain installation (Stage 1). The closed symbols 
correspond to measurements taken after wick drain installation (Stage 2). As shown in Figure 4, 
the maximum excess pore-water pressures prior to wick drain installation ranged from 
approximately 12 to 15 kPa and dissipated in approximately 130 to 160 days. The maximum 
excess pore-water pressures after wick drain installation ranged from approximately 13 to 20 kPa 
and dissipated in approximately 130 to 180 days (by extrapolation due to piezometer damage 
during construction). Figure 4 shows that excess pore-water pressure was generally the same with 
and without wick drains. This indicates little-to-no improvement in dissipation rate through the 
use of wick drains.  
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Figure 4. Comparison of Excess Pore-Water Pressure vs. Time in Fine Tailings/Slimes Deposit at 20 m 

with and without Wick Drains 

6.3 Settlement 
Figure 5 shows settlement due to offset upstream construction, as measured by 18 settlement 
plates along the dam alignment. The settlement resulting from the initial placement of the coarse 
tailings during Stage 1 (approximately 1.2 m thick) ranged from 0.4 m to 0.75 m, with an 
average of 0.5 m before installation of the wick drains. After installation of the wick drains and 
placement of the second layer of coarse tailings during Stage 2 (approximately 2.4 m thick), the 
total settlement ranged from 0.7 m to 1.4 m, with an average of approximately 0.8 m after an 
elapsed time of 420 days. 

 
 

 
 
Figure 5. Measured Settlement during Stage 1 (without Wick Drains) and Stage 2 (with Wick Drains) 
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6.4 Observations 
Instrumentation monitoring data illustrated in Figures 3 through 5 shows: 

1. At shallow depths (i.e. less than 4.5 m), wick drains may provide slightly faster 
dissipation of excess pore-water pressures at some locations (see Figure 3).  

2. At greater depths (i.e. 20 m), excess pore-water pressures are not affected by the presence 
of wick drains (i.e. wick drains did not significantly improve drainage).  

3. Excess pore-water pressures generated during offset upstream construction without the 
use of wick drains dissipated in approximately 130 to 170 days. As such, if staged 
construction is properly implemented and excess pore-water pressures are allowed to 
dissipate prior to placement of additional fill, use of wick drains is not required. However, 
if the construction sequence changes or is accelerated, wick drains may be needed.  

4. The measured settlement illustrated in Figure 5 shows that the settlement during Stage 1 
(i.e. without wick drains) was, on average, 0.5 m after 150 days, roughly corresponding 
to the dissipation of the excess pore-water pressure. Similarly, after application of the 
second layer in Stage 2 (i.e. with wick drains) the total settlement averaged approximately 
0.8 m after 420 days. 

 
Upon review of the construction records and instrumentation monitoring data, it became apparent 
that additional analysis, including in-situ and laboratory testing, could be performed to establish 
whether wick drains and geotextile were required in future offset upstream construction, provided 
staged construction was completed with sufficient time for consolidation to occur between stages. 
As a result, a geotechnical investigation was performed and is described below.  

7 GEOTECHNICAL INVESTIGATION AND FIELD PERFORMANCE 

The primary objective of the geotechnical investigation was to obtain additional fine 
tailings/slimes compressibility and strength data through field and laboratory testing. The 
laboratory testing included consolidation testing using oedometer and triaxial devices. The field 
testing included cone penetration test (CPT) soundings with pore-water pressure dissipation 
testing.  

The discussion below will focus on the fine tailings/slimes compressibility. This is the primary 
factor influencing the generation and dissipation of pore-water pressure and, subsequently, 
determining whether wick drains are required. Of particular interest is the coefficient of 
consolidation (cv), related to the time rate of settlement (similarly, excess pore-water pressure 
dissipation during consolidation). The coefficient of consolidation was determined from CPT 
dissipation tests, laboratory testing, and field performance during offset upstream construction.  

7.1 cv from CPT Dissipation Tests 
Dissipation tests were performed by stopping the advancement of CPT soundings and measuring 
the decrease in excess pore-water pressure with time. The rate of excess pore-water pressure 
dissipation depends on the coefficient of consolidation. The coefficient of consolidation from the 
dissipation test is generally determined using the time at which 50% of excess pore-water 
pressures generated during sounding advancement have dissipated (t50). The procedures 
developed by Robertson et al. (1992) and Burns and Mayne (1998) were used to estimate the 
coefficient of consolidation in this assessment.  

7.2 cv from Laboratory Oedometer and Triaxial Tests 
The coefficient of consolidation was measured in the laboratory using oedometer and triaxial tests 
performed on samples collected during the geotechnical investigation. The oedometer tests 
include consolidation of slimes placed by slurry in the testing apparatus. In the triaxial test, 
deformation of a triaxial specimen upon load application was measured until the end of primary 
consolidation was reached. In both tests, the coefficient of consolidation was estimated using 
Terzaghi’s theory of consolidation for each load increment (Equation (1) below). 
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7.3 cv Back-Calculated from Field Performance 
The coefficient of consolidation was also back-calculated using field performance data and the 
equations shown below.  
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Equation (1) is derived from Terzaghi’s theory of consolidation and uses the time factor (T), the 
time for excess pore-water pressure dissipation (t), and drainage path length (H). Equation (2) 
uses the permeability (k), the coefficient of volume compressibility (mv), and the unit weight of 
water (Jw). The time factor (at 95% of consolidation) and unit weight of water are constants. The 
time for excess pore-water pressure dissipation was determined based on piezometer data, as 
described above. The drainage path length was determined based on knowledge of the fine 
tailings/slimes deposit and the underlying native soils. The coefficient of volume compressibility 
was calculated based on settlement, loading, and effective stress data, and the permeability was 
determined using CPT dissipation testing. Permeability values based on CPT dissipation testing 
were viewed as more representative of field conditions than laboratory testing because of 
variability within the fine tailings/slimes deposit.  

Figure 6 shows the coefficient of consolidation versus effective stress using CPT dissipation 
tests, oedometer tests, triaxial tests, and back-calculations from field performance. The range of 
coefficient consolidation values is between approximately 0.1 m2/yr and 850 m2/yr over an 
effective stress range of approximately 1 to 10,000 kPa. Typical values range from approximately 
10 to 200 m2/yr. 

The coefficient of consolidation from laboratory testing was generally found to be lower than 
the value obtained from CPT dissipation tests. The geometric mean coefficients of consolidation 
from laboratory testing and CPT dissipation testing were 23 m2/yr and 58 m2/yr, respectively. This 
difference suggests that layering within the fine tailings/slimes deposit enhances drainage and 
produces a higher coefficient of consolidation than laboratory testing. The difference is also 
attributed to the use of mostly slimes for laboratory testing, which have a higher fines content and 
thus lower coefficient of consolidation than fine tailings.  

Based on field performance, the geometric mean coefficient of consolidation was found to be 
76 m2/yr. This value is similar to the value obtained based on CPT dissipation test and is judged 
reasonable due to the layering effects described above. The geometric mean value of all data is 
40 m2/yr. 

Based on these results, analyses were performed to predict the excess pore-water pressure 
dissipation and evaluate the stability of the offset upstream dam. The evaluation of the proposed 
design modifications and construction of the offset upstream dams without the use of wick drains 
is discussed below.  
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Figure 6. Coefficient of Consolidation vs. Effective Stress from Field Performance, CPT Dissipation 

Testing, and Laboratory Testing 

8 MODIFIED APPROACH TO OFFSET UPSTREAM CONSTRUCTION 

Due to continuous tailings storage facility operation, design and construction of additional 
impoundment dam raises were required. This provided the opportunity to use offset upstream 
construction without foundation improvement (i.e. wick drains and geotextile). The modified 
approach to offset upstream construction consisted of two stages, as explained below. 

8.1 Stage 1 
The offset upstream dam foundation consisted of coarse tailings placed during the winter over 
previously deposited fine tailings/slimes that were allowed to freeze prior to construction. A 
thicker 3.0-m layer of coarse tailings was used (compared to 1.2 m in the original method). This 
allowed for a more stable foundation that did not require geotextile or other reinforcement. Based 
on field observations, it was determined that the thicker foundation would still allow the 
underlying frozen fine tailings/slimes to thaw prior to Stage 2 construction.  

Prior to placing the foundation layer, settlement plates were installed. Nested vibrating wire 
(VW) piezometers were also installed within the fine tailings/slimes deposit and underlying native 
soils using the fully grouted method (Contreras et al., 2007). 

8.2 Stage 2 
Following Stage 1 of offset upstream construction, a waiting period of approximately 4 to 
6 months was required to allow excess pore-water pressures to dissipate prior to additional fill 
placement and for the underlying fine tailings/slimes to thaw. During this time, excess pore-water 
pressure dissipation was monitored using the VW piezometers located beneath the dam fill and 
settlement plates at the surface of the fine tailings/slimes were used to measure consolidation. Test 
pits were used to confirm that the fine tailings/slimes had sufficiently thawed prior to placement 
of additional fill. 
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After the fine tailings/slimes thawed and excess pore-water pressures had been substantially 
dissipated, additional coarse tailings fill was placed in layers approximately 30 cm thick until the 
dam raise was completed.  

The geotextile was eliminated from the design because (1) stability modeling indicated it was 
not required for short- or long-term stability of the offset upstream dam and (2) predicted offset 
upstream dam deformation was judged acceptable without it. Similarly, seepage analyses showed 
that the wick drains did not significantly improve the overall seepage and pore-water pressure 
distribution under the offset upstream dam. Wick drains also do not allow rapid pore-water 
pressure dissipation during fast loading, which is required to mitigate liquefaction. The discharged 
capacity of the wick drains used was not high enough to provide the required drainage; thus, they 
were eliminated from the design. 

9 PREDICTION AND PERFORMANCE OF MODIFIED OFFSET UPSTREAM 
CONSTRUCTION METHOD 

Prior to implementation in the field, the modified offset upstream construction approach was 
simulated through computer modeling. The modeling was completed using the GeoStudio 
software suite, as well as information collected from the geotechnical investigation and field 
performance assessment. The following discussion compares predicted and actual performance of 
the offset upstream construction in terms of settlement and excess pore-water pressure. 

Figure 7 shows coarse tailings fill thickness, measured settlement, and measured excess pore-
water pressure with respect to time during offset upstream dam construction. As shown, settlement 
due to placement of the initial foundation layer (Stage 1) was between approximately 0.5 and 
2.0 m at approximately 150 days after initial fill placement and prior to subsequent construction 
lifts (Stage 2). The predicted settlement after 550 days is approximately 2.1 m, which is within 
the range of the measured settlement. After placement of the second coarse tailings layer, the 
measured settlement increased to between 1.4 and 3.1 m after an elapsed time of approximately 
550 days. 

Figure 7 also includes the predicted and measured excess pore-water pressures during offset 
upstream construction. As previously described, piezometers were installed after the Stage 1 fill 
was placed, which allowed drill rig access over the fine tailings/slimes. The measured excess pore-
water pressure at the time of piezometer installation ranged from approximately 1.7 to 3.0 m of 
pressure head due to Stage 1 construction. Excess pore-water pressures decreased to less than 
approximately 2.0 m of head before Stage 2 construction began at approximately 150 days. The 
predicted excess pore-water pressure during this time period is somewhat higher than the 
measured values.  

Following placement of Stage 2 coarse tailings fill, excess pore-water pressures increased to 
between approximately 5.0 and 7.5 m of pressure head. The excess pore-water pressure and fill 
height plots in Figure 7 show that construction of Stage 2 was completed in approximately 
75 days. Based on the measured excess pore-water pressure, the end of primary consolidation (as 
indicated by zero excess pore-water pressure) occurred at approximately 450 days or 300 days 
after the start of Stage 2 construction. This is somewhat longer than the dissipation time at 
Locations A through E (see Figures 3 and 4), because the fine tailings/slimes deposit is thicker at 
Locations F and G. The predicted maximum excess pore-water pressure shown in Figure 7 is 
between the measured values at Locations A and B, and the computed time to the end of primary 
consolidation is somewhat longer than measured in the field.  
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Figure 7. Fill Height, Settlement, and Excess Pore-Water Pressure vs. Time during Offset Upstream 

Construction without Wick Drains 

10 SUMMARY AND CONCLUSIONS 

The offset upstream construction method uses staged construction and placement of coarse 
tailings fill over previously deposited fine tailings/slimes. The initial fill placement is performed 
in the winter while the fine tailings/slimes delta is frozen, which provides a stable working 
platform. After the fine tailings/slimes material has thawed and excess pore-water pressures have 
substantially dissipated, additional fill material is placed to complete the dam raise.  

The low strength and compressibility of the fine tailings/slimes can lead to stability, 
deformation, and constructability concerns. This has traditionally been resolved by relying on 
costly ground improvement techniques such as wick drains and geotextile foundation 
reinforcement.  

Using the Observational Approach, however, the offset upstream construction method has been 
successfully completed without relying on ground improvement methods. The modified approach 
was the result of:  

x An assessment of field performance and instrumentation monitoring data that suggested 
wick drains were not required if the construction schedule allowed enough time for 
excess pore-water pressures to dissipate. 

x A geotechnical investigation to obtain additional field information and samples for 
laboratory testing and subsequent data for computer modeling.  
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x Computer modeling to assess the feasibility of a modified construction approach prior to 
implementation in the field. 

 
Used for numerous dam raises, this modified approach has resulted in significant cost savings.  
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1 INTRODUCTION 

Effective control of dust in mining operations can mitigate safety, environmental, and operational 
risks and reduce costs. At  New  Gold’s  New  Afton Mine in the central interior of British Colombia, 
the main potential source of fugitive dust is the Tailings Storage Facility (TSF), with modest po-
tential contributions from haul roads, stockpiles and mine waste piles. The Dust Management Plan 
at New Afton was developed to integrate best management practices that include operational, 
maintenance, and management responsibilities. The tailings sands are subject to windborne 
transport during the snow-free period resulting in fugitive dust conditions that are considered to 
be  detrimental  to  workers  on  the  TSF  and  to  the  mine’s  reputation  with  neighboring stakeholders. 

The New Afton Mine is located approximately 10 km west of Kamloops, British Columbia 
(see inset, Figure 1). The mine is an underground block cave operation and process plant that 
recovers copper, gold, and silver. The New Afton Mine occupies the site of the historic Afton 
Mine and includes an open pit, underground workings, historic support facilities, and a new con-
centrator and tailings facility. New Afton began production in 2012 with a 12-year life of mine. 

Provincial air quality objectives are incorporated into the New Afton Mine permit issued by 
the BC Ministry of Environment. The mine measures air quality regularly and reports monitoring 
results to the province annually. 

Mine  Tailings  Dust  Management  Best  Practice  at  New  Gold’s  
New Afton Mine 

C. Johns
Tetra Tech., Kelowna, British Columbia., Canada 

S. Davidson
New Gold Inc., Kamloops, British Columbia, Canada 

R. Hoos, C. Sekhon, and D. Kelly
Tetra Tech., Vancouver, British Columbia, Canada 

ABSTRACT: Dust control in mining operations is important for safety, environmental, and op-
erational reasons. At some mining operations, significant resources are required to manage tail-
ings dust generation and effective management is important to mitigate risks to personnel and the 
environment, protect corporate reputation and promote community relations. At  New  Gold’s  New  
Afton copper gold mine in south-central British Colombia, a dust management plan for the tail-
ings management area was developed based on a program of field trials that reflected operational 
conditions and mine requirements. The field trials involved application of three different dust 
suppression products applied in test plots positioned on the crest and the slope of the cyclone sand 
embankment. The products were evaluated based on product application, performance, and cost. 
The dust mitigation plan incorporates the strategic, cost-effective application of dust suppression 
products in a challenging operational setting with several simultaneous work areas to meet per-
formance objectives and regulatory requirements.  
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Figure 1. New Afton Mine Site Layout (location inset after RPA, 2015). 

2 THE NEW AFTON TAILINGS STORAGE FACILITY 

The New Afton TSF was designed as a tailings and water retention dam with a low permeability 
till core/LLDPE geomembrane liner, filter zones downstream of the core, and cyclone sand up-
stream and downstream shells (RPA, 2015). The tails are processed through two hydrocyclone 
stages to generate the sand for the dam construction. The overflow from both cyclone stages is 
discharged within the tailings storage area, where water is reclaimed and returned to the concen-
trator. The current configuration of the main tailings dam is approximately 1,600 m long and 
covers approximately 15 hectares (Figure 2).   

Process Plant 

Open Pit 

Tailings Facility 
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Figure 2. New Afton TSF General Arrangement (modified from BGC, 2015). 

The perimeter dam will continue to be raised throughout the mine life to the current planned ulti-
mate dam of approximately two kilometers in length and up to 40 m high with a crest width of 
10 m (RPA, 2015). Cyclone sand from the secondary cyclone underflow is used for downstream 
construction and primary cyclone underflow for upstream dam construction material. Ongoing 
construction of the dam involves the development of short-term (one month) and long-term (six 
months) cells. Throughout this extended dam construction period, the dam will be trafficked by 
various types of vehicles and construction equipment, resulting in the need for a comprehensive 
series of dust mitigation strategies.  

Particle size analysis of the cyclone sands used in dam shell construction indicate the fines 
content (particles less than 75 micron) is typically between 5% and 9% with 100% passing the 
1.18 mm sieve. 

3 DUST TRANSPORT AND TAILINGS DAMS 

The three main modes of particle transport by wind are surface creep, saltation, and suspension, 
as summarized in Table 1. The greatest particle mass movement by wind has been attributed to 
saltation (Ciccone, 1986). 

Table 1. Modes of Particle Transport by Wind (after Ciccone et al, 1986).  
Transport Mode Mode description Particle diameter   Particle description 

range (micrometers) 

Surface Creep  particles too large to be  1000 – 2000 medium sand 
dislodged into the airstream 

Saltation dislodged particles rise and 100 – 1000  fine to medium sand 
fall back to the surface 

Suspension  dislodged particles carried by < 100 fine sand, silt, and clay 
turbulent wind action 
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Atmospheric dust can be generated by natural processes associated with wind erosion as well as 
by anthropogenic disturbance. Factors affecting erosion include (Csavina et al, 2012, Ciccone et 
al, 1986): 
 Particle size distribution; 
 Surface characteristics (slope length, angle); 
 Meteorological variables (wind velocity, rainfall); and 
 Surface shear strength/hydraulic roughness. 

A study of wind erosion of tailings dams in a semi-arid setting in South Africa (Blight, 2007) 
concluded that:  
 Maximum erosion occurred at upwind (windward) slopes and was greatest at steep slopes of 

between 30 degrees and 35 degrees (approximately 1.5H:1V). 
 Higher wind speeds are present at higher elevations and will result in greater erosion from 

upper slopes as compared to lower slopes. 
 Limited erosion occurred from near-horizontal surfaces, and widely spaced erosion resistant 

windrows were effective at mitigating erosion of the tailings pond surface. 

It has been noted both in operations (Hudson Bay Mining, 2007) and in laboratory experiments 
(Ciccone, 1986) that elevated moisture content will mitigate dust generation. 

4 DUST MITIGATION METHODS 

Dust mitigation methods are wide ranging and generally governed by climate, cost, and availabil-
ity of equipment and materials.   

At the New Afton TSF, the nature of centerline raising construction precludes investment in 
more permanent erosion protection measures like rock armor placement or vegetation because 
these layers would be buried during ongoing construction.  The windward slopes are constructed 
at 3H:1V (18 degrees) which results in less erosion than would occur on a steeper slope.  

Prior to the recent update of the Dust Management Plan at New Afton, applications of water 
and also an anionic flocculent solution used in the mineral processing operation were used to 
control dust in the TSF area. The requirement for significant water use was not in accordance with 
New  Afton’s  goal  to  minimize  water  use  and  the  anionic  flocculent was considered ineffective.  

A magnesium chloride (MgCl) solution was used on adjacent mine haul and access roads; 
however, there was concern that the MgCl solution might have a negative impact on the mineral 
process operation so alternative methods were used in the TSF area.   

A common method of temporary dust suppression for earthwork construction involves the use 
of chemical dust suppressants. These products may be based on chlorides, silicates, enzymes, 
polymers, or other substances (Valenzuela et al, 2014). 

5 CLIMATE AT NEW AFTON MINE 

The climate of the mine site is typical of the dry British Columbia Interior with generally low 
annual precipitation, low winter snowfall and high evaporation rates. Lying within the rain 
shadow of the Coast Mountains, this area has a semi-arid steppe climate characterized by gener-
ally cool, dry winters and hot, dry summers with low humidity. Convective storm cell events are 
frequent in the summer months and, as a result, precipitation is generally highest in June and July. 
Geographically, the mine site is located on the southern terrace (hillslope) of the Thompson River 
valley, nestled between hills which gradually rise to the southwest (Greenstone Mountain and 
Chuwheels Mountain) and to the southeast which greatly influence the wind direction. 

Average annual precipitation at the New Afton Mine site is between 230 and 300 mm. In a 
typical year, March through October are snow-free and the average annual snowfall is 53 cm. 
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Hourly-averaged wind speed and direction recorded by the New Afton Mine station are summa-
rized as seasonal wind roses in Figure 3. Winds are measured at 10 meters above ground. The 
roses show the percentage of time winds were blowing from a particular direction and the propor-
tion that occurred at a particular wind speed. 

   Spring (March, April, May)  Summer (June, July, August) 

   Fall (September, October, November) Winter (December, January, February) 

Figure 3: New Afton Mine Wind Roses (May 2013 – February 2015). 

The predominant wind directions throughout the year are from the west-northwest and east-north-
east with secondary predominance of southeasterly winds (particularly during summer and fall). 
These wind directions are aligned with the aspect of the hill slopes south of the site. The strongest 
winds throughout the year are from the southwest, likely associated with subsidence attributed to 
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convection (storms) or gravity-driven and accelerated slope flows as a result of differential heat-
ing. 

Wind gusts are recorded by the mine station as the peak three-second and peak one-minute 
wind speed over a 15 minute interval. The one-minute gust speed is also accompanied by the 
direction. Although hourly winds provide a general overview of typical wind conditions, wind 
gusts, which get averaged into the hourly data, provide a better understanding of the conditions 
that can produce a significant amount of fugitive dust emissions. A short-duration wind gust can 
exceed the threshold friction velocity for kick up and suspension of TSF embankment cyclone 
sands into the air. Figure 4 illustrates one-minute wind speeds and direction over the period of 

record. 

Figure 4. One-Minute Wind Speed and Direction – New Afton Mine Station Jan 2014 to Jun 2015. 

The highest wind gust speeds occur from the southwest and from the west-northwest. The highest 
three-second wind gust recorded by the New Afton Mine station between January 2014 and June 
2015 was 28.3 m/s. 

6 DUST CONTROL TRIAL PROGRAM 

A TSF Dust Mitigation Trial program was undertaken to facilitate selection of appropriate meth-
ods and products in the summer of 2015. 
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6.1 Dust Control Trial Method
An approximately 300 m long portion of the crest and downstream slope (upwind) of the New 
Afton TSF embankment (Dam A), the location of which is shown in Figure 2, was selected for 
the test area based on position relative to prevailing winds and operational constraints. The test 
area was divided into three adjacent plots to permit comparison of three different dust mitigation 
products. Figure 5 shows the position of three adjacent trial plots on the downstream slope of Dam 
A. The crest area of the Dam was similarly divided.

Figure 5. New Afton Mine TSF Dust Mitigation Trial Plots on the Downstream Slope of Dam A. 

The three products were applied to the trial plots under the supervision of Tetra Tech, New Afton 
and the product suppliers using either a trailer-mounted or truck-mounted hydroseeder for the 
slopes and a water truck for the crest (Figure 6). Two of the trial products (A and B) were acrylic 
polymer emulsions and one (C) was a pine pitch emulsion. These products mitigated dust gener-
ation through formation of a surface crust. The supplier of Product A substituted a different acrylic 
polymer emulsion (Product D) for application to the crest area. Product D, specifically formulated 
for use on road surfaces was designed to percolate into the surface rather than form a surface crust. 
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Figure 6. New Afton Mine TSF Dust Mitigation Trial Product Application on Dam Slope (left) and Crest 
(right). 

6.2 Results of Dust Trial Program
The trial plots were monitored for four weeks and observations recorded. The products were com-
pared by several parameters including effectiveness, cost, and ease of application.  Table 2 pro-
vides a summary of the Dust Trial Program results on a scale of 1 (poor) to 5 (best). 

Table 2. Summary of Dust Trial Program Results.  
Product Performance Ease of Application  Cost 

A 5/5 5/5 5/5 

B 4/5 5/5 4/5 

C 3/5 3/5 3/5 

D* 4/5 5/5 N/A 

* crest traffic area, not slope

All products mitigated dust generation from the slope for the one month duration of the trial pro-
gram. Dust monitoring was undertaken at the trial plot location during the test period but the data 
did not distinguish comparative effectiveness between the products. 

  Product A (50% and 25% concentrations) and Product B (Optimal and 50% of Optimal con-
centrations) performed comparably, producing a durable crust (Figure 7) that could be walked on 
without breaking through. The crusts of Product A treated surfaces were the thickest and strongest 
and Product B a close second. Product C (pine pitch emulsion) applications generated a thinner 
crust, however it did exhibit adequate performance over the one month trial period. Higher product 
concentrations were deemed more effective on slopes, and lower concentrations may be accepta-
ble on flat areas where low surface disturbance is expected. 
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Figure 7. New Afton Mine TSF Dust Mitigation Trial Monitoring - product thickness after application of 
Product B low concentration (left) and Product A high concentration (right). 

Product A and B were very similar in their physical properties, were easily mixed and applied, 
and no difficulties were encountered in cleaning the hydroseeding equipment. Product C took 
slightly more effort to mix, and steam cleaning and use of industrial strength cleaner was required 
to clean equipment. 

For the recommended dosage and expected use, Product A was the lowest cost of the three 
products at approximately $0.18/square meter. Product B cost approximately $0.30/square meter 
and Product C cost $0.59/square meter. 

Only Product D was effective at mitigating dust generation on the trial area on the dam crest 
which was periodically trafficked by equipment, but haul truck tires broke through the treated 
layer and resulted in some dust generation. Product B and C were not well suited for application 
to the crest as they became ineffective once the surface crust was disturbed.   

7 SUMMARY AND CONCLUSIONS 

Several Best Management Practices are currently being employed at the New Afton Mine to min-
imize fugitive dust generation including: 
 Minimization of land clearing activities to the extent possible 
 Construction of access roads with low silt content material 
 Low speed limits for all vehicles and other mobile mine equipment. 
 Application of industry-accepted dust suppression products as necessary to mitigate dust asso-

ciated with the TSF and site access roads. 
 Stockpiling of native till and overburden storage areas for future mine reclamation and closure. 
 Revegetation of exposed soils when possible. 
 Regular visual inspections to identify and address potential dust generation sources requiring 

further treatment. 
 Timely response to dust complaints by adjacent land users. 
 Record of dust suppression activities. 

A field trial process and product assessment was undertaken to support selection of methods and 
type of dust suppression products to support the TSF Dust Management Plan. Based on the expe-
rience gained from the 2015 Trial Program and subsequent efforts to optimize the concentration 
required, New Afton has determined a suitable product and application rate for dust suppression 
product. It is anticipated that this approach will be adequate to effectively mitigate dust generation 
of undisturbed surfaces of the TSF Dam for a period of up to three months. 
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New Afton plans to apply Product A on the exposed TSF slopes two (2) times per year (nominally 
spring and fall). In addition, spot treatments will be applied every week in relation to the ongoing 
construction of new TSF Dam lifts. 

The use of green dye in the mixture is encouraged as it may facilitate identification of treated 
areas and areas requiring further maintenance. 
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The Vale Nouvelle Calédonie (VNC) Nickel Project is located in the south-east corner of the 
South Pacific island of New Caledonia amidst coastal mountain terrain and subject to a tropical 
climate.  The nickel ore body has developed in laterites from weathering of parent peridotite 
rock.  The tailings produced are currently stored as conventional slurry in a fully-lined external 
tailings storage facility.   The capacity of this initial storage facility is insufficient to support 
ongoing production until 2044 requiring a subsequent tailings storage solution to be developed.  
In early 2015 VNC chose pressure filtration technology for their future tailings management.  
Tailings would be dewatered to optimum moisture for placement and compaction into progres-
sively constructed self-supporting earth-fill structures.  This removes the need for large earth 
dams retaining tailings in slurry form as at present.  This paper describes the evolution to se-
lecting a dry stack solution for future tailings storage at VNC. 

 
 

1 INTRODUCTION 

We are taking this opportunity to share a chronology of the evolution of the life-of-mine (LOM) 
tailings storage at the VNC nickel project (formerly Goro Nickel).  The Project has experienced 
various historical ore exploration campaigns, had several owners and engaged many advisors, de-
signers and contractors over its life to date.  Project ownership presently is a consortium with Vale 
(Brazil) holding a majority 69% share.  This paper is a compilation of the various options consid-
ered for LOM tailings storage to 2044, along with key decisions in selecting solutions along the 
way.  The authors, along with a number of other individuals, have been involved with the many 
concepts for tailings storage options and their advancement at Goro. 

A convenient starting date for this paper is when the project restarted in 2004 when construction 
was resumed by the EPCM joint venture company Goro Construction Team (GCT), formed from 
Vale (formerly INCO and Vale INCO), SNC-Lavalin and Foster Wheeler. 
The VNC Project is located in the south-east corner of the South Pacific island of New Caledonia, 
as shown in Fig. 1.  New Caledonia is a territory of France and subject to French law, Codes and 
Standards. A general arrangement of the VNC Nickel Project facilities is shown in Fig. 2.  The 
property is located amidst coastal mountain terrain and subject to a wet tropical climate. 

The approximately 2.5m annual rainfall is seasonal with the cyclone period concentrated from 
January through April. 

 

Evolution to Dry Stack Tailings for the Vale Nouvelle Calédonie 
Nickel Project 

S E Aitken  
Beca, Tauranga, New Zealand 

F Maluly Kemeid 
Vale Nouvelle Calédonie, Noumea, New Caledonia 

ABSTRACT:  
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Figure 1: Location Plan 

 

 
Figure 2: Project Facilities Location Plan 

2 THE VALE NOUVELLE CALEDONIE NICKEL PROJECT 

2.1 Ore Body 

The ore body has concentrated in the laterites and saprolites formed from insitu weathering of par-
ent peridotite rock.  Typically the ore contained in the yellow laterite is a lower grade than the un-
derlying saprolite ore.  A schematic illustrating this profile is shown as Fig. 3.  

An estimated 124.2 million tonnes (Mt) of indicated and measured resources exist in the permit-
ted life-of-mine area in the Goro Plateau to 2044 with an average ore content of nickel at 1.45% 
and cobalt at 0.11%. 
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Figure 3: Lateritic Profile (VNC 2012) 

2.2 Mining and Processing 

Run-of-mine ore is won from an open-pit mine in the Goro Plateau using hydraulic excavators and 
dozers, then transported by 100T rigid-frame haul trucks to the Feed Preparation Plant.  The ore is 
blended for grade control, then crushed, screened and pulped for pipeline transport to the process 
plant 8km away.  Raw water supply for the project is sourced via pipeline from Lake Yate, some 
30km north of the process plant. 

The high-pressure-acid-leach hydrometallurgical (HPAL) plant shown in Fig. 4 has three auto-
clave trains that operate in parallel for processing the pulp.  Production of nickel and cobalt started 
in late 2009 and the project has a target nominal capacity output of 57kdT nickel and 5kdT cobalt. 

 
Figure 4: VNC Nickel Processing Plant 

2.3 Tailings Production 

VNC  uses  the  term  ‘residue’  for  their  tailings.    The  ore  feed material is completely dissolved in the 
HPAL process and the tailings are formed by re-precipitation of minerals as the fluid cools down 
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after passing through the autoclaves.  The tailings are different in particle size distribution and 
composition to the parent ore so it is not appropriate to benchmark properties or behavior of the 
tailings from the parent ore.  For example, a comparison between the ore feed and the tailings par-
ticle size distribution is shown in Fig. 5. 
 

 
Figure 5: Comparison of Run-of-Mine Ore with Tailings PSD 
 
The majority of the tailings are produced from two separate waste streams, counter-current decant 
underflow slurry and partial-neutralization gypsum cake.  The gypsum is formed from neutralizing 
the tailings with lime/limestone.  The combined, or whole, pH7.5 tailings stream is sent to disposal 
as conventional slurry in a fully-lined external tailings storage facility, the KO2 Residue Storage 
Facility.  The KO2RSF is so-called because of its location in the KO2 valley of the Kwé Ouest riv-
er system. 

At full production approximately 5.3 million dry tonnes (MdT) of tailings will be sent to storage 
each year.   Each dry tonne of raw ore feed processed produces approximately 1.3dT of tailings to 
be stored.  The total tailings production over the mining permit to 2044 is in the order of 150MdT.  
For slurry tailings this requires more than 150Mm3 in storage capacity. 

2.4 Contact Water Management 

The water gathered in the tailings storage facility comprises process water released when the tail-
ings are initially deposited into the storage area, pore water from tailings as they settle, and rain.  
This contact water gathers in the storage facility and requires treatment in order to reuse in process 
or release to the environment.  The contact water is returned to the effluent treatment plant at the 
plant site using three 600m3/hr pumps mounted on a floating platform.  Contact water is primarily 
treated to precipitate manganese before discharging to the environment at a maximum rate of 
3050m3/hr via the 30km long ocean outfall. 

3 LIFE-OF-MINE (LOM) TAILINGS STORAGE EVOLUTION 

The chronology of tailings storage management decisions taken since 2004 is illustrated in Fig. 6 
and provides the framework for the discussion in the following sections.   
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Figure 6: Chronology of Tailings Management Decisions 

3.1 Tailings Management (2004 – 2008) 

The design by 2004 was to thicken the whole tailings to a 42% solids by total weight (42%S w/w) 
slurry that would be pumped to the KO2RSF.  The tailings had specific gravity, SG of around 3.4 at 
pH of 7.5 and included gypsum content at 22%S w/w.  The Designer and Engineer-of-Record of the 
initial external facility is Golder Associates with construction starting in 2006.  A schematic of the 
KO2RSF facility is illustrated in Fig. 7. 
 

 
Figure 7: Schematic of the External tailings storage facility, KO2RSF 
 
At the time of design the estimated design life of the KO2RSF was approximately 6.25 to 6.75 
years, based on a tailings dry density of 0.75 t/m3.  The slurry was to be subaerially deposited onto 
beaches with a small capacity pond maintained for recovery of contact water. 

The 44Mm3 capacity of the KO2RSF was known to be insufficient to contain the planned 
150MdT of LOM tailings and a subsequent storage solution was needed to support on-going pro-
duction.  Once the KO2RSF was filled to capacity the tailings were to then be stored in the mined 
out Goro pit. This strategy involved the development of five storage cells, Cells 1 to 5, which 

821

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



would be formed by a series of in-pit containment dams.  The dams would be constructed sequen-
tially from mine overburden waste as mining progressed.  The 5-Cell concept is shown in Fig. 8. 
 

 
Figure 8: 5-Cell In-Pit Tailings Storage Concept 

3.2 In-Pit Tailings Storage Concept (2006 - 2009) 

In 2006 the alignment between mine plan, production plan and tailings plan was such that the pro-
posed in-pit storage scheme for tailings storage was severely constrained.  The mine plan needed to 
allow for winning and transporting run-of-mine ore, overburden removal and placement into com-
petent embankments, and storing tailings.  This also needed to be achieved within a confined work-
ing footprint with limited space between tailings facility construction and the active mine face.  
The risks associated with the scheme prompted further speculation on what options were available 
to extend the life of the KO2RSF. 

3.2.1 Options for Extending the Life of the Initial External Tailings Facility (KO2RSF) 
The primary options available to extend the life of the KO2RSF at the time involved raising the 
KO2 embankment; dry stacking the gypsum cake waste stream separately outside of the KO2RSF; 
re-analyzing previous pilot plant tailings samples with more recent test work and large-strain con-
solidation numerical modelling; and assessing the potential to re-process the tailings to recover iron 
since the composition of the tailings is 50% iron.   
  The filter-pressed gypsum cake was potentially amenable to stacking in a self-supporting storage 
dump.  The effort and cost associated with permitting, materials handling, and water quality man-
agement and treatment was high but did provide a 22% gain in storage capacity of the KO2RSF and 
would result in a few additional years for the mine to advance. 

The downstream conditions of the KO2RSF embankment were of concern at the time with the 
appearance of flowing springs and unexpected embankment settlement during construction.  Also 
controversy surrounded an environmentally sensitive area with a protected tree near the right abut-
ment so the option to raise the embankment was not considered further. 
   The quality of iron that could be recovered from the tailings was not sufficient to warrant the en-
ergy demand for local processing or shipping costs to offshore processing facilities. 
   The most promising outcome was establishing that a settled dry density of 1.0t/m3 was appropri-
ate for design for the LOM tailings planning.  VNC then elected to apply this value of 1.0t/m3 to 
all tailings storage volume capacity calculations including the KO2RSF.  This theoretically provid-
ed an additional 2.5 years of life to the KO2RSF.  Even so, the 5-cell in-pit storage scheme still car-
ried a high risk with small contingency against delays in mining and cell construction or nickel 
production interruptions. 
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3.2.2 5-Cell In-Pit Tailings Storage Concept 
During 2007 the growing awareness of the risks associated with the 5-Cell in-pit storage scheme 
continued to be established.  Some of the risks are listed below: 

• Concerns over leachate migration from the KO2RSF ultimately led to lining the entire basin 
and sides and increasing costs substantially.  It also set a precedent for future tailings storage facili-
ties. 

• The mine footprint is located in an area where the groundwater is naturally high so the over-
burden waste for cell construction was of limited adequate quality,   

• The increasing actual construction cost of the KO2RSF was at variance with the estimates for 
similar engineered structures that were proposed for in-pit embankments,  

• The  mine   ‘pit   floor’  had  not  been  exposed   to  confirm  the  geological  block  model  and  mine  
plan.  It was not possible therefore to define what additional, if any, saprolite and rock removal 
would be required to establish a suitable floor for the tailings storage facilities.   

• The first cell wall was to be 90m high and Cell 1 had a three year life only before the next cell 
had to be ready.  

• There was insufficient space to allow for mining activities, overburden waste dump construc-
tion, and engineered cell embankment construction as well as tailings and water management. 

• A mine optimization study that VNC was contemplating proposed early high grading in multi-
ple pits.  This also required creating large overburden waste dumps and lower grade ore stockpiles.  
It also required a location for tailings storage outside of the mine footprint. 

3.2.3 Tailings Storage Alternate Options Screening 
The accumulating risks led to considering the following options for LOM tailings disposal: 

• Disposal of slurry tailings in a second external tailings storage facility within the KO4 valley, 
the KO4RSF.  Its construction would be similar to the KO2RSF consisting of a single containment 
dam and fully lined basin.   

• An alternate Goro in-pit storage option, the North Kwé option, consisting of a single large cell 
formed by construction of one large in-pit containment dam.  This enabled the mine plan to be op-
timized to access higher grade nickel earlier and reduced the overall engineered dam fill construc-
tion associated with multiple cells. 

• Dry stacking of tailings by conventional earthworks equipment if dewatering methods could 
produce a geotechnically favorable product. 

The North Kwé in-pit option still carried the risks associated with tailings facility floor prepara-
tion, and water management was particularly complex.  Dry stacking at this time was discounted 
because risk associated with the dewatering technology was considered too high and costly. 
   The preferred alternate option to the 5-Cell in-pit storage was to construct a second external 
conventional slurry storage facility in the KO4 Valley adjacent to the KO2RSF location.  The pri-
mary drawback to the KO4 valley was that it has nickel reserves that would be become inaccessible 
(‘sterilized’)  if  the  valley  was  not  mined  prior  to  storing  tailings. 
   At this time VNC elected to carry forward both the 5-Cell in-pit and the external KO4RSF op-
tions for further study.    

3.3 LOM Storage Concept Options including Pre-mining (2009 - 2011) 

The tailings storage concepts considered during 2009-2011 were many and varied.  The drivers 
were to minimize ore sterilization by mining ahead of conversion to tailings storage, and to consid-
er constraints on mine and construction schedules. 
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   A substantial program was undertaken to test stabilizing the tailings with cement, resulting in the 
conclusion that 7-10% addition was needed to meet strength and leachate stability requirements.  
Cement is imported to New Caledonia so is cost prohibitive in the volumes required. 

Ore exploration campaigns were also continued to improve the definition of mine reserves – 
mine resources in the KO4 valley to better establish the value associated with mining or cost of 
sterilizing ore through not mining.  An initial groundwater well network was installed during this 
program. 

LOM tailings storage concepts considered included an external tailings storage facility (no pre-
mining) in the KO4 valley; Goro pit super-cell solutions with accelerated mining; partial mining of 
the KO4 valley prior to development as a tailings storage facility; cement-stabilized tailings to re-
place need for local borrow; investigating yet another location for an external storage facility north 
of the mine; and reintroducing dry-stacking as an option for the external facility alternates. 
  Cost analyses of capex were prepared as summarized in Fig. 9.  This analysis provided the first 
indication that dry stacking was potentially $0.5B lower in initial capex spend when assessed 
against the large up-front earthworks construction schemes of the remaining options.  The risk 
however was still considered high regarding dewatering capability and operating cost. 

 
Figure 9: Cost Analysis Summary of Concept Options for Post KO2RSF Tailings Storage 

3.4 KO4 Valley Geology and Hydrogeology (2012) 

The most viable options for tailings storage were located in the KO4 valley and could not be ad-
vanced in design maturity until the physical conditions in the KO4 valley were better understood.  
Any pre-mining in the KO4 valley required an understanding of the risks and costs associated with 
groundwater and surface water.  Field investigation programs were implemented to establish pre-
liminary data and interpretation, particularly for cross-valley groundwater connectivity to up-
gradient protected water resources. 

Geotechnical investigation programs however were difficult to implement.  This situation arose 
primarily because there was a shortage of in-country drilling resources.  Ore exploration and pre-
production campaigns were technically easier and more lucrative than geotechnical field investiga-
tions.  Mobilizing off-shore drillers during the globally over-heated mining period at that time was 
costly with long lead times, plus being a lower priority for most of these contractors.  
  Operationally, nickel production difficulties at the plant had resulted in reduced tailings volumes 
slowing down the storage filling rate in KO2RSF and the urgency for LOM tailings solutions. 
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3.5 KO4RSF FEL2 and FEL3 Conventional Slurry Study (2013 - 2015) 

In 2013 VNC reprioritized the life-of-mine storage needs once more, and progressed a FEL2 (Pre-
feasibility) Study for conventional slurry storage in the KO4 valley.  The general arrangement for 
the KO4RSF is shown in Fig. 10.  During this study phase, two pre-mining options were assessed.  
One was for a deep pit to access the higher grade ore, the other a shallower pit to access a portion 
of the yellow laterite ore.  The decision was taken to not mine at all because of the high overburden 
ratio, the mine and civil dam construction schedules and the risks associated with impacting pro-
tected upstream water bodies. 
   The FEL2 Study was reviewed through the Vale Base Metals Tollgate process in late 2013 re-
sulting in funding being approved to undertake a FEL 3 (Feasibility) Study for the slurry option 
during 2014-15.  The FEL3 Study was completed in early 2015. 
 

 
Figure 10: General Arrangement – KO4RSF Conventional Slurry Storage Option 

3.6 Project LUCY 

Conventional slurry storage at Goro involves storing volumes of tailings that comprise in the order 
of 75% water by volume that remains trapped in the pore spaces of the stored tailings in the final 
settled condition. The tropical climate means the large footprint of the storage facility receives 
large volumes of rainwater that require treatment in addition to the process water released on tail-
ings deposition and settlement.  There is a substantial up-front capex required to establish the earth-
fill embankment, and placing an underdrainage system and liner prior to receiving tailings. 

In parallel with the FEL3 study described above, VNC briefly revisited any alternatives that po-
tentially provided a better solution financially, environmentally and with reduced risk compared 
with the slurry KO4RSF option.  With advances in soil dewatering technologies, and other mining 
operations choosing to change to dewatered tailings management, there was an increasing belief 
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that a dewatered solution was now viable for Goro.  Preliminary studies reconfirmed the option had 
merit. 

Dewatering  of  VNC’s  tailings  to  develop  long  term  storage  using  dry  placement  methods  is  in-
herently an improvement from an environmental and initial capital expenditure perspective over 
conventional slurry storage. However, the dry placement methodologies are not without risks which 
VNC was aware needed careful management in order for this plan to be a success. 

3.6.1 Naming the Project  
The discovery of a female skeleton in Ethiopia led to a paradigm change in the understanding of 
human evolution.  The transition from slurry to dewatered tailings is a paradigm change in tailings 
management at Goro.  Hence Project LUCY. 

3.6.2 FEL2 Dry Stack Study – Project LUCY 
A  FEL2  dry  stack  Study  was  prepared  during  2015  for  a  ‘base  case’  concept  that  assumed  tailings  
continued to be deposited as conventional slurry into the lined basin of the KO2RSF until it was 
full and then dry-stacking would start in the KO4 valley.  The general arrangement is illustrated in 
Fig.11.  A pressure filtration plant would directly receive the full tailings slurry feed from the pro-
cess plant and produce a dewatered cake.  Standard earthworks protocols and equipment would be 
used to form a dry stack facility with tailings mechanically compacted into its most dense state pos-
sible.  Dewatered cake would be delivered by covered overland conveyors, spread, and compacted 
using bulldozers and rollers into a self-supporting structure. The base would be lined for leachate 
control. 
 

 
Figure 11: Initial Dry Stacking Concept for Project LUCY 
 
Protecting the dewatered tailings from rainfall in the wet climate is a key consideration in the de-
sign.  A covered dry storage structure provides several days of storage when it is not possible to 
place and compact the tailings in the dry stack.  In extreme events if the dry store was full, the in-
coming slurry would be temporarily stored in the emergency slurry pond then reclaimed and de-
watered.  The surface of the active dry stack would be compacted and smoothed to promote surface 
run-off and inhibit infiltration of rainwater into the stack. 
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3.6.3 Meeting Project LUCY Objectives 
The base case as described above did not fully meet the stated Project LUCY Objectives.  VNC 
wanted to extend the life of the KO2RSF for as long as possible which the base case did not ad-
dress.  In particular, the ability to extend the life of the KO2RSF by transitioning to dewatered tail-
ings placement over the already deposited settling slurry became very attractive.  By bringing for-
ward some capital ear-marked for the KO4RSF, the total volume stored in the KO2RSF could be 
increased and also improved the project economics. 

In 2015, approximately 9Mm3 of slurry tailings had already been deposited into the KO2RSF 
and partially covered the basin floor.  One transition to dry stack solution was to install 150% of 
the full filtration plant capacity to dewater both the direct process plant tailings stream and dredged 
tailings recovered from the KO2 basin.  The tailings plan was to initially place and compact the fil-
ter cake in a dry stack into the upper reach of the KO2RSF basin where there were no settling tail-
ings yet present and then step out over the softer settling deposits.  Little compaction would be pos-
sible during placement of the cake over the soft deposits.  The cake would be dozed out (termed 
‘dry  disposal’  for  Project  LUCY)  until  a  sufficient  thickness  was  built  up  and  able  to  support  dry  
stacking methods.  Dry stacking would then continue until the final landform was achieved.  Cap-
ping and revegetation would close the facility.  This approach was estimated to delay disturbing the 
KO4 valley for a further 10 years. 

3.7 Pilot Plant Trials – 2015 

The  methodologies  of  Dry  Stacking  and  Dry  Disposal  in  VNC’s  climatic  situation,  and  its  potential 
impact on operating costs, are key risks. VNC is mitigating this risk. Filtration pilot plant trials are 
underway at present as seen in Fig. 12.  The 30%S w/w tailings from the process plant are pre-
thickened to 50% solids before entering the filtration pilot plant.  The trials are producing cake at 
around 73-75% solids.  This cake is slightly wet of the target moisture condition to achieve maxi-
mum density in compaction and is sensitive to excessive re-handling.  This demonstrated by the 
thin thread hand-rolled from the cake as seen in Fig. 12. 
 

 
Figure 12: 2015 Pilot Plant Tests 
 

827

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



Early progression of demonstration dewatering facilities sized at 10% of the full scale plant will 
enable larger scale trials and test-work to be carried out prior to full implementation.  The larger 
volume test-work proposed will enable VNC to develop techniques for handling, protecting, plac-
ing and compacting the cake. 

3.8 Project LUCY FEL3 Study 

A transition from slurry deposition to dry stacking in the KO2RSF basin is planned to be imple-
mented as soon as possible starting with 10% of full-scale filtration capacity installed and opera-
tional by the end of 2016.  The longer term tailings storage plan is to continue down the KO2 val-
ley engulfing the existing KO2RSF embankment.  The final configuration will contain the full 
LOM tailings production to 2044 and avoid the KO4 valley altogether.  This option is being pro-
gressed currently as a FEL 3 (Feasibility) Study due for review by Vale Base Metals Tollgate in 
November 2016. 

4 PROJECT LEARNINGS & CHALLENGES 

4.1 Water Management in KO2RSF 

The  conditions  of  VNC’s  operating  permit  limit  the  concentration  of  manganese  in  the  ocean  out-
fall discharge to 1ppm. Achieving this limit has been a cause of a major bottleneck in the effluent 
treatment plant reliability.  VNC has managed this to date by storing high volumes of contact water 
in the KO2RSF to reduce variability in water quality feed to the treatment plant.  A photograph of 
the KO2RSF taken in late 2014 is shown in Fig. 13. 
  

 
Figure 13: External Tailings Storage Facility, KO2RSF circa 2014; KO4 Valley in background 
 
In order to implement a transition to dry stacking in this facility, the excess free water volumes 
stored need to be significantly reduced and managed effectively.  This presents a high risk for the 
dry stack tailings management solution presently proposed.  As of June 2016, 7Mm3 free contact 
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water and 12Mm3 tailings are stored in the KO2RSF.  Increased treatment capacity will come on-
stream in July 2016.  The target schedule to reduce the contact water in KO2RSF to a small pond is 
by January 2018 ahead of commissioning the full filtration capacity plant.  

The excess water in the KO2RSF has led to deposition of tailings solids in a subaqueous envi-
ronment, with resulting lower densities and longer timeframes to settle. To date, monitoring of the 
subaqueously deposited tailings in the KO2 shows that 0.95t/m3 dry density has been achieved.  
This will be lower once pond floor settlement volumes are taken in to account. 

4.2 Technical Language Barriers 

With slurry tailings, it is possible to set a battery limit at the spigots where Process Engineering 
language stops and Geotechnical Engineering language starts.  When the filtration plant is included 
in the process flow circuit there is a need to communicate uniquely on tailings properties and de-
watered product performance.  This is because each discipline has its own interpretation and expec-
tation of the stated parameters and testing procedures.  Two such areas are water / moisture content 
and particle size distribution. 

4.2.1 Solids and Water Contents   
Process Engineers deal with fluid mechanics and geotechnical engineers with soil mechanics.  Wa-
ter content for a process engineer is generally expressed as %W w/w, the ratio of the weight of wa-
ter to the combined soil and water weight.   Geotechnical engineers express moisture content as the 
ratio of the weight of water to the weight of dry soil.  The resulting values provide an indication of 
behavior to the respective users.  The relationship between the two is shown in Fig. 14.  This is im-
portant to distinguish when specifying a target performance for optimum moisture in a filter cake 
product based on dry stack compaction requirements.  This avoids confusion with % solids inter-
pretations. 

 
Figure 14: Relationship between Water Content and Moisture Content 

4.2.2 Particle Size Distribution (PSD) 
Similarly the process industry is more inclined to use laser or diffraction technologies to define par-
ticle distribution, where geotechnical engineers are guided by mechanical screening and sedimenta-
tion methods.  Each method is appropriate with its own interpretation of material behavior and each 
discipline is comfortable with what this means.  Test results from laser and hydrometer PSDs are il-
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lustrated in Fig. 15 where is can be seen there is clearly no unique description particularly for the 
smaller particle sizing.  
 

 
Figure 15: Nickel Tailings Tested for PSD with Different Test Methods 

4.3 Gypsum Content 

A dry stack solution is much more affected by the hydrometallurgical plant process variability than 
conventional tailings storage solutions.  Some information can be benchmarked from other tailings 
behavior, however ultimately every operation and resulting tailings properties are unique. 

For VNC gypsum content is likely to produce the largest variations in tailings composition af-
fecting the performance of the filtration plant and the properties of the dewatered product for dry 
stack placement.  At times during process plant maintenance the tailings will temporarily be pure 
gypsum.  Gypsum has water of hydration that is part of its molecular structure and affects the fil-
tered product susceptibility to ambient water.  VNC is currently assessing the range of variability 
and performance of the filtered tailings with various gypsum content. 

4.4 Information Management 

The information and design documentation created over a number of years for the project is sub-
stantial.  The risk to VNC of not accessing or duplicating work already done is high and efforts to 
establish an effective information and document management system is still a work in progress.   
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1 INTRODUCTION 

1.1 General 
Tailings Management Facilities (TMFs) are used to manage the fine grained mine waste (tailings) 
produced in mining operations. In many cases the tailings are hydraulically deposited in an impound-
ment at the facility, often in a way to make it possible to use the tailings material for construction of 
the barriers of the impoundment, e.g. dam structures. For dam safety reasons, as well as for reducing 
consequences in case of failure, the water volume in the impoundment is limited, which leaves part 
of the tailings above water, i.e. dry. The dry tailings are prone to wind erosion, which causes emis-
sions of dust as fine tailings particles are blown away from the impoundment, or even from the mine 
site, causing environmental impacts, health issues and/or general concern to the surroundings.  

This paper will describe the activities that have taken place at a mine site in northern Sweden, what 
worked and what did not work, as well as how the local organization has been engaged in the task of 
reducing dust problems. Finally, the methods and operation schemes of ongoing operations will be 
described. 

Dust Control at Tailings Management Facilities – A Swedish 
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ABSTRACT: Tailings Management Facilities (TMFs) are used to manage the fine grained mine 
waste (tailings) produced in mining operations. In many cases the tailings are hydraulically de-
posited in an impoundment at the facility, often in a way to make it possible to use the tailings 
material for construction of the barriers of the impoundment, e.g. dam structures. For dam safety 
reasons, as well as for reducing consequences in case of failure, the water volume in the impound-
ment is often limited, which leaves part of the tailings above water, i.e. dry. The dry tailings are 
prone to wind erosion, which causes emissions of dust as fine tailings particles are blown away 
from the impoundment, or even from the mine site, causing environmental impacts, health issues 
and/or general concern to the surroundings.  

Diffuse emissions of dust used to be a major issue at the mine site presented in this case study. At 
the site an increased and more conscious focus during the last couple of years have resulted in a 
reduction of dust related problems. This paper will describe the activities that have taken place at 
a mine site in northern Sweden, what worked and what did not work, as well as how the local 
organization has been engaged for the task of reducing dust problems. Finally, the methods and 
operation schemes of ongoing operations will be described. 
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1.2 The mine site - Aitik 
The Aitik mine is situated in the most northern part of Sweden, above the Arctic Circle, see Figure 1. 
It is owned and operated by Boliden Mineral AB, which is part of the Boliden Group, a European 
mining and smelting company. It is an open pit mine containing low grade copper ore with some gold 
and silver as well. Operation started in 1968 and production has since then increased from 2 to 39 
Mt/a.  

 

 
Figure 1 Location of the Aitik mine in northern Sweden 
 
Emissions of dust can occur from the entire mining operation. Processes prone to dusting are blasting, 
loading, transport and tipping of ore and waste rock; crushing, transport and storage of ore; as well 
as storage of waste rock and tailings. In order to decrease disturbances to people living downwind of 
the operation, methods to deal with diffuse emissions of dust has long been of interest at the Aitik 
mine. Starting in 2008, this work has been intensified, and extensive work has been implemented to 
reduce dust emissions. 

The TMF is regarded to be one of the main sources of dust emissions. This paper focuses on the 
TMF. In the following the work of the last approximate 5 years will be described, as well as the 
current solution to dust prevention. 

The TMF is approximately 13 km2, see Figure 2. Originally tailings were deposited only from the 
eastern side of the TMF, with water accumulating in the western part. In 1985, a separate clarification 
pond was constructed downstream of the TMF.  

In 2000, the water volume was significantly reduced in the TMF and in 2003 spigotting had begun 
from all dam embankments. Due to the risk of freezing in the long slurry pipelines during winter, 
deposition is only conducted from the eastern side, closest to the mill. 

Due to the subarctic climate, the size of the impoundment and the fact that in large areas of the 
TMF the tailings are deposited above the water, dust emissions from the TMF can be a major issue. 
The subarctic climate means large temperature differences between summer and winter, and  
continuous winters with snow and frost in the ground, and at times, even permafrost. Average tem-
peratures vary between -15 °C and +13 °C with extreme temperatures reaching approximately – 30 
°C and +25 °C.  

During winter when snow covers the ground, dust emissions from the TMF are generally not a 
problem. During summer, dust control methods can be used, but during freeze and thaw periods in 
the autumn and spring there are limited possibilities to do anything. The magnitude of dust emissions 
during these periods is very much depending on weather conditions, i.e. it is better if the snow comes 
before it gets colder and if the snow melt is slow. One example; in the winter/spring of 2016, the 
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ground  didn’t  freeze  much resulting in a very fast snowmelt where most of the melted water drained 
into the ground, which made the surface dry out quickly. Warm dry weather and wind resulted in dust 
emissions which were difficult to prevent in some areas. 
 

 
Figure 2 Overview of the Aitik TMF. Dam I-J holds the clarification pond, dams A-B2, A-B2, C-D, G-H, E-F 
and E-F2 hold the TMF, Pir (waste rock berm) S1, S2 and S4 are preventing tailings from getting to the outlet. 
No dams are located on the southern side of the TMF. 
 
 

2 EVALUATION OF METHODS FOR DUST CONTROL 
 
In order to tackle the issue of dust emissions from mine sites, and TMFs in particular, Boliden Mines 
created a working group at business area level. This group studied: 

 
 Possible technical solutions for prevention measures as well as emergency suppression 

measures 
 Which specific areas at the site where dust was a problem 
 Organization and how to work with dust suppression 
 Local conditions at site to handle specific problems 

 
An international study, including literature surveys and site visits to Canada and South Africa, was 
carried out in order to see how mines in other countries were dealing with diffuse emissions of dust. 
A number of different methods for dust control were identified and some has been applied and eval-
uated at the Boliden mine sites in Sweden.  

The data presented are based on unpublished documentation from the work within Boliden and the 
most recent permit application for raising of the dams at the TMF in Aitik submitted to the Land and 
Environment court in 2012 (Boliden, 2012). 

2.1 Dust control methods identified 

2.1.1 Physical dust control methods 
There are several physical dust control methods, such as coverage, watering, wind breakers and dust 
collectors. 

Dust control can be achieved by covering the active tailings beach with vegetative materials such 
as bark, straw (see Figure 3) or hay. This method is only practical if the beaches of the TMF are 
divided into several sectors and raised in sequences and not continuously. The beach also needs to be 
sufficiently consolidated to be able to support the weight of the vehicles needed for the spreading of 
the material. (European Commission, 2004). 

MILL/CONCENTRATOR 
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Vegetation covers can be an effective method for dust control,  though  it’s use can hinder the de-
velopment of the TMF, also the techniques and equipment needed to apply the cover on unconsoli-
dated tailings can be quite expensive to develop and operate. (European Commission, 2004). 

 

 
Figure 3 Example of coverage of the beach with straw at the TMF at Vale Inco facility in Sudbury, Canada 

 
Watering can be used as a dust suppression method throughout the whole mining area. Watering 

of roads is often done with the help of tanker trucks and dump trucks with mounted spray bars and 
water cannons (see Figure 4) that can be operated by the driver. The dumper trucks can also be used 
to water the beach since the water canon has a good range of operation. Watering of other specific 
areas can be achieved using sprinklers, though this method is dependent on a steady supply of water 
without any coarse particles. 

Water applied to the beach will drain and evaporate. These mechanisms contribute to binding of 
the finer particles, and dusting tendency thus decreases. The binding effect of the particles will dis-
appear when the water is completely evaporated or drained. 

Alternating the points of slurry discharge i.e spigotting, is a kind of method for watering the beach, 
it’s also one of the most effective methods for dust suppression, though it usually needs to be com-
bined with other methods. 

 

 
Figure 4 Example of a mobile water cannon 

 
Wind breakers are used to break the high energy of the wind that otherwise might lift particles 

from the ground and cause dusting. There are many different structures which act as wind breakers. 
Examples include trees, shrubs, buildings, snow protection screens and snow webs. 

STRAW 

834

Site Design & Operations



Dust collectors can be used to reduce the spread of smaller particles. Dust collectors may be, for 
example, synthetic filter cloth which by means of steel or wooden piles forms a fence and acts as a 
barrier to airborne fine particles (Fairfax County Virginia, 2004). This method is recommended as 
dusting action for the tailings of the Australian government (Australian Government, 2007). 

2.1.2 Chemical dust suppression methods 
Chemicals can be used to bind the particles prone to dusting together, and thus create larger aggre-
gates that are not as susceptible to wind erosion. However, one should take into account the chemicals 
impact  on  the  surrounding  environment,  potential  impact  on  process  water  quality,  it’s  durability  after  
application and cost. 

The market offers a variety of products that can be used for dust control. A selection of these 
products was evaluated in different aspects. Such as, Lignin (lignosulfonate) 5, Entac (Pine Oil Pitch 
Emulsion) 5, Dust binder 6, DustFoam 6, Haulage DC 6, PetroTac 7, Soil-Sement 7, RT5 Super Skin 
7, DusTreat 7, Lime / Salt / Concrete. 

2.1.3 Natural dust suppression 
Precipitation in the form of rain during the warmer periods of the year contribute to keeping the 
exposed surfaces moist and thereby reduces dust emissions. 

Snow reduces dust problems in most areas of the mining facility. A thick snow layer shelters the 
tailings from the wind while wetter snow during fall creates a hard frozen upper shell of the tailings 
that stays frozen until spring when the snowmelt takes place.  

Ice as a protective cover is sometimes created during late fall when enough water is retained in the 
tailings until it freezes during early winter. The ice increases in size during winter and effectively 
suppresses dusting.   

2.2 Specific evaluations 

2.2.1 Influence of wind 
The influence of wind during the raising of the dikes and TMF was studied in order to see if the 
increased surface elevation would increase the risk for dust emissions. SODAR measurements, often 
used to locate suitable sites for the generation of wind power, were conducted on site in Aitik. 

The study showed that at a 30 m raise of the TMF, the wind conditions at the new top surface will 
just marginally change. The increase in wind conditions in the 0-10 m span above the tailings surface 
will be negligible. The wind conditions at higher levels, above 10 m above the top surface, are how-
ever expected to increase slightly A 30 m rise of the TMF is expected to increase the wind speed with 
approximately 0.4 m/s at an elevation 50 m above the top tailings surface. The risk of more dust due 
to an increase in TMF elevation is due to the dust emissions at higher elevation can be spread to 
further distance compared to dust emissions at a lower elevation.  

An important factor affecting the spread of dust is the topography surrounding the tailings top 
surface, i.e. the downstream faces of dam embankments and natural ground. A topography which 
creates a turbulent wind leads to the wind picking up dust, which can be drawn up into the upper 
layers of the atmosphere where wind speeds are higher and whereby the dust can be spread further 
away from the TMF. For this reason, the topography should be planned so that turbulence is avoided 
whenever possible. 

Another measure, expected to be effective for reducing dust emissions, are wind deflectors. Wind 
deflectors should, if used, be designed to reduce the wind speed without creating unnecessary turbu-
lence. Wind fences was tested in Aitik, however they were prone to breaking very easily. 

2.2.2 Seasonal Impact on dusting and measures for sensitive areas 
During the winter (November-April) the tailings area is covered with snow which protect against 
dust. During May – September dust suppression needs to be applied occasionally. During the transi-
tion period from fall to winter and winter to spring, i.e. about October and April, the talings freeze 
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and dries out. During this time, the surface is unprotected and the freezing causes the surface to be-
come very dry, combined with windy conditions this can lead to considerable dust problems. 
 
 

3 DUST PREVENTION IN AITIK 
 

Aitik devotes considerable resources to reduce dust emissions from the industrial area. Every Mon-
day during summer dust control meetings are held where the weather forecast is reviewed and dust 
suppression is planned. The industrial area is divided into areas of responsibility where there is a 
person responsible for coordinating the dust suppression in each area. 

Meetings are also organized with representatives from all minesites within Boliden to benchmark 
dust control at Boliden's facilities. These meetings are held approximately every two months. 

The methods of dust control at Aitik includes spreading water, dry salt, brine and lignosulphonate 
by truck, dump truck or helicopter. In the tailings pond spigotting is the most effective way to reduce 
dust. A dust control plan has been made for all different areas at Aitik. 

3.1 Spigotting 
Spigotting is a method which can be used for dam construction as well as for dust prevention. If well 
planned, it can distribute the tailings evenly towards the crests of the dams. It has also been the most 
efficient way to reduce dust emissions from the TMF. In Aitik, there are four pipelines carrying sand 
from the mill to the TMF. Three of those four lines are always in operation and for each line there are 
between 9 and up to 24 discharge points depending on the production rate. By changing the points of 
discharge in an organized way, it is possible to prevent dust emission by keeping large areas of the 
surface of the TMF moist, see 5. 

 

 
Figure 5 Spigotting at the dam E-F 

3.2 Dust binding agents  
Through literature surveys and contacts with suppliers, the working group has compiled lists of sub-
stances that can be used for dust prevention on e.g. TMFs and roads. These chemicals have been 
evaluated based on a number of factors, including possible impact on health, environment and the 
flotation process, as well as cost of products and application.  

Water - is used throughout the operations and it is spread by specially equipped vehicles. For in-
stance, the mine department has two specially equipped mining trucks with large water tanks which 
are used primarily on roads in the open pits and on the waste rock dumps. The trucks have rear dif-
fusers that make it possible to cover a 40 m wide road in one passing. They also have cannons that 
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reach about 50 m. The trucks have made dust prevention in the open pits much more efficient than 
before and staff working in the mine has experienced improvements in air quality. 

Salt – Aitik uses magnesium chloride to prevent dust emissions from roads and beaches and crests 
of the TMF. The salt binds water and makes the roads keeps moisture longer. Aitik uses both dry salt 
and salt brine which are applied by different kinds of trucks. The use of salt brine reduces application 
costs in comparison to application of dry salt followed by the application of water. It also has the 
potential to decrease the amount of salt used since it leads to a more even application.  

Lignosulfonate – a by-product from the production of pulp and from lignin which is the natural 
binder in the wood fibers. Lignosulfonate is used as binders in particular feed pellets and briquettes 
as well as for mineral dust on roads. It is brown and a little oily in nature and lies as a sticky, moist 
mass on the substrate. Lignosulfonate has been used in Aitik, but practical constraints outlined below, 
well as increasing costs due to alternative use of the material (biofuel), has led to the replacement by 
other polymers. Practical constraints regarding lignosulfonate identified at Aitik are primarily diffi-
culties in storing the liquid, application at colder temperatures and that the product gradually is 
washed away after application. 

Polymers – at present, two different polymers are tested for dust prevention at the Aitik TMF. The 
aim of the substances is to bind fine particles on the surface of the TMF together to create a crust that 
will hold for several months. 

Different methods to spread the substances. For an effective dust prevention, it is essential not only 
to have access to dust binding agents, but also to be able to apply them to the areas where dusting 
may occur. Typical challenges are soft ground that will not carry vehicles to all areas of interest, the 
large areas that have to be covered, access to pressurized water and clogging of nozzels resulting from 
salts dissolved in water that can be spared for dust prevention. 

Truck or dumper – to prevent dust emissions at the operations, Aitik has access to specially 
equipped trucks and dumpers, as well as a fire engine. With these it is possible to effectively spread 
water on roads and dam crests and also to spray the beaches from the dam crests. For instance, the 
fire engine has a cannon that reaches up to 70-80 meter (Figure 6) and the dumper can be used at 
beaches where the sand is dry enough to drive on ( 

  
Figure 7). The vehicles are not limited to spraying water, but also salt brine, lignosulfonate and 

polymers can be spread in this way.  
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Water cannons have been tried at the TMF in Aitik. The idea was both to prevent dusting and to 
reduce spreading of dust already in the air (

 
Figure 8). The cannons have been taken out of use due to problems with e.g. corrosion and that the 

method was found to be too inefficient for the large areas involved. 
Helicopter – the Aitik TMF covers 13km2 and despite careful management of spigotting from the 

crests of the dams, there are areas that will be difficult to moisten. The crests and beaches can be 
handled with the vehicles mentioned above, but some areas cannot be accessed with these. Earlier, 
helicopters have been used in Aitik to apply water, lignosulfonate or polymers to these areas. Three 
helicopters with equipment for water bombing can cover an area of 1.8 km2 in two days. Application 
of water typically only has a temporal effect and is probably best used as an emergency tool if there 
is already dust in the air. In later years, helicopters have primarily been used to apply dust binding 
agents that have a more lasting effect. The major problems with the use of helicopters is that it is 
expensive, and that it is difficult to apply the dust binding agents in an even and controlled fashion 
(Figure 9). 

At present a new vehicle that can move across softer ground is tested in Aitik as a possible replace-
ment for helicopters (Figure 10). 
 

 
Figure 6 Spraying the tailings beach from the dam crest by fire engine with water cannon 
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Figure 7 Spraying salt on the beach by dump truck 
 

 
Figure 8 Three water cannons (see Figure 4) tested on the beach of the eastern dam (during the construction of 
the present mill) 
 

 
Figure 9 Spreading of lignosulfonate on the beach by helicopter 
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Figure 10 New vehicle which can move on soft ground currently tested in Aitik on the beach 

3.3 Documentation 
Documentation of dusting and dusting measures around the facilities are made in the form of: 
 

 Dust Measurement – no, little, medium or heavy dusting 
 Data from the weather station 
 Webcam  
 Diaries 
 Meeting minutes 
 App – for registration of data directly in the field 

 
4 RESULT 

 
The dust working group carried out an analysis on various methods to minimize dust from TMFs. 
The review, together with the practical experience from Aitik, including the studies of wind condi-
tions at Aitik, makes Boliden believe that the methods that can have the greatest success in Aitik are: 
 

 Tailings deposition – at present, almost 40 Mton of tailings are deposited at the TMF annu-
ally. Through spigotting a large area of the top surface of the TMF can be kept moist. Cur-
rently three slurry pipelines with up to 16 spigotts each are in operation at the same time. 
Spigotts are rotated every 24 to 72 hours according to a schedule which takes climate condi-
tions into consideration. 

 Dam design – as turbulent winds have a negative effect on dust the design of the dam em-
bankments is taking the shape of the outer phase into consideration.  

 Water management – by extending the beach at the western side of the TMF, the amount of 
water stored in the TMF can be allowed to increase without having a negative influence on 
dam safety. A larger volume of stored water results in a smaller dry area from where dust 
emissions can occur. 

 Dust binding agents – it is essential to cover drier parts of the TMF, as well and beaches and 
dam crests, with dust binding agents that act against wind erosion. 

 Monitoring – diaries containing information on daily observations of the magnitude of dust 
emissions from different sections of the TMF, in combination with weather data collected at 
site are a highly useful when interpreting environmental monitoring data from outside of the 
operations, as well as to increase the understanding of what weather conditions that should 
intensify dust prevention activities. In the long run such data can also help verifying that the 
number of days and the magnitude of dust emissions are decreasing as the results of contin-
uous efforts. 
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As a result of the work at business area level and local mine site level dust prevention guidelines 
were developed and implemented in Aitik in 2012.  

4.1 Dust prevention guidelines
The dust prevention guidelines are developed over time. The most important parts of the document 
describes how the work is organized and what methods that shall be used to prevent emissions of 
dust. 

The local organization for dust prevention consists of two groups. One group consisting of e.g. 
section managers that works throughout the year to secure that resources (personnel, materials and 
equipment) are available at site during the snow free season, and one operative group consisting of 
representatives from all groups that have been assigned a responsibility for a specified part, area, of 
the operations in Aitik (Figure 11) and contractors that perform the bulk part of the actual work. The 
latter group is headed by a person that works full time during the snow free season to co-ordinate dust 
preventions activities. This group meets every Monday morning during the snow free season in order 
to plan the measures deemed to be required for the week with regard to the weather forecast. As a 
complement to this local group there is a group at business area level that co-ordinates co-operation 
in between different mine sites as well as keeps tracks of the developments internationally. 

Figure 11 Areas of responsibility and dust prevention methods to be applied at each area in 2015 

4.2 Wind measures
To minimize turbulent wind at the top surface of the TMF all the downstream faces of the dams 
embankments have been made as flat and smooth as possible.  

4.3 Performance
Due to the large number of potential sources of dust and the large areas involved, it is difficult to 
single out and quantify the effect of dust prevention activities at e.g. the TMF. For instance, settling 
dust in a nearby village may originate from a combination of blasting and diffuse emissions of dust 
from both roads and a TMF. Positive results during single months can also be the result of the wind 
blowing in a slightly different direction when there has been diffuse emissions of dust from the mine 
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site. Bearing these reservations in mind, there are results from the environmental monitoring around 
the Aitik mine to support that the efforts to prevent diffuse emissions of dust have improved the 
situation in nearby villages (Figure 11). 

Figure 11 Monthly data and annual average for settling dust in the nearby village Sakajärvi 

5 CONCLUSION 

Since the impact of incidents with emissions of dust on e.g. PM10 and settling dust are clearly visible 
in environmental monitoring data from Aitik, the goal is to minimize the number of days with such 
incidents. To reach the goal, Boliden has conducted extensive studies of local conditions at the TMF, 
of how dust arises in general and of possible technical solutions for preventive measures.  

5.1 Organisation
The local organization for dust prevention consists of two groups. One group consisting of e.g. 

section managers that works throughout the year to secure that resources (personnel, materials and 
equipment) are available at site to the snow free season, and one group consisting of representatives 

0

500

1000

1500

2000

2500

M
on

th
ly

 a
m

ou
nt

 o
f s

et
tli

ng
 d

us
t 

(g
/(1

00
 m

2 *
m

on
th

)

0

50

100

150

200

250

300

350

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

An
nu

al
 a

ve
ra

ge
 o

f s
et

tli
ng

 d
us

t 
(g

/1
00

 m
2 *

m
on

th
)

842

Site Design & Operations



from all organizations that have been assigned a responsibility for a specified part of the operations 
in Aitik. The latter group is headed by a person that works full time during the snow free season to 
co-ordinate dust preventions activities. This group meets every Monday morning in order to plan the 
measures deemed to be required for the week with regard to the weather forecast. 

5.2 Technical result
The methods of dust prevention at the TMF in Aitik currently include spigotting and dam design as 
well as spraying water, dry salt, brine and dust binding agents using water cannons, tank truck, tractor, 
truck or helicopter. For the TMF surface spigotting is by far the most effective method to prevent dust 
by keeping the tailings surface moist. For dam embankments, and especially dam crests where traffic 
is required, the other methods of spraying water and/or salt are required.  

Co-operation between all areas of the mine site where dust may be a problem and effective dust 
preventive measures have resulted in perceived better working environment. It has also been shown 
that the present resources are sufficient to largely prevent dust emissions from the TMF during normal 
summer weather conditions. 

Modern IT technology can help verifying that the methods applied leads to continuous improve-
ments, e.g. by making it easy for operators to report on the magnitude and origin of dust in an elec-
tronic  “diary”  while  out  in  the  field.  It  is  very  difficult  to  collect  data  with  this  degree  of time resolu-
tion through e.g. an ordinary environmental deviation system.  In addition, the data helps in 
interpreting environmental monitoring data from outside of the operations, as well as to increase the 
understanding of what weather conditions that should intensify dust prevention activities. 
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1 BACKGROUND 

1.1 The Mount Polley Mine 
The Mount Polley Mine, located near Likely, BC is an open-pit and underground copper and gold 
mine operating at a deposit formed approximately 200 million years ago and classified as an al-
kalic copper-gold porphyry. Primary ore minerals are chalcophyrite and bornite, (copper sulfide 
minerals) with associated very fine-grained gold inclusions.  

The mine is an approximately 22,000 tonne per day operation that employs approximately 350 
persons.  
 

1.2 Mount Polley Mine – Environmental Setting  
 
The mine is located in the Quesnel Lake watershed, adjacent to Polley Lake and Hazeltine Creek 
which flow into Quesnel Lake and then the Quesnel River (Figure 1) in the Province of British 
Columbia (BC). 

Quesnel Lake is the deepest fjord-type lake in the world consisting of East, West and North 
Arms, which have a combined surface area of 266 km2. Mount Polley is situated near the West 
Basin of the West Arm (113 m maximum depth, pre-impact) which is separated from the deeper 
East Arm (511 m maximum depth) by a 35 m deep sill located near Cariboo Island.  The West 
Basin has vertical mixing that is typical of temperate lakes, with thermal stratification for most of 
the year interrupted by brief turnover periods in the spring and the fall when vertical density gra-
dients are lowest. In the deeper portions of the lake, seasonal overturn events only occur in the 
upper 100 to 200 m of the water column due to changes in temperature-density relationships with 

Mount Polley Mine Embankment Breach: Overview of Aquatic 
Impacts and Rehabilitation 

Lee Nikl, Barbara Wernick & Jordana Van Geest 
Golder Associates, Mine Environment Division, Vancouver, BC, Canada 

Colleen Hughes & Katie McMahen 
Mount Polley Mining Corporation, Likely, BC, Canada 

‘Lyn  Anglin 
Imperial Metals Corporation, Vancouver, BC, Canada 

The Mount Polley Mine, located near Likely, BC is an open-pit and underground copper and gold 
mine. During the early hours of August 4, 2014, the failure of a glacial lacustrine layer beneath 
the Perimeter Embankment of the Tailings Storage Facility at the mine resulted in the release of 
supernatant water, tailings slurry and interstitial water, and tailings dam construction material. 
The released material caused deposition and scouring of native soils and vegetation in the down-
gradient Hazeltine Creek corridor, as well as deposition in Polley and Quesnel Lakes, resulting in 
physical, chemical and biological impacts to these environments. Rehabilitation was necessary 
and is ongoing. It continues to be carried out within the context of an adaptive rehabilitation 
framework. Short-term impact studies and initial response actions were prioritized on the basis of 
potential for further environmental impact, risk of impact or key gaps in information necessary to 
identify rehabilitation actions.  
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increased pressure at greater depths (Laval et al. 2008).  The predominant wind direction is along 
the length of the West Arm and as a result, this portion of the lake can experience internal waves 
(seiches)  that  can  cause  the  thermocline  to  “tilt”  up  and  release  cold  and  deeper  waters  at  the  ends  
of the basin, either to Quesnel River or to the other portions of the lake.    
 

 
Figure 1. Site location map. 

 
 
 
Quesnel Lake is oligotrophic but is nevertheless an important rearing area for Sockeye Salmon 

(Oncorhynchus nerka).  It also has a world-class Rainbow Trout (O. mykiss) fishery and supports 
numerous other forage and bottom fish species. Prior to impact, turbidity in Quesnel Lake was 
< 1 nephelometric turbidity units (NTU; Serben et al., 2015) 

Polley Lake is a long (6.17 km) and narrow (0.65 km) lake situated adjacent to the Mount Polley 
Mine within a watershed area of approximately 17 km2 and has a maximum depth of 35 m. The 
main inflow to the lake is from the Frypan Lake sub-watershed situated to the north. The present 
outflow configuration of Polley Lake resulted from it being dammed and its drainage modified to 
provide water for hydraulic  mining  activities  in  the  region  during  the  early  1900’s. Thermal strat-
ification occurs in summer with a thermocline depth between 5 and 15 m (Stecko et al. 2014). 
Hypoxic conditions generally occur at depths greater than 20 m, with dissolved oxygen concen-
trations less than 5 mg/L. Trophic status of the lake changed from oligotrophic/mesotrophic prior 
to mine development to mesotrophic/eutrophic in 2012. 

1.3 Description of the Tailings Storage Facility Embankment Breach Event 
During the early hours of August 4, 2014, the failure of a glacial lacustrine layer beneath the 

Perimeter Embankment of the Tailings Storage Facility at the Mount Polley Mine caused a breach 
of the embankment, resulting in the release of an estimated 10.6 M m3 of supernatant water, tail-
ings slurry consisting of 7.3 M m3 of tailings solids and 6.5 M m3 of interstitial water, and 0.6 M m3 
of tailings dam construction material. This material entered Polley Lake and then moved down-
gradient along the Hazeltine Creek corridor where additional material, including vegetation and 
native soils, was scoured. Near the confluence of Hazeltine and Edney Creek, the mouth of Edney 
Creek was also scoured and the post-debris flow configuration resulted in an elevation step that 
blocked fish migration between Quesnel Lake and the large, unaffected fish habitats of Edney 
Creek above its mouth. Approximately 8 to 9 km downstream, the dam outwash and scour mate-
rial entered Quesnel Lake. The material released from the embankment breach and the resulting 
debris flow resulted in physical, chemical and biological impacts to Polley Lake, Hazeltine and 
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Edney Creeks and Quesnel Lake. Extensive environmental impact studies (Miller et al., 2015; 
Miller and Zapf-Gilje, 2016) and environmental rehabilitation work have been undertaken since 
the breach to identify the impacts of the event and to first contain sources, control further impacts 
and then to rehabilitate functional environmental values in the impacted areas.  

2 OVERVIEW OF THE ENVIRONMENTAL IMPACTS 

2.1 Physical 
The physical impacts of the breach event occurred with the rapid release of an estimated 25 M m3 
of embankment construction material, tailings and water that entered Polley Lake and the Hazel-
tine Creek watershed. The physical energy of the debris flow exceeded, by a considerable extent, 
the normal channel volume of Hazeltine Creek; entrainment of scoured material within the water-
shed by the debris flow resulted in the erosion and displacement of an estimated 0.6 to 1.7 M m3 
of glaciolacustrine, fluvial and upper soil horizon materials along the Hazeltine Creek alignment 
(Burge and Cuervo, 2015) along with vegetation and forest soils.  

Along much of the alignment of the post-debris flow Hazeltine Creek, deposits of dam outwash 
materials were thin (approximately 0 to 15 cm) except for scour pools that had filled in with 
outwash materials. However, where the debris flow had moved up-gradient, the debris flow ve-
locity slowed and deposited dam outwash material; this occurred immediately downstream of the 
failure location, adjacent to Polley Lake (deposition of up to approximately 3.5 m), within some 
forested areas that remained structurally intact (deposition approximately 0.01 to 1.5 m), and in 
the delta area where Hazeltine Creek enters Quesnel Lake (deposition of 0.15 to 1.5 m).  

Physical changes in Hazeltine Creek and the mouth of Edney Creek included: channel loss and 
variable, but overall lower, elevation of the new, widened and poorly defined channel invert; loss 
of riparian vegetation; deposition of tailings in Polley and Quesnel Lakes; and water quality 
changes to Polley and Quesnel Lakes. As the debris flow entered Quesnel Lake, the entrained 
solids resulted in a turbid plume that was denser than the waters of Quesnel Lake and the plume 
materials moved to depth, with size sorting occurring along this path. A plume of fine particulates 
remained in suspension and trapped below the thermocline of Quesnel Lake between August and 
November of 2015 (Figure 3). During this time, the plume continued to settle, resulting in a gradual 
decrease in turbidity, with turbidity readings variable by location and date but in the range of 
approximately 10 to 20 NTU at depth preceding fall turnover. A limnological model of Quesnel 
Lake was constructed (Potts et al., 2015) to understand and forecast impacts from the event (spe-
cifically fate of suspended solids) to identify what management measures may need to be taken. 
The model predictions estimated that surface water turbidity in Quesnel Lake would be approxi-
mately 10 to 20 NTU and were estimated to return to near background by the summer (July or 
August) of 2015. At lake turnover these deeper turbid waters mixed with the relatively clear sur-
face waters of the lake, and turbidity of the lake surface peaked at approximately 11 to 12 NTU. 
The measured versus modeled results showed good concordance making the three-dimensional 
hydrodynamic model a useful tool for the environmental management of the response program. 
The mechanisms by which the turbidity of Quesnel Lake cleared included settling (slow) of the 
fine particulates and advection out of the West Basin through flows out of the Quesnel Lake sys-
tem via the Quesnel River and advection of the particulate material through seiche activity from 
the West Basin to the deeper parts of Quesnel Lake. The hydrodynamic model estimates indicated 
that of the pre-turnover suspended particulates remaining in the lake, 40-50% would have settled 
in the West Basin, 35-40% would have been transported to the east at depth beyond Cariboo Island 
and 15-20% would have flowed out of the lake via the Quesnel River.  

The majority of the dam outwash and scoured material is estimated to reside in the West Basin 
of Quesnel Lake where an estimated 18.6 ± 1.4 M m3 entered the lake. Most of this material settled 
at a depth greater than 100 m and spread out over an area of approximately 1.81 km2 based on 
multi-beam sonar and sub-bottom profiling. The depth of coverage was variable but unconsoli-
dated depths in 2014 showed the deposit thickness to be on the order of 10 m (Potts et al., 2015). 
This material is expected to have consolidated significantly since deposition (Potts, pers comm, 
2016). 
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2.2 Chemical 

2.2.1 Tailings Composition  
 
The composition behavior of the tailings in the Mount Polley Mine are described in SRK (2015) 
and Kennedy et al., (in press). The mine is located in a geological zone with copper-rich ore and 
the tailings have elevated copper concentrations compared with the surrounding unmined rock. 
Consistent with this, the concentrations of copper in the tailings mixture deposited along Hazeltine 
Creek are higher than in native soils and higher than the BC Soil Standard for protection of soil 
invertebrates and plants, but below standards that are protective of human health.  

Geochemical studies demonstrated that the tailings and tailings mixture are non-acid generating. 
Weathering of these tailings under sub-aerial conditions will be slow due to orders of magnitude 
lower rates of mineral weathering under neutral pH conditions and high neutralizing potential 
(due to carbonate content) of the tailings. Tailings that are present under subaqueous conditions, 
including where those conditions may be reducing, have a low potential for metal release whether 
through oxidation or reductive dissolution. 

The findings of the geochemistry study are directly linked to remediation decisions because 
they signal a low potential for metals release over the long-term which has implications for expo-
sure of ecological receptors.  

2.2.2 Water Quality 
 

Water quality in Polley Lake, Hazeltine Creek, Quesnel Lake, and Quesnel River was impacted 
by the tailings mixture deposited in the lakes and along Hazeltine Creek. In Polley Lake, turbidity 
was elevated at depth immediately after the breach, but returned to pre-event conditions within 
approximately one month. In Quesnel Lake, turbidity was also elevated at depth immediately after 
the breach, then decreased over the late summer as particulate matter settled. Lake turnover in fall 
2014 mixed the shallow and deeper water, distributing the fine particles that remained suspended 
throughout the water column and causing the water to appear cloudy, as previously described 
(Figure 2A; Figure 3).Turbidity in Quesnel River increased in December 2014 as a result of mixed 
water in Quesnel Lake; turbidity peaked in the same month and subsequently declined to near 
baseline conditions by February 2015 (Figure 2B) (Serben et al., 2015; Van Geest et al. 2016a,b). 

As a result of the suspended solids, numerous metals in their total forms were also elevated. 
For Polley Lake, Quesnel Lake, and Quesnel River, there was an increase in copper in and bound 
to particulates in the deeper water immediately following the event. Copper concentrations de-
creased as particulates settled, returning to concentrations below environmental benchmarks by 
spring of 2015 in Quesnel Lake (Figure 4) and sooner in Polley Lake. Concentrations of dissolved 
copper, which is considered the form that is available to be taken up by aquatic organisms, were 
lower than total copper concentrations, and were usually below environmental benchmarks (Ser-
ben et al., 2015; Van Geest et al. 2016a,b). 

Consistent with the model predictions, turbidity values in Quesnel Lake returned to near back-
ground in the summer of 2015 and have remained at background. An analysis using the hydrody-
namic model constructed for Quesnel Lake of water velocities at the lake bottom shows that ve-
locities are not sufficient to entrain settled materials (Potts et al., 2015) and water quality 
monitoring continues to show that the lake has circum-background turbidity values. However, 
anecdotal information from local residents is that there is a green hue to the lake that they indicate 
was not there pre-breach. The extensive turbidity data set does not offer a direct explanation of 
these observations. Public perception of water color can, under circumstances be accurate but can 
also be prone to interference by a variety of factors (Smith et al., 1995). 
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Figure 2: Post-breach in-situ measured turbidity at A) near-field Quesnel Lake station QUL-66, Quesnel 
Lake and B) far-field station QUR-1, in the Quesnel River near the town of Likely (August 2014 to February 
2015). 
 

 

 
 
Figure 3: Post-breach contours of in-situ measured turbidity at near-field station QUL-66, adjacent to the 
mouth of Hazeltine Creek, Quesnel Lake (August 2014 to February 2015). 

 

 
Figure 4: Post-breach concentrations of total and dissolved copper at near-field station QUL-66, adjacent 
to the mouth of Hazeltine Creek, Quesnel Lake (August 2014 to December 2015). 
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Due to the exposed cut-banks and deposited tailings along Hazeltine Creek, turbidity was ele-

vated throughout the creek until the channel was stabilized. Several metals in their total forms 
were elevated above environmental benchmarks, and corresponded to elevated turbidity. Clear-
flow conditions ensued upon the completion of channel stabilization activities in May 2015, which 
prevented the channel side cutting and headwall cutting that was the source of most of the turbidity 
in Hazeltine Creek (Bronsro et al., in press). The lower particulate matter corresponded to lower 
total metal concentrations. By late 2015, turbidity and copper were the only substances that oc-
curred above environmental benchmarks (Serben et al., 2015; Van Geest et al. 2016a,b). Hazeltine 
Creek is typically clear but occasional exceedances of benchmarks occur in association with high 
flows, precipitation, and runoff. Based on air photos of the mouth of Hazeltine and Edney Creek 
showing a large deltaic fan, this may have been a common pre-breach occurrence as well.  

 

2.2.3 Sediment Quality 
 

Sediment collected from Polley Lake in 2014 and 2015 had elevated concentrations of arsenic, 
copper, and iron in comparison to sediment quality guidelines and reference concentrations. Sed-
iment was collected from littoral and profundal areas in Quesnel Lake at various distances from 
the mouth of Hazeltine Creek in 2014 and 2015. Concentrations of several metals including arse-
nic and copper were elevated in comparison to guidelines and reference concentrations. A spatial 
pattern of decreasing concentrations of copper and other metals and increasing organic carbon 
content was observed with increasing distance from the mouth of Hazeltine Creek (Stecko et al. 
2015a,b).  

In Hazeltine Creek, sediment concentrations of copper and iron were elevated in comparison 
to guidelines and reference concentrations in samples collected in 2014, prior to the breach. Re-
construction of the creek channel in 2015 included removal of tailings and laying of clean rock. 
Following reconstruction, sediment was collected from the sedimentation pond (see Bronsro et 
al., in press) to represent what could be present within the creek. The 2015 data indicated that 
copper and iron remained elevated (Stecko et al. 2015a,b). 

 

2.3 Biological 
The primary biological effects in the terrestrial environment and in the Hazeltine Creek corridor 
were the loss of physical habitat as described in Section 2.1. This section summarizes impacts on 
the aquatic environments of Polley Lake and Quesnel Lake. Additional detail is available in Wer-
nick & de Bruyn (2016). 

To facilitate the assessment of potential effects of the event on the productivity of Quesnel and 
Polley Lakes, a conceptual ecological model was developed to identify fish-habitat-food assem-
blages which have implications on the potential effects of stressors related to the event on produc-
tivity (Wernick & Nikl 2015). The three assemblages are summarized in Table 1. Littoral/benthic 
and open-water habitat with use of emerging insects are present in both Quesnel Lake and Polley 
Lake and open-water habitat with use of crustacean zooplankton is relevant to Quesnel Lake. 

The debris deposited on the bed of Polley and Quesnel lakes potentially displaced fish, dis-
rupted food production (i.e., source of emerging insects), and disrupted access to spawning and 
rearing habitat. However, an acoustic tagging program that was underway in Quesnel Lake before, 
during, and after the breach event found that there was no mortality of adult Rainbow Trout, Bull 
Trout, or Lake Trout associated with the breach event (Williston, 2016). Benthic invertebrate 
community studies indicated that invertebrates in the Quesnel and Polley lake bed, where the 
material had deposited, had been smothered but were beginning to recolonize within the first few 
months following the event (Stecko et al. 2015a). Sediment toxicity testing has indicated that the 
physical properties rather than chemical (e.g., copper content) will likely have the greatest influ-
ence on the rate at which the sediments in both lakes recolonize (Stecko et al. 2015a). This is 
related to the low organic carbon content of the dam outwash material which results in nutrient 
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deficiency, rather than toxicity in the laboratory test organisms. It is expected that over time, or-
ganic matter will build up in the sediments and the benthic invertebrate community will re-estab-
lish. The primary effect of the event on the Rainbow Trout of Polley Lake was the disruption to 
spawning and rearing habitat in upper Hazeltine Creek for spawning in 2015 and 2016 while 
habitat rehabilitation work progresses (Bronsro et al., 2016, in press) and the potential decrease 
in abundance of a year-class of Rainbow Trout and the blockage of access to upper Hazeltine 
Creek. 

 
 

Table 1. Summary of fish-habitat-food assemblages in Quesnel Lake and Polley Lake 

Assemblage Example fish Potential Interaction with 
the Event 

Littoral zone (<6 m 
deep along shoreline) 
and benthic habitats 
 

Early juvenile stages of salmon (Oncorhyn-
chus spp.), Burbot (Lota lota), Lake White-
fish (Coregonus clupeaformis), forage fish 
(e.g., chub, shiner) 
 

Loss of physical habitat at 
the mouth of Hazeltine 
Creek 
Change in water quality 
 

Open-water and fish 
that feed on emerging 
insects 
 

Mountain Whitefish (Prosopium william-
soni), smaller Rainbow Trout (large trout are 
piscivorous) 
 

Loss of benthic habitat 
(food sources). 
Change in water quality. 
 

Open-water and fish 
that feed on crustacean 
zooplankton 

Juvenile sockeye salmon, adult Kokanee 
(freshwater variant of sockeye salmon) Change in water quality 

 
 
The potential for changes in water quality to affect fish productivity was evaluated through the 

use of toxicity testing, comparison of water quality indicators to literature and established envi-
ronmental quality guidelines, and assessment of plankton community structure, tissue chemistry, 
and fish growth metrics. Post-event toxicity testing indicated that neither Polley Lake nor Quesnel 
Lake water affected survival or growth of fish, survival or growth of daphnid zooplankton, or 
growth of plant test species (Stecko 2015c,d). Reproduction in daphnid zooplankton was affected 
in some unfiltered samples collected from deep (i.e., below the thermocline) in Quesnel Lake 
where turbidity was highest (Section 2.2). When these samples were filtered, no effects were ob-
served, suggesting that exposure to suspended particulate matter may have caused the response. 
This result was not considered to be ecologically relevant because the zooplankton community in 
Quesnel Lake is non-migratory and located throughout the top 25 to 30 m of the water column 
(Levy 1990) with 75% standing biomass in the top 10 m of the water column when a well-estab-
lished thermocline was in place (e.g., in August), and 75% standing biomass in the top 25 m of 
the water column after the thermocline started to weaken (i.e., in October) (Morton and Williams 
1990).  

Changes in turbidity were primarily restricted to the deeper portions of both lakes where fish 
usage of the water column is lower. Following the initial event, turbidity/total suspended solids 
levels in both Polley Lake and Quesnel Lake were below those demonstrated to result in physio-
logical trauma (e.g., gill abrasions), increased incidence of disease, or behavioural changes (e.g., 
Bisson & Bilby 1992, Roberson et al. 2006, Birtwell 1999, Muck 2010).  

Introduction of suspended sediments can also release nutrients and result in increased produc-
tivity (Schallenberg and Burns 1997) and mean total phosphorus concentrations have been corre-
lated with fish production (Downing et al. 1990). The direction of change in primary productivity 
as a result of introduction of suspended sediments to a lake depends on whether the phytoplankton 
are light limited or nutrient limited (Northcote et al. 2005; Schallenberg and Burns 2004, 2001). 
The information available suggests that there was an influx of phosphorus and dissolved organic 
carbon into both lakes, with the phosphorus primarily associated with particulates and reaching 
the deeper water column and carbon primarily in the upper water column (Figure 5). Although 
changes in phytoplankton and zooplankton biomass were not observed, juvenile Sockeye Salmon 
collected from Quesnel Lake west of Cariboo Island in 2014 were larger than those from the lake 
east of Cariboo Island (Fisheries and Oceans Canada, unpubl.). The conversion of phytoplankton 
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into fish production is relatively efficient in oligotrophic lakes (Downing et al. 1990). Phytoplank-
ton biomass resulting from the phosphorus input in 2014 may therefore have been rapidly con-
verted into zooplankton and then fish biomass. In 2015, juvenile Sockeye Salmon collected in the 
West Basin in 2015 were similar in size to fish collected pre-event and in other parts of the lake 
in 2015 (Wernick & de Bruyn 2016). Rainbow Trout in Polley Lake were not notably different in 
size in 2014 or 2015 than observed in previous years.   

In addition to the potential concern associated with direct toxicity, metals can be taken up in 
organisms through their diet, although metals such as copper are essential elements for which 
there  are  elimination  mechanisms  to  regulate  an  organisms’  nutrient  requirements. As an example, 
copper concentrations in zooplankton from the West Basin were higher than in reference areas of 
Quesnel Lake and increased through the 2014 sampling season (Figure 6). Copper concentrations 
in juvenile Sockeye Salmon collected in September 2014 (around the time of the first zooplankton 
tissue sampling event) were also higher than observed in tissues of fish collected in reference 
areas, potentially reflecting uptake via their zooplankton food source. However, higher fish tissue 
copper concentrations than in 2014 were observed in 2015 in both reference and exposed areas of 
the lake even though plankton tissue concentrations in 2015 were similar to those observed in 
2014, indicating that natural lake processes, internal regulatory mechanisms for copper and/or 
other sources of copper can have a notable influence on tissue copper concentrations.  Regardless, 
copper does not biomagnify because it is also eliminated efficiently and overall fish tissue con-
centrations were lower than those that had no adverse effect on Rainbow Trout (Miller et al. 1993). 
Because copper is the main metal that was elevated in water and sediment following the breach, 
this paper has focused on that metal. However, other metals are addressed in greater detail in 
Jaeger et al. (2016) and Wernick & de Bruyn (2016).  

 

 
Figure 5: Temporal trend in dissolved organic carbon and phosphorus in Quesnel Lake 
above and below 20 m water depth. 
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Figure 6: Spatial and temporal trends in tissue copper concentrations in juvenile sockeye salmon and  
zooplankton in Quesnel Lake. 

3 ENVIRONMENTAL REHABILITATION  
 
The embankment breach resulted in a large-scale environmental incident necessitating a response 
where actions and monitoring were necessary, with particular regard to the need for actions that 
could not be delayed while waiting for the outcome of studies. It was recognized early in the 
response  by  the  mine’s  response  team  and  by  government  that  an adaptive approach was a neces-
sity. For a major incident, the full scope, schedule and cost of a response cannot be determined at 
the outset, nor does the experience with this breach response retrospectively suggest such an ap-
proach would have been workable because insufficient data are available at the early stages in the 
response.  

The environmental rehabilitation plan for the Tailings Storage Facility breach consists of 4 
main phases (Figure 7). Conceptually, these phases are sequential with the information generated 
or decisions made in one phase feeding into the planning, actions or definition of information 
needs in a subsequent phase. However, given the dynamic nature of the response and conditions 
under which it was implemented, some of the actions occurred out of sequence but, nevertheless, 
within the framework. As of the time of writing, Phase 1 is complete, Phase 2 of the rehabilitation 
framework has been submitted for government review and Phase 3 is actively underway. Certain 
works that would be part of Phase 4 are also in progress, in particular those works aimed at the 
rehabilitation of fish habitat in Hazeltine and Edney Creeks.  

Regulatory agencies managed the incomplete certitude inherent in an adaptive approach by 
whole-of-project regulatory oversight of milestones and schedules and through regular telecon-
ference calls, meetings, and First Nations and public information/consultation events. The ap-
proach by government to regulatory instruments issued was itself adaptive as amended orders 
were issued by government during the response. The lack of certitude for the mine was managed 
through making informed decisions about project risk and managing those risks actively through-
out the response.  

Short-term impact studies and initial response actions were prioritized on the basis of life and 
safety protection, controlling potential for further environmental impact by controlling sources 
(e.g., Hazeltine Creek erosion – see Bronsro et al., 2016, in press) and by assessing environmental 
and human health risks, which incorporates knowledge of the exposure (e.g., metal concentration 
in various media), the environmental fate of the dam outwash materials (e.g., geochemical stabil-
ity – see Kennedy et al., in press), and effects (e.g., toxicity and ecological community recovery 
– see Miller and Zapf-Gilje, 2016). For the purposes of a final rehabilitation plan, the risk assess-
ment (Miller et al., in press) will function to distill the myriad of issues, stressors and receptors 
(aquatic, terrestrial and human) that present a hazard into those that result in risk and therefore 
require rehabilitation (residual risks).  There were obvious physical impacts to Hazeltine and 
Edney Creeks, for example where extensive rehabilitation measures have been completed and 
where habitat rehabilitation is, as of the time of writing actively underway (Bronsro et al., in 
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press). A forest ecosystem assessment approach is being used to evaluate the soil structure, nutri-
ent regime and forest ecology impacts of tailings deposition in terrestrial environments, because 
this can impact the ability to re-establish vegetation (Miller et al., in press).   

 
 
 

 
Figure 7. The adaptive rehabilitation framework used in the response to the embankment breach (from Mil-
ler and Zapf-Gilje, 2016).  

 
 

4 CONCLUSIONS 
 
The August 4, 2014 breach of the Perimeter Embankment of the Mount Polley Tailings Storage 
Facility was a large-scale environmental incident. Extensive studies of the environmental effects 
have been carried out or are in progress. As of the time of writing, a comprehensive geochemical 
evaluation has been carried out to evaluate the potential for metal release from the tailings under 
the various conditions in which the released tailings exist. The characteristics of the tailings are 
such that as they weather under neutral pH in a subaerial environment, metal leaching rates will 
be slow and subject to secondary mineral controls. In subaqueous environments that are either 
oxidized or reducing, the potential for metal release is low (SRK, 2015, Kennedy et al., in press).  

Water quality monitoring data over the two years following the event support this view as 
copper levels have not been increasing, but have been decreasing as the suspended particulates, 
which include tailings, have settled or flushed from the system. Toxicity testing conducted to date 
on both water and sediments has revealed that the tailings have not been toxic, a finding consistent 
with the geochemical predictions of low bioavailability and metal release potential. The main 
water quality impacts have been associated with suspended particulates and the resulting turbidity. 
These particulates behaved as expected (modeled) and have since flushed from the Quesnel Lake 
system, with turbidity measurements being consistent with pre-impact conditions. 

The dam outwash material is low in organic carbon because its two main sources - the tailings 
released and the scoured glaciolacustrine materials - are both very low in organic carbon. Physical 
smothering in Quesnel and Polley Lake was extensive and impacts on the benthos occurred. How-
ever, there are signs of recovery of the benthos, which is consistent with the geochemical under-
standing and sediment toxicity testing. The benthos is expected to recover over time. However, 
because of the scale of the incident, the consequence of uncertainty could be high and therefore 
additional benthic organism community and sediment toxicity testing is being carried out.  

The physical impacts of the embankment breach require active rehabilitation if the functional 
values of affected habitats are to be restored. In other areas of British Columbia where landslides 
and debris flows have occurred, such physical changes show little sign of near-term recovery 
because of the changes to the physical, nutrient and microbial soil structure (i.e., formation of 
primarily successional environments). In contrast, rehabilitated habitat in Edney Creek is already 
being used by fish. Similarly, site preparation (mounding), application of coarse woody debris, 
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and planting that has occurred along Hazeltine and Edney Creek corridors is contributing to re-
covery of terrestrial and riparian ecosystems. As of the time of writing, rehabilitation works are 
in active progress, with ongoing monitoring facilitating implementation of an adaptive manage-
ment approach.  
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1 INTRODUCTION 
 
A failure of a glacial lacustrine layer beneath the Perimeter Embankment of the Tailings Stor-
age Facility at the Mount Polley Mine (MPM), British Columbia caused a breach of the em-
bankment tailings dam on August 4, 2014 (IEEIRP, 2015). The dam breach resulted in a release 
of tailings and other materials into Polley Lake, Hazeltine Creek, and Quesnel Lake. As part of 
remediation planning, a geochemical characterization program assessed the metal leaching and 
acid rock drainage (ML/ARD) potential of the spilled tailings and other materials and this paper 
presents the key findings from the investigation. 

2 BACKGROUND 

2.1 Geological Setting 
The Mount Polley deposit is classified as an alkalic porphyry copper gold deposit (BC MIN-
FILE No. 093A 008). The host rocks for porphyry mineralization are intrusions into the Nicola 
Volcanics varying in composition from diorite to syenite. Alteration is potassic (secondary bio-
tite and pink orthoclase) and propylitic (calcite-epidote-chlorite-pyrite). Sulphide mineralization 
consists mainly of chalcopyrite (CuFeS2) and pyrite (FeS2), with lesser bornite (Cu5FeS4), 
covellite (CuS), and digenite (Cu9S5). Carbonate mineralization is principally calcite, with oc-
currences of malachite (Cu2CO3(OH)2); iron carbonates have not been reported.  
 

Geochemistry of Tailings from the Mount Polley Mine, British 
Columbia 
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To support remedial decisions for the Tailings Storage Facility breach at the Mount Polley 
Mine (MPM), a geochemical characterization program assessing the metal leaching and acid 
rock drainage potential of the tailings and other materials released into Polley Lake, Hazeltine 
Creek, and Quesnel Lake was performed. Because the tailings and other materials settled under 
subaerial conditions along the banks of Hazeltine Creek and in subaqueous conditions in Polley 
and Quesnel Lakes, the geochemical characterization assessed reactivity in both terrestrial and 
aquatic environments. Tailings and other materials deposited in these areas were found to be 
consistently non-acid generating indicating that weathering conditions are expected to be pH-
basic under all depositional conditions. Leaching potential of tailings in subaerial environments 
was low and the potential for oxidative and reductive dissolution under deep water conditions 
was found to be negligible. Sub-aerial copper leaching is likely controlled by mineral solubility, 
which will limit loadings to the environment and can be used to inform remedial decisions.   

857

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



A significant portion of the copper at the MPM is not associated with sulphides (upwards of 
50% in the upper portions of each pit) and has been historically been termed copper-oxide, alt-
hough this includes both silicate hosted copper (e.g., chlorite) and copper carbonates like mala-
chite (Taplin 2002).  

2.2 Ore Processing and Tailings Deposition 
Processing of ore mined from the Mount Polley yields a copper sulphide concentrate. In general 
terms, the concentrate is produced by blasting the ore and then hauling it to the processing 
plant, where it undergoes three stages of crushing, and three stages of grinding, followed by 
rougher and cleaner flotation to produce a copper concentrate.  The flotation circuit concen-
trates sulphide minerals as they are hydrophobic. Following the removal of the copper sulphide 
minerals by flotation, the remainder of the slurry is disposed of as tailings.  The tailings are 
lower in sulphide mineral content compared to the ore as majority of the copper sulphides have 
been removed. 

Mill process reagents, with the exception of lime, are not expected to be present with the tail-
ings and other materials deposited as they would either have remained with the concentrate 
(chemically bound to mineral surfaces) or degraded quickly in the environment. Life-of-mine 
processing changes were minimal and not expected to affect the geochemical reactivity of the 
tailings. As a result, the tailings geochemistry can be considered in aggregate. 

Tailings slurry produced in the mill is gravity-fed to the TSF with deposition by single-point 
discharge. The single point discharge was often directed to cells, where bulldozers and weirs 
were used to separate the coarser fraction of the tailing from the finer fractions and build up 
sand adjacent to the embankments. The discharge point was sequentially rotated along the en-
tire length of the three embankments (i.e. the Perimeter, Main, and South Embankments). The 
tailings produced during operations would have been well mixed and there appears to have been 
limited potential to create anomalous geochemistry zones that could have spilled after the dam 
breach.  

3 CONCEPTUAL MODEL AND STUDY DESIGN 

An initial geochemical conceptual model (IGCM) was formulated to guide the design of the 
characterization approach for the tailings and other materials deposited, which effectively rep-
resents hypotheses about tailings characteristics and reactivity that are subsequently evaluated 
through observations, sampling, testwork, and interpretation. 

Complete details of the IGCM are provided in SRK (2015) and indicated that two main con-
figurations of the tailings and other materials deposited needed to be evaluated. First, subaerial 
tailings along the banks of Hazeltine Creek would be susceptible to oxidation of sulphides due 
to exposure to atmospheric oxygen. Second, subaqueous tailings on the bottom of Polley Lake 
and Quesnel Lake would be much less reactive in terms of sulphide oxidation due low or oxy-
gen free water but could facilitate dissolution of secondary minerals (i.e. iron hydroxides). 

4 CHARACTERIZATION METHODS 

4.1 Overview 
Geochemical characterization of the tailings and other materials deposited consisted of field 
sampling along Hazeltine Creek and a series of geochemical tests to understand the composi-
tion, mineralogy and leaching characteristics under various storage configurations. SRK fo-
cused on the tailings and other materials deposited along Hazeltine Creek because weathering 
under sub-aerial conditions should represent the most likely scenario for leaching based on the 
IGCM. In addition, sampling by another consulting group (Minnow Environmental) included 
tailings and other materials deposited that settled in Polley and Quesnel Lakes. Between the his-
torical data for the site, and two independent sampling campaigns, the assumption was that geo-
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chemical variability would be characterized. Complete details of field sampling and analytical 
methods are provided in SRK (2015) and the following section provides key aspects of the 
methods used as part of the ML/ARD characterization program. 

4.2 Hazeltine Creek Sampling 
Samples of exposed tailings and other materials deposited in Hazeltine Creek were collected 

along 18 parallel transects, oriented roughly perpendicular to the course of Hazeltine Creek. 
The transects were spaced approximately 500 m apart beginning with transect ST17/18 in the 
area of the dam breach and ending with transect ST01 near the mouth of Hazeltine Creek at 
Quesnel Lake (Figure 4-1). 

At each transect, major physical/depositional features were sampled, with up to five samples 
per transect. Physical/depositional features were determined in the field based on particle size 
(fine grained versus coarse), colour, or depositional area (e.g. high on a bank or shoulder versus 
adjacent to the creek). In total, 68 samples containing tailings and other materials deposited 
were collected. Approximately 10% of samples were collected as field duplicates and silica 
sand samples were included as field blanks. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-1: Location of Hazeltine Creek Sampling Locations (SNC-Lavalin, 2015). 

 
A total of 78 additional samples were collected from the study area for sequential extraction 

analyses by Minnow Environmental between August 13 and October 24, 2014. Specific details 
of the sample collection procedures and locations are provided in Minnow (2015). Of the sam-
ples collected, 18 were from the profundal zone in Quesnel Lake (6 lake sediment samples and 
12 tailings and other materials deposited), 18 were from the littoral zone in Quesnel Lake (2 
lake sediment samples and 16 tailings and other materials deposited), and 15 were tailings and 
other materials deposited from along Hazeltine Creek. Fifteen samples from the bottom of Pol-
ley Lake were also collected. 

4.3 Laboratory Analyses 

4.3.1 Acid-Base Accounting and Trace Element Composition 
A two-phase testing approach was used for geochemical characterization in order to constrain 
composition variability and understand specific acid-base accounting (ABA) and mineralogical 
characteristics of the Hazeltine Creek samples. 
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Phase one testing included moisture content, multi-element analysis, including sulphur con-
tent by aqua regia digestion with an inductively coupled plasma mass spectrometry (ICP-MS) 
finish, total inorganic carbon (TIC), and particle size distribution by sieving. 

Phase two testing was conducted on 25% of the samples, which were selected to capture the 
range of sulphur, TIC, copper, and selenium content in the Hazeltine Creek samples based on 
the results of the phase 1 analyses. Testing included paste pH and conductivity, modified Sobek 
Neutralization Potential determination (MEND 1991), total sulphur (by LECO furnace) and 
sulphate sulphur (by hydrochloric acid (HCl) leach). A non-sulphide copper analysis was also 
conducted by leaching sampled using 2.5% sulphuric acid with the filtered leachate submitted 
for ICP-MS multi-element scans.  

4.3.2 Mineralogical Characterization 
Mineralogical characterization using Quantitative Evaluation of Minerals by Scanning Electron 
Microscopy (QEMSCAN) was conducted on splits from all of the kinetic test program samples 
(see Section 4.3.4). Rietveld X-ray diffraction (XRD) and electron microprobe were selectively 
used to refine and confirm modal abundances, mineral form (e.g. the different iron oxides pre-
sent) and element deportment for low concentrations that could not be resolved by QEMSCAN. 

4.3.3 Sequential Extractions 
Sequential extractions involve a progressive series of chemical extractions applied to the same 
sample in order to partition the total element content  into  geochemical  ‘fractions’. The sequen-
tial extractions conducted for the tailings were designed and directed by Minnow Environmen-
tal (Minnow 2015) and based on Tessier et al.’s (1979) procedure with modifications. However, 
the procedure is designed for soils, and as a result, some of the reagents used would likely target 
different mineral fractions in tailings than they would in soils. The most significant deviation 
included the ‘organically bound’ elements as there are expected to be limited amounts of organ-
ic materials in the tailings and the reagents (nitric acid, hydrogen peroxide) and temperatures 
(85°C) used likely oxidized some of the sulphide and may also leach more resistant oxide min-
erals. Tessier et al. (1979) also noted some alteration of the minerals smectite, chlorite and mica 
in this digestion step and these minerals are present in the MPM tailings.  

4.3.4 Kinetic Testing 
The kinetic testing program consists of six standard laboratory humidity cells (MEND, 1991) 
(labelled HCs 1 - 6), three column leach tests (COLS 1 – 3), two blanks (a HC and a column), 
and one HC duplicate. The intent of the kinetic testing program was to establish weathering 
rates under oxygen unlimited conditions using humidity cell testing and then use column tests to 
evaluate the effect of longer flow paths and lower water to solids ratios that were more similar 
to the field than dilute HC tests.  

A range of tailings samples containing mean and upper 95th percentile materials for copper, 
selenium and sulphur were selected. Columns tests consisted of between 1.5 and 4.5 kg of mate-
rial that were splits from the humidity cells (i.e. HC-1 = COL-1) and were leached with between 
150 and 500 mL of water in a week, respectively. All kinetic tests were flushed weekly with 
leachate analysed for anions, major cations and trace elements needed for the province of Brit-
ish Columbia water quality assessments. 

5 RESULTS 

5.1 Hazeltine Creek Field Sampling  
Two types of tailings-bearing samples were observed along Hazeltine Creek. They were classi-
fied   in   the   field   as   ‘grey   tailings’   and   ‘magnetite   sands’  based on physical and mineralogical 
characteristics. The grey tailings were silty-sand sized particles, and reacted strongly to HCl 
fizz test in the field. The magnetite sands samples were pinkish-orange, had a moderate to weak 
fizz reaction and were strongly magnetic. 
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The grey tailings tended to be most abundant along the embankments and upper benches of 
the creek, whereas the magnetite sands were commonly present in low-lying areas near the 
creek.  With the exception of the area near the tailings dam breach and Polley Lake, the tailings 
were deposited in  relatively  thin  ‘skiffs’  (e.g.  10  to  20  cm  deep).  The  thickest  observed  subaeri-
al tailings deposits (e.g. 1 to 1.5 m deep) were in the immediate vicinity of the tailings dam 
breach and Polley Lake (SNC-Lavalin 2015). 

5.2 Laboratory Analyses 

5.2.1 Acid Base Accounting 
 
The form of sulphur was found to be sulphide, with sulphate typically below detection. Sul-
phide sulphur from ICP-MS was used for calculating acid-potential (AP). Neutralization poten-
tial (NP) by titration was found to be overestimated and carbonate by TIC was used to estimated 
NP for acid-base account calculations (SRK 2015). Iron carbonates, which can also overesti-
mate carbonate NP, have not been identified at MPM. 

Consistent with expectations from operational sampling (data provided by MPMC to BC 
Ministry of Environment (MoE) http://www.env.gov.bc.ca/eemp/incidents/ 2014/mount-
polley.htm), the tailings and other materials deposited were found to all be non-ARD generating 
(Figure 5-1). 

 

 
 

Figure 5-1: Comparison of tailings and other materials deposited and MPM mill/historical tailings. 
 
 

5.2.2 Trace Element Occurrence 
 

Complete analytical composition results for all samples from a 35 element scan are provided 
in SRK (2015). A statistical summary and shortened list of element concentrations that have 
guidelines for the protection of freshwater aquatic life in British Columbia is provided in 
(Table 5-1). 
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Table 5-1: Statistical summary of selected trace elements in MP tailings and other materials deposited. 

Statistic As Cu Pb Hg Mo Se V Zn 
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Min 7.2 29 4.0 0.03 0.57 0.3 86 40 
P5 8.7 360 4.4 0.06 1.9 0.74 120 45 

P25 10 800 4.9 0.08 3.9 1.2 160 52 
Mean 11 880 5.7 0.091 4.3 1.4 180 57 

Median 11 910 5.4 0.08 4.6 1.5 180 56 
P75 12 990 6.0 0.10 5.0 1.6 200 61 
P95 13 1300 8.5 0.13 5.5 1.8 250 74 
Max 13 1500 12 0.28 6.5 1.9 300 82 

 
To provide an indication of trace element enrichment in the tailings and other materials de-

posited samples, concentrations were compared to typical global average concentrations for 
basalt (Price 1997). This comparison approach is a standard element leaching screening practice 
as outlined by MEND (2009). Concentrations present at more than an order-of-magnitude above 
global average values were considered enriched for the purpose of screening and enrichment ra-
tios are shown in Figure 5-2. The ratios were calculated by dividing the concentration of cop-
per (for example) in the sample by the typical concentration of copper in basalt. Ratios greater 
than 10 are considered enriched. Ratios less than one indicate lower concentrations in the Ha-
zeltine  Creek  samples  than  in  average  basalt.  ‘Box  and  whisker’  plots  were  used  to  illustrate  the  
results, with the boxes representing the 25th to 75th percentile ranges. The solid horizontal line 
represents equivalence with typical basalt, whereas the dashed line represents ten times the con-
centration of basalt. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-2: Element enrichment assessment for Hazeltine Creek tailings samples. 
 
 
Based on the enrichment screening method of MEND (2009), copper and selenium are con-

sidered to be enriched in the tailings. However, the average concentration of selenium in opera-
tional tailings from within the TSF is lower (1.1 mg/kg) than the spilled materials and similar to 
the average of 137 regional stream sediment samples from the region surrounding Mount Polley 
(average 1.0 ppm, range 0.1 to 9.1 ppm)(GSC 1981; Jackman 2008)(Figure 5-3). 
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Figure 5-3: Comparison of copper (A) and selenium (B) concentrations in Hazeltine Creek tailings and 
other materials deposited, operational mill tailings and regional sediments. 

 

5.2.3 Mineralogy 
 
The samples are dominated by silicates, including feldspars, chlorite and quartz. Iron oxides 
(mainly magnetite) were frequently the next most abundant minerals after the silicates, followed 
by carbonates and the minor amounts of sulphides. The presence of quartz at concentrations 
greater than 1% is a good indication that the tailings are intermixed with native sediments as the 
deposit is syenitic to monzonitic and the tailings should contain very little to no quartz (BC 
MINFILE No. 093A 008). 

Sulphide mineralogy is consistent with the ore mineralogy previously described for the pro-
ject, including pyrite and chalcopyrite as the two main sulphide minerals in approximately 
equal proportions (approximately 0.2% for each mineral), followed by bornite (less than 0.1%) 
and other copper sulphides (likely covellite).  

The main carbonate present was calcite, ranging from 0.7% to 4.5%. Dolomite was also pre-
sent, although typically less than 0.1% with the exception of one sample (HC-4) at 0.4%. Mala-
chite was also present, although at near detection levels. 

Copper and selenium deportment was investigated, however, the concentration of selenium 
was too low to be detected by QEMSCAN or electron microprobe and only copper results are 
available. Chalcopyrite contained approximately half of the copper when total copper concen-
trations were above 0.05%. Chlorite was the next most abundant mineral to host copper, fol-
lowed by bornite and covellite/chalcocite.  

The deportment in chlorite was unexpected as previous investigations have indicated that 
chrysocolla was the non-sulphide mineral phase hosting copper. However, other studies have 
also  noted  the  same  finding  (Chanquıa  et  al,  2010)  and  the  overall  implication  is  likely  insignif-
icant in terms of reactivity as previous work by MPMC has shown copper in the non-sulphide 
phase extremely resistant to leaching by acidic solutions (Taplin 2002; Henry 2009). Results 
from the non-sulphide copper leach also support these findings with an average of 50% of the 
copper in a non-sulphide phase. Given the recalcitrant nature of this copper mineral phase, it is 
also considered a much less reactive phase compared to copper sulphides.  
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Figure 5-4: Mineral deportment of copper in Hazeltine Creek tailings and other materials deposited sam-
ples. 

 

5.2.4 Sequential Extraction Results 
 
Results from the extractions were grouped together to represent tailings and other materials de-
posited from Hazeltine Creek, from the bottom of Quesnel and Polley Lake, and also lake sedi-
ments that were not impacted by the tailings discharge (i.e. a background lake reference). Iron 
and copper are shown in  

Figure 5-5. Iron is not considered enriched the tailings, but is often associated with minerals 
that are susceptible to dissolution under sub-oxic conditions. 
Iron  was  predominantly  associated  with  the  ‘residual  metals’  fraction  (e.g.  85%  of  total  iron  

extracted in lake tailings) in all samples tested, which is likely comprised of mainly sulphides 
due to the use of an aqua regia digest as the final step. Magnetite was not likely dissolved in any 
of the sequential extraction steps. Only a small portion of the iron was present in the reducible 
fraction (~ 12%) and at lower concentrations than the background lake reference samples. 

Copper was mainly associated  with  the  ‘organic  bound’  fraction,  although  as  previously  dis-
cussed in Section 4.3.3, this is likely partially associated with sulphide minerals and also chlo-
rite due to the reagents and temperatures used in the extraction step (Tessier 1979). Mineralogy 
results  also  support  this  with  the  deportment  of  copper  partially  in  chlorite.  The  ‘residual’  frac-
tion contained the next highest amount, but also notable for copper was the presence of 4% in 
the  ‘carbonate  metal’,  likely  reflecting  the  presence  of  malachite. 

Selenium results (not shown) were predominantly below detection (0.2 mg/kg based on 
aqueous  concentrations  in  the  extractions),  with  only  the  ‘organic  bound’  and  residual  fraction  
slightly above detection limits.  
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Figure 5-5: Sequential extraction results for iron (A) and copper (B). 

5.2.5 Kinetic Testing 
 

Complete results for all elements regulated by the province of British Columbia are provided 
in SRK (2015) for both humidity cells and columns. Approximately one year of testing has been 
completed for this investigation, with testing on-going.  

Copper is the focus of results presented below as copper is one of the two elements identified 
as enriched in the tailings. Sampling by the British Columbia Ministry of Environment (BC 
MOE) at the Mount Polley Mine has also identified copper as the main element of concern. 
Copper leaching is strongly pH dependent and therefore pH is also included for discussing long 
term copper behavior. 

Humidity cell results (data not shown) have shown steadily declining rates of copper leaching 
under pH neutral conditions (pH of 8). Copper is leaching at a rate of 0.002 mg/kg/week, with con-
centrations around 0.005 mg/L. The columns (which are splits from HC composites) are also pH 
slightly basic (pH of 8) with a copper leaching rate slightly lower than the humidity cells at 0.001 
mg/kg/week with concentrations now around 0.01 mg/L ( 

Figure 5-6). The higher concentrations and lower leaching rate in the columns are interpret-
ed here to reflect a solubility limit being reached, which is discussed in Section 6.1.1.  

The lower pH and higher copper concentrations during the start of the kinetic tests are likely 
a result of the samples being stored in the laboratory for several months before testing began. 
During this time, the sulphide minerals would still have been oxidizing but the acidity formed 
could not be neutralized by the available carbonate minerals as there was no flow of water 
through the sample. As the column test started and water was passed through the tailings, pH 
increased and copper concentrations decreased.  

 
 

 
(A)  

(B) 
 

Figure 5-6: Column testing results of pH (A) and copper (B). 
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6 DISCUSSION 

6.1 Leaching Mechanisms 

6.1.1 Subaerial Weathering of Tailings 
 
Tailings and other materials deposited are expected to weather under neutral pH conditions. 
ARD has not been identified as a concern for Mount Polley tailings historically and the results 
of this program confirm the previous findings that weathering and trace element release will be 
under neutral pH. 

The tailings and other materials deposited and mixed-in sediment materials deposited along 
the banks of Hazeltine Creek and any other subaerial setting will weather in the presence of ox-
ygen. However, leaching is expected to be slow because sulphides leach at relatively slow rates 
under neutral to basic pH conditions when compared to acidic conditions, which is typically or-
ders-of-magnitude faster. On-going geochemical testing is supporting this assessment and show-
ing slowly declining copper release rates. Silicates will also weather, but at even slower rates 
that are dependent on mildly acidic rainwater (the dissolved carbon dioxide equilibrium pH of 
rainwater is ~5.5). Given the carbonates present in the MPM tailings, mildly acidic rainwater 
will be neutralized upon contact and leaching of silicates would be slower than could occur by 
rainwater.  

Thermodynamic first principles and the equilibrium modelling software package PHREEQC 
(version 2.17.4137) (Parkhurst and Appelo, 1999) predicts low solubility of copper at neutral 
pH as compared to concentrations that are associated with copper porphyry deposits under acid-
ic pH (Day and Rees, 2006). This is because secondary copper oxide minerals (i.e. malachite, 
tenorite) that would form after oxidative dissolution from a copper sulphide are only sparingly 
soluble. The prediction of contact water (i.e. tailings seepage) by PHREEQC under aerobic 
conditions and pH 8 carbonate buffered rainwater is an upper limit of 0.02 mg/L due to copper 
oxide solubility limits. This is consistent with other copper concentrations measured under neu-
tral pH at the MPM and other copper porphyry sites (Day and Rees, 2006). 

Copper concentrations were used to evaluate copper solubility control in water samples from 
the laboratory and field. The sites included a sampling site in upper Hazeltine Creek down-
stream of a one kilometre stretch of deposited sub-aerial tailings (referred to as HAC-13), from 
the column test containing tailings with 95th percentile copper content, and from a ditch collect-
ing seepage from subaerial tailings and other materials deposited after two years since the tail-
ings spill (provided by the BC MOE and MPM). The ditch water is from an area referred to as 
the Polley Flats, which is just below Polley Lake and one kilometer downstream of where the 
width of the area of tailings and other materials deposited is narrow (Figure 4-1). Results were 
plotted against solubility curves generated using PHREEQC for malachite (Cu2CO3(OH)2), ten-
orite (CuO), and copper hydroxides (Cu(OH)2). A saturation index of zero was used for all three 
secondary copper minerals, but a saturation index of 0.5 was also used for malachite as activa-
tion energy barriers often need to be overcome before a mineral can precipitate and this requires 
a higher degree of saturation. Malachite (as opposed to tenorite or copper hydroxides) was cho-
sen to evaluate the saturation index range as it is the most likely secondary mineral control 
based on it being commonly identified on site and in the tailings.  

The outcome of the comparison is shown in Figure 6-1. There is a good fit of the dissolved 
copper concentration results to the predicted concentrations based on pH and mineral solubility, 
especially to malachite with an SI of 0.5. Lower pH values were associated with spring freshet 
were similar to the initial flush of material in the laboratory kinetic testing program. During the 
winter (or prolonged dry periods), the majority of tailings are no longer receiving infiltration 
due to snow and ice cover allowing oxidation products and acidity to accumulate around the 
sulphide grains in tailings that do not freeze in the winter. Once freshet begins, these oxidation 
products and acidity will be neutralized and get flushed from the tailings, with pH increasing 
while copper concentrations decrease. 

Selenium was shown to be correlated with copper (SRK 2015) and likely is present as an ac-
cessory element in the copper sulphides as this element often replaces sulphur owing to similar 
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geochemical properties (Ralston et al, 2008; MEND 2015). However, the methods used in this 
study could not detect selenium co-precipitated with silicate minerals and so selenium release 
should be conservatively assumed to be associated only with oxidative dissolution of sulphides. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-1: Secondary copper mineral solubility curves and monitoring results. 
 
 
 

6.1.2 Subaqueous Dissolution of Tailings 
 
For any of the tailings and other materials deposited that ended up in Quesnel or Polley Lake, 
water saturation is the best way to inhibit oxidation of sulphides (INAP 2010). Therefore, leach-
ing of any elements hosted in sulphides (i.e. copper and selenium) that would be released by ox-
idation is effectively inhibited for tailings present in Quesnel and Polley Lakes. 

Based on the results of the mineralogical characterization work and sequential extractions, the 
risk for mobilization of elements under reducing conditions was found to be low. Easily reduci-
ble iron oxides were minor components of the tailings samples tested and neither copper nor se-
lenium were associated with a mineral phase that would be susceptible to reductive dissolution.  

It should also be noted that selenium behaves quite differently under reducing conditions and 
will either sorb to mineral surfaces if it is present as selenite, or precipitate as elemental seleni-
um (Ralston et al, 2008; MEND 2015). In either event, even if selenium was released from re-
ductive dissolution processes, its geochemical behaviour under reducing conditions would re-
sult in it being removed from the water column and it is not considered a water quality risk 
under subaqueous reducing conditions. 

6.2 Reclamation Considerations 
 
The presence of a secondary mineral control on copper concentrations is an important finding 

for reclamation planning. This is because any efforts to encourage precipitation run-off and dis-
courage infiltration into the tailings, through either grading or evapotranspiration through soil 
covers and vegetation growth, will likely result in a decreased loading of copper to the receiving 
environment. Mineral solubility control will maintain concentrations at a fixed level, so despite 
unchanging copper concentrations, with less water moving through the tailings, less copper can 
be transported. The establishment of vegetation on the top of the tailings may also help slow 
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down oxygen diffusion into the tailings and probably result in lower rates of sulphide oxidation 
and therefore primary copper leaching rates. 
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1 INTRODUCTION 

 
The failure of a glaciolacustrine layer beneath the foundation of a section of the Perimeter 
Embankment resulted in a breach of a section of the tailings dam at the Mount Polley Mine, 
British Columbia (Morgenstern et al., 2015). The resulting debris flow scoured the 
approximately 9 km length of Hazeltine Creek, and part of Edney Creek near its confluence with 
Hazeltine Creek. Hazeltine Creek flows from Polley Lake into Quesnel Lake.  

The debris flow scoured approximately 0.6 to 1.7 M m3 of glaciolacustrine and fluvial 
sediments underlying the previous alignment of Hazeltine Creek (Burge and Cuervo, 2015; 
Miller et al., 2015) and entrained vegetation and topsoil in its path. The resulting incised 
drainage alignment was exposed to head-cutting, gully erosion and sidewall slumping, resulting 
in downstream movement of suspended particulate material to Quesnel Lake, adding to the 
turbidity of that lake from the initial breach event (Nikl et al., 2016, in press).  

Hazeltine Creek was significantly deepened and widened over most of its length by scour 
from the initial debris flow and subsequent drainage through the glaciolacustrine materials 
underlying exposed creek. Along much of Hazeltine Creek deposits of dam outwash materials 
(tailings, construction materials, and scoured glaciolacustrine materials) were thin, ranging from 
absent to 30 cm. Where scour holes occurred, deeper pockets of outwash material were found. 
Other areas, however, had significant deposits of these materials, being usually 1-1.5 m and less 
frequently up to >3.5 m in some places (Miller et al., 2015). The outwash materials were more 
deeply accumulated where the flood flow had moved up-gradient, then slowed and deposited its 
load of solids (e.g., in the flats downstream of  Polley  Lake,  or  the  “plug  area”). In a tailings dam 
breach or debris flow from a landslide, the relative distribution of scour and deposition areas 
depends on factors such as the topography, the presence of tributaries and side channels, and the 

River Rehabilitation Following a Tailings Dam Embankment 
Breach and Debris Flow  

A. Bronsro, J. Ogilvie & L. Nikl 
Golder Associates, Vancouver, BC, Canada 

M.A. Adams 
Envirowest Consultants, Port Coquitlam, BC, Canada 

A failure in the glaciolacustrine unit underlying the Perimeter Embankment of the Mount Polley 
Mine Tailings Storage Facility resulted in a breach along a section of the embankment on 
August 4, 2014. Approximately 9 km of Hazeltine Creek was significantly affected by the 
resulting debris flow. Initial channel stabilization work was completed quickly and cost-
effectively over a period of five months using a combination of traditional channel design 
techniques and innovative implementation methods. A field-fit approach was used to maximize 
flexibility, which was consistent with the adaptive approach of the overall environmental 
response. A team of professional engineers and biologists along with experienced machine and 
logistics crews implemented the designs in the field. This proved to be highly effective based on 
the intended outcomes and the rapid timelines under which the construction occurred.  
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magnitude of the flood flow relative to natural large floods in a given location because these 
factors affect the velocity and thus settling from the solids-laden flow. 

Environmental rehabilitation of the embankment breach followed an adaptive framework 
consisting of four main and mostly sequential phases (Nikl et al., in press). Within that 
framework, the creek rehabilitation occurred in two main steps: the first step was part of 
Phase 1, which was focused on controlling sources of additional inputs of sediment or other 
stressors. The second step, which is an early implementation of Phase 4 (remedial actions), 
involves the rehabilitation of the physical constructs and channel characteristics of fish habitat 
within Hazeltine and lower Edney Creeks so that biological functions could be re-established. 

The initial priority in step 1 was both a structural necessity to stabilize the channel and a 
necessary response to an order issued by government to undertake various measures including 
the cessation of downstream turbidity entering Quesnel Lake, a clear-water system with pre-
breach turbidity levels < 1 Nephelometric Turbidity Units (NTU; Serben et al., 2015). However, 
this initial erosion control step was carried out so that it would facilitate the later addition of fish 
habitat features onto a stable and erosion-resistant foundational channel.  

Pre-impact aerial imagery was used to define pre-impact channel morphology and conditions 
which included a low-flow channel and two tiers of floodplain. These images informed the 
designs of the new channel; however, conditions such as the invert elevation and configuration 
of the stream banks had changed considerably in many areas of Hazeltine and lower Edney 
Creeks and the designs had to fit those conditions. The initial channel stabilization work 
occurred from November 18, 2014 until May 11, 2015 (174 days) and used a combination of 
traditional channel design techniques and innovative implementation methods: A field-fit design 
and construction approach was used to minimize schedule and capital expenditure. A series of 
design  ‘templates’  were  developed  for  each  of  six  morphologically  distinct  creek  reaches,  and  
these templates were applied in the field with biological, engineering and material supply and 
construction expertise. This proved highly effective because the requisite expertise was in place 
to make decisions based on conditions encountered – which, because of erosion, were changing 
while the project unfolded.  

The second step, which is ongoing in the summer of 2016, was to re-establish instream and 
riparian habitat values within the channel and the two-tiered floodplain, respectively. As with 
the foundation channel, design templates were developed for instream habitat features. The 
overall objective for the rehabilitation of fish habitats was to restore life history functions (such 
as spawning and rearing) for salmonids and those objectives were developed with the input of a 
working group comprised of Mount Polley Mine and their specialists, federal and provincial 
government representatives, First Nations representatives and technical advisors to the First 
Nations (the  “Habitat  Objectives  Group”). Key determinants of instream functions included fish 
management objectives and channel gradient. A key determinant of riparian functions is the 
elevation of the floodplain tiers. 

2 DESIGN CRITERIA 
  

The design criteria for the first phase of work was simple: design and construct an engineered, 
armored, erosion-resistant channel foundation that would reduce the downstream turbidity 
entering Quesnel Lake and meet the requirements of the government order. The key drivers 
were the need to take fast, deliberate and early actions because of ongoing erosion of deposited 
tailings and scoured banks, and to build a foundation for the eventual rehabilitation of fish and 
wildlife habitat functions within the creeks. The following requisite information was compiled 
early in the process: 

 
 A geomorphological study of pre-breach conditions (to facilitate mimicking these 

conditions to the extent possible); 
 Lidar mapping of post-breach topography (to facilitate design); 
 A hydrological study (to define design flows);  
 A fisheries study (to support the design of habitat functions and objectives); and  
 Consultations with local First Nations and their technical advisors on design, and with 

provincial and federal agency representatives on habitat objectives.  
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The Hazeltine Creek corridor was designed to include the following key components: 

 
 A  “low-flow”  or  “MAF”  (mean  annual  flood)  channel  was  designed  to  flow  bankfull  

with the mean annual flood. Within the MAF channel, a thalweg was designed for low 
flows, generally by shaping the placed river gravels; 

 A  “lower”  floodplain  was designed to pass the 200-year flow (Q200); and 
 An  “upper”  floodplain  was  extended  from  the  lower  floodplain  to  the  edges  of  the  

currently existing cutbank or forest. 
 
One of the longer-term design objectives was to establish a natural assemblage of native plant 

species within these keys areas of the creek corridor. Plantings within the lower floodplain will 
be exposed to surface flows during freshet and higher flow events. However, they will not be 
completely inundated. Plantings within the upper floodplain will not be exposed to surface flows 
but they will be sub-irrigated during freshet and higher flow events throughout the year (Adams, 
2015). Error! Reference source not found. shows conceptually how the creek and floodplains 
are intended to develop over approximately five years.  

 
 

Figure 1: Conceptual Hazeltine Creek Channel Section (adapted from Adams, 2014). 
 
 
The design criteria for the second phase of work, the habitat reconstruction, was aimed at 

restoring the life history functions that can be sustained for fish, in particular salmonids. Design 
features will also restore life history functions for wildlife associated with small streams and 
their riparian environments.  

Creek rehabilitation objectives are focused on re-establishing habitats within Hazeltine and 
Edney creeks. Restoring these creek channels to pre-breach conditions is not a realistic objective 
because of the large change in elevation of the channel invert through geologically consolidated 
materials. However, through rehabilitation of Hazeltine Creek and Edney Creek, important life 
history functions for fish can be restored within instream and riparian environments affected by 
the embankment breach.  

Fish present in the upper reaches of Hazeltine Creek and Polley Lake include the spring 
spawning rainbow trout (Oncorhynchus mykiss), longnose sucker (Catostomus catostomus), and 
redside shiner (Richardsonius balteatus). Before the embankment breach, fish moved back and 
forth between the lake and the upper portions of Hazeltine Creek. Fish could have only moved 
downstream from Polley Lake to Quesnel Lake. Fish passage from Quesnel Lake to Polley Lake 
was  precluded  by  a  migration  barrier  in  what  is  locally  termed  “Hazeltine  Canyon”.  Thus,  
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Hazeltine Creek spawning habitat above the canyon was used only by spawners resident to 
Polley Lake and upper Hazeltine Creek. 

The majority of Edney Creek was undamaged from the breach event; however, the debris 
flow resulted in a step-like incision to the grade which restricted fish passage between Quesnel 
Lake and the undamaged habitats further upstream in the watershed. The lower reaches of 
Edney Creek were reconstructed on a prioritized basis to stop erosion and to facilitate fish 
passage (completed February 2015), with instream habitats subsequently constructed (initial 
work by August 2015). The acceleration of re-established fish passage and habitat features in 
Edney Creek is important as the creek is locally important for Interior Coho salmon 
(Oncorhynchus kisutch), an endangered regional race of this salmon species (DFO, 2014).  

3 CHANNEL REHABILITATION 
 
The first phase of the project was to design and construct an erosion-resistant channel, as 
described above.  

The Hazeltine Creek corridor was divided into six reaches, based on similarity of grade and 
other readily field-observable physical characteristics to facilitate the design work, as shown in  

Figure 2. Reaches 1, 2 and 3 occur in sequence from upstream to downstream, with Reach 1 
closest to Polley Lake. Reach 4 is the Hazeltine Canyon, which was and remains a migration 
barrier and is not intended for habitat rehabilitation. Reaches 5 and 6 occur in sequence 
downstream of the canyon, with Reach 6 commencing at the former confluence of Hazeltine and 
Edney creeks, and ending at the confluence with Quesnel Lake. 

 
Figure 2: Designation of Hazeltine Creek Channel Reaches 

 
The channel lengths and slopes for each identified reach are summarized in Table 1. The six 

reaches of Hazeltine Creek had distinctive differences in channel slope, which is a key design 
parameter for channel velocity and therefore flow capacity.  

 
Table 1: Hazeltine Creek Reach Lengths and Slopes 

 

Reach From Station To Station Length 
(m) 

Average Slope  
(%) 

1 0+300 0+800 500 0.6 
2 0+800 2+675 1,875 0.8 
3 2+675 6+600 3,925 2.3 
4 6+600 7+900 1,300 5.1 
5 7+900 8+700 800 1.8 
6 8+700 9+200 500 1.0 

 
 
Because of active erosion along Hazeltine Creek and the urgency for action, a conventional 

design-apply-permit-construct approach would not have been practical and would have 
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prolonged the ability to stop erosion as quickly as possible. Consequently, a procedure involving 
the following main elements was developed. The slope of each reach was determined based on 
the post-breach topography, and the slope and design flow were used to size channel cross-
sections (i.e., the MAF channels) for each reach. Overall plans and profiles were created for the 
whole creek, but the details of the alignment and the construction of that alignment were left to 
the field team to determine based on the desired channel sinuosities (based on results of the pre-
breach channel morphology study), the template cross-sections for each reach, the ability to 
develop access within specific areas, and its overall constructability based on observed ground 
conditions and other factors. The channel sinuosity template that was used as a guide in the field 
is shown in Figure 3, with the dimensions varying from reach to reach. 

 

Figure 3: Channel Sinuosity Template Used to Guide the Field-Fit Design 
 
 
An important tool to facilitate in-river work was the construction of a gated outlet structure at 

the outlet of Polley Lake into Hazeltine Creek; this allowed Mount Polley to retain freshet 
volumes, and release the water in a controlled manner. An additional feature of the work area 
was a series of two settling ponds located near the mouth of Hazeltine Creek, which provided 
settling of larger (> 10 µm) suspended sediment particles prior to discharge into Quesnel Lake 
while the Hazeltine Creek stabilization work was carried out.  

This initial channel stabilization work was completed over a period of five months, beginning 
in December 2014. By May 13, 2015, the creek water was visibly clear (< 5 NTU) along its 
length from Polley Lake to Quesnel Lake. Generally, the following actions were implemented 
sequentially during the construction of channels within each reach. 

 
1) Site preparation (creating access, opening borrow areas, water diversion). 
2) Floodplain grading (filling in depressions and gullies, removing deposits of tailings, 

roughing-in floodplain, stabilizing cut-banks, excavating channel).  
3) Engineered armoring (riprap) to stabilize channel and allow flows to be released from 

Polley Lake. 
4) Placement of habitat features including spawning gravels, woody debris, etc. 
5) Final grading of upper floodplains. 
6) Riparian planting. 
7) Regrading of cut-banks as needed. 
 
At the time of writing, actions 1 through 3 are complete, and the remaining actions are 

actively in progress. The establishment of riparian vegetation throughout the creek alignment 
will follow construction of physical channel and floodplain features because the necessary 
access for machines and material supply. Sample photos of the channel construction process are 
demonstrated in Plate 1. 
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Plate 1. (A) Post-breach, the remaining creek channel was exposed and eroding; (B) Tailings were 
removed and the channel floodplains were graded; (C) With flow diverted and the floodplains graded, a 
new armored creek channel foundation was constructed; (D) Completion of a section of the engineered 
channel foundation; (E) Channel complete and re-contoured slopes and large woody debris placement in 
the upper floodplain; (F) Flow from Polley Lake (running clean) returned to the new Hazeltine Creek 
channel.  
 
 

4 HABITAT REHABILITATION 
 

The second phase of work is to re-establish habitat systems within the creeks, with the aim of 
restoring life history functions that can be sustained for fish, in particular salmonids. The re-
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establishment of habitat values within Hazeltine and Edney creeks is ongoing at the time of 
writing. 

The in-stream habitat features and substrates have been installed into the foundation channel 
of Edney Creek and have remained functional through the 2016 freshet period. Monitoring 
carried out by the Mount Polley Mine Environmental Department has shown that several species 
of fish are using the constructed habitat and cover provided by the structural elements of habitat 
placed in the lower section of Edney Creek, and other wildlife has also been observed around 
the creeks. Both habitat quality and fish use are expected to improve as the plant community and 
its contribution of physical habitat complexity, nutrients and cover of the riparian zone develops 
along the channel. A portion of the rehabilitated sections of Edney Creek as of the time of 
writing is shown in Plate 2. 

 

 
Plate 2. A July 7, 2016, photograph of the rehabilitated lower portion of Edney Creek with large woody 
debris, rock clusters, and gravel substrates and growth of plantings on one bank. This section of Edney 
Creek was damaged in the debris flow, disconnecting the intact habitat in the upper reaches of Edney 
Creek from Quesnel Lake during the Mount Polley Mine embankment breach on August 4, 2014.  

 
 
An important aspect of the design of fish habitats and one that has been incorporated into the 

engineering design of the foundation channel is the integration of three specific channel 
meander patterns associated with the lower floodplain, the MAF channel, and the low flow 
channel (see Figure 3). The primary meander pattern occurs within the lower floodplain; this 
part of the overall floodplain will interact with freshet flows. The second meander pattern occurs 
in the MAF channel. This channel is capable of conveying the MAF of Hazeltine Creek; flows 
overtop the channel during freshet and enter the lower floodplain. The MAF channel meanders 
off the centre line of the lower floodplain. The tertiary meander pattern is associated with the 
low flow channel shaped into placed river gravels. This channel meanders off the centre line of 
the MAF channel and will concentrate low flows during late summer, fall and winter.  

The three meander patterns create a complex hydraulic regime throughout the creek corridor.  
Back eddies provide refuge for fish from high flows.  Concentrated flows maintain sufficient 
depth for fish, and allow for ready passage by adult salmonids. Complexity in the hydraulic 
regime creates and maintains complexity in channel structure.  Hydraulic and structural 
complexity contributes to productivity of the channel as fish habitat, and is further enhanced by 
the incorporation of specific features such as pools and weirs.    

The design of pools and weirs is integrated with the sinuosity of the channel. The pools and 
weirs create a flow regime characterized by distinct fast and slow sections. This enhances 
habitat complexity, with the variation in the flow regime occurring between pools (where flow is 
slow and non-turbulent), riffles (at the face of the weirs, where flow is fast and turbulent), and 
glides (often at the tail-end of pools, where flow is fast and non-turbulent). This variation in the 
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flow regime is a pre-cursor to the establishment and persistence of a variety of life history 
functions, such as spawning and rearing, sustained by the channel for fish.  

Woody debris salvaged from the debris flow was also used to increase the structural 
complexity of the stream environment. Examples of woody debris used are root wads, tree tops, 
and logs. Instream debris provides cover and hydraulic refuge for fish, while over-stream debris 
also provides cover for fish, in particular passing and holding spawners. The provision of in-
stream cover is important because of the time that it will take for the riparian zone to provide 
that such cover, including large woody debris.  

As discussed above, re-establishment of habitat values within Hazeltine and Edney creeks is 
ongoing at the time of writing. Sample photos of the progress of the habitat construction in 
Reach 1 of Hazeltine Creek is shown in Plate 3. 

 

 
 
Plate 3. (A) Reach 1 of Hazeltine Creek, showing the sinuosity, weirs and pools built into the channel 
foundation; (B) Local wildlife observed around the new Hazeltine Creek channel; (C) Higher flow 
velocities on the outside bends, showing the effectiveness of the designed weir/pool configuration. 

 
Once the in-stream habitat construction is complete, the next stages will be the final grading 

of floodplains and riparian planting. Plant species selected for planting in the lower floodplain 
were primarily shrubs tolerant of periodic inundation of stems/trunks and lower branches. The 
debris flow scoured the soils along the previous creek resulting in soils that are nutrient poor and 
low in organic carbon so plants tolerant of such conditions were preferentially selected. Some of 
the species planted in the initial plantings included red-osier dogwood, black cottonwood, twin 
flower, prickly rose and willow. Expansion of the plantings into the slopes of the MAF channel 
was a desired and anticipated outcome. It was also expected that surrounding native shrubs and 
trees will be recruited into the lower floodplain through seed fall and through bird and mammal 
droppings. As of the time of writing, such natural ingress has been noted (Plate 1(F)).  
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In the adjacent terrestrial environment the objective is to develop a primarily tree assemblage 
(forest ecosystem); however, present efforts are being directed to the enhancing the rate of 
development of this community using an approach that imitates natural succession and focusses 
on rehabilitation of soil nutrient status and soil microbial communities. 

5 DISCUSSION 
 

The nature of the physical changes following the embankment breach resemble the physical 
changes of a debris flow, particularly considering the low potential for the tailings to release 
metals (SRK, 2015; Kennedy et al., in press). Physical changes similar to those observed 
following the Mount Polley embankment breach have occurred on varying scales through much 
of British Columbia following landslides and debris flows. The re-establishment of functional 
habitat values and vegetative growth on nutrient-, organic- and soil microbe-stripped sediments 
is slow in the absence of intervention.  

An example of the slow return to pre-event functional ecosystem values is readily visible at 
the Meager Creek slide in British Columbia (Guthrie et al., 2012). Six years after the August 6, 
2010, event, there is little recovery of the forest community (Plate 4).  

In lower Edney Creek, where habitat features have been installed and riparian vegetation 
planting was started early, signs of recovery are evident and several species of fish have been 
found to be using the new habitat (Mount Polley Mine, unpubl. results).  
 

 
Plate 4. An April 16, 2016 composite panoramic photograph of the outwash area of the August 2010 
Meager Creek slide and debris flow six years previous, showing few signs of recovery in the absence of 
intervention. 
 

The work that has been completed at Mount Polley so far has shown how an innovative 
engineering and design approach has been successfully used to begin the process of re-
establishing the biological functions of Hazeltine Creek in a compressed time frame. Although 
still in the early stages of rehabilitation, the work to construct an engineered, erosion-resistant 
channel has been essential in reducing the environmental impact to Quesnel Lake and in 
providing a foundation for future habitat construction. These techniques were applied, on a 
smaller but expedited scale, to lower Edney Creek, where the approach is proving successful in 
its initial stages, providing confirmation that fish habitat values can be successfully restored 
following a dam breach, provided that the resources available to do so are in place. Where large-
scale modification and erosion of surface soils and deposition of inorganic outwash materials 
occur, intervention is necessary if the re-establishment of functional stream and riparian zone 
habitats are desired within a compressed recovery time.  

An important element to the success of this initial field-fit-design-construct program was 
close teamwork between the field engineer and biologist, Mount Polley Mine, their construction 
crews and contractors, as well as input received from consultative efforts with the local First 
Nations and their technical advisors. The scale of the earthworks was such that the direct 
involvement  of  the  mine’s  machinery,  know-how and human resources were a necessity. The 
mine was able to handle the large volumes of construction materials involved: more than 20,000 
loads (40 tonne capacity trucks) of run-of-mine, non-acid-generating (NAG) waste rock was 
used in the initial phase of work through May 2015. A different type of dam owner (e.g., 
hydroelectric) may have been much more challenged to respond effectively than a mine because 
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they would not have the day to day material handling expertise and equipment to handle the 
large volumes of material.  

An additional critical success factor was the willingness of regulatory agencies for the work 
to proceed in a field-fit manner. Typical timelines for projects involving creek construction 
require detailed design, preparation of applications, processing of permits and approvals and 
finally construction, but then only within specific time windows. A two year process for a 
project of this scale would be common but unworkable for a large-scale environmental incident 
and erosion would have continued up to the time of writing of this paper.  
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1.0 INTRODUCTION 

1.1 Background 
On August 4, 2014, the failure of a glacial lacustrine layer beneath the Perimeter Embank-

ment of the Tailings Storage Facility at the Mount Polley Mine caused a breach of the em-
bankment,  causing water and tailings to be released to Polley Lake, Hazeltine Creek and Ques-
nel Lake.  On August 5, 2014, the British Columbia Ministry of Environment (MoE) issued a 
Pollution Abatement Order (#107461) to abate the release of tailings, assess receiving envi-
ronment conditions and develop an action plan to address impacts from the release.  Mount Pol-
ley immediately began work to stabilize and contain the tailings, initiated scientific studies to 
identify the impacts of the tailings release on the environment, and began developing strategies 
to rehabilitate the impacted areas.   

Golder Associates Ltd. (Golder) was retained by the Mount Polley Mining Corporation 
(MPMC) to conduct a Human Health Risk Assessment (HHRA) and Ecological Risk Assess-
ment (ERA) of potential adverse effects as a result of the breach.  This report summarizes the 

Mount Polley Breach Human Health and Ecological Risk 
Assessment – Summary of Preliminary Findings 
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ABSTRACT: The breach of the Tailings Storage Facility embankment at Mount Polley Mine 
in August 2014 initiated a debris flow which led to the removal of forest vegetation and native 
soil in the Hazeltine Creek floodplain and the deposition of tailings and native material in Pol-
ley Lake, along Hazeltine Creek and into Quesnel Lake.  The post event environmental impact 
assessment found several indicators of physical effects, but limited evidence of effects related 
to changes in chemistry in the environment. A human health and ecological risk assessment is 
being conducted to determine the significance of environmental conditions resulting from the 
breach to human health and the environment. A conceptual site exposure model was developed 
based on investigations of soil, sediment, groundwater and surface water monitoring data.  Po-
tential exposure pathways to contaminants were evaluated based on the physical/chemical 
properties of the contaminants and additional data, including plant, invertebrate and fish tis-
sues.  A number of potential human health exposure scenarios were evaluated, including the 
site worker and subsistence and traditional land user.  No contaminants of concern were found 
in soil, sediment or surface water, including drinking water, for human health.  For the terrestri-
al and aquatic risk assessment, multiple lines of evidence are being used  in  a  ‘triad’  weight-of-
evidence assessment using: i) chemistry, ii) toxicity testing, and iii) in situ community assess-
ment.  The weight of evidence supports that the physical changes to the habitat are the primary 
stressors to ecological receptors.  The results of the lines of evidence available to date have in-
dicated that risks to terrestrial and aquatic receptors from contaminants related to the tailings 
dam breach are low and meet risk-based standards.   
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approach to, and results of, the risk assessment to date (Golder, 2016).  The soil, sediment and 
surface water data used in this preliminary assessment are considered adequate to represent site 
conditions and are associated with low uncertainty.  The available data for plants, invertebrates 
and fish are considered to be limited, and therefore results are considered to be preliminary at 
this time.  Further sampling of these media is planned for the summer of 2016 to reduce uncer-
tainty and support conclusions and recommendations from the risk assessment.  Further details 
regarding the risk assessment reports are available on the Mount Polley Mining Corporation 
website: https://www.imperialmetals.com/our-operations-and-projects/operations/mount-
polley-mine/mount-polley-updates.   

 
1.1.1 Investigation and Remediation Phases  

The assessment of remedial actions required was conducted in phases as discussed in detail 
in documents on the MPMC website.  Briefly, Phase 1 focused on establishing safe working 
conditions and controlling releases and sources of erosion.  Phase 2 included a post-event envi-
ronmental impact assessment report (PEEIAR) of the physical, chemical and biological condi-
tions immediately following the breach through to May 2015 when reconstruction of Hazeltine 
Creek was completed and conditions had stabilized (PEEIAR; MPMC 2015).  The HHRA and 
ERA being conducted in Phase 3 focuses on environmental concentrations following the creek 
reconstruction once conditions had stabilized.   The fourth phase of the investigation and reme-
diation strategy will include implementation of further restorative works, as necessary, and 
monitoring of environmental conditions until stable or decreasing trends have been established. 

1.2 Site Characterization 

1.2.1 Site Location 

The Mount Polley Mine (the  “Site”) is located between Bootjack and Polley Lakes, near the 
communities of Likely and Horsefly, BC. The Tailings Storage Facility is located near the inlet 
of Hazeltine Creek from Polley Lake. Hazeltine Creek flows from Polley Lake to its confluence 
with Edney Creek and then into the west basin of Quesnel Lake.  The Horsefly-Likely Forest 
Service Road allows public access to the Hazeltine Creek area and Quesnel Lake.  Prior to the 
breach, the Gavin Lake FSR was also open to the public, and will likely be open to the public 
again in the future. 

1.2.2 Receiving Environments  

As part of the PEEIAR, the Site has been classified into nine receiving environments (Figure 
1).  For the HHRA and terrestrial ecological risk assessment (TERA), Areas 2 through 7 were 
combined on the basis of receptors and pathways.  For the TERA, there were two areas of in-
terest:  i) the floodplain area along the creek valley where the debris flow scoured away the for-
est floor, trees and shrubs, (approximately 136 hectares) and ii) the halo area where tailings and 
natural materials deposited on the forest floor and trees and shrubs remained standing (approx-
imately 100 hectares). The aquatic risk assessment (ARA) included Areas 2 through 9.  Area 1, 
the Tailings Storage Facility is considered to be an operational mine area and was not included 
in the risk assessment. 
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Figure 1 Mount Polley Mine Tailings Dam Breach – Risk Assessment and Remediation Areas 

1.2.3 Land Use 

For the purpose of the human health and ecological risk assessment, the overall land use of 
the receiving environments is considered to be parkland (or wildlands) with unlimited access by 
the public.  Land use is not expected to change in the foreseeable future. 

1.2.4 Regulatory Framework, Technical Guidance 

The BC Contaminated Site Regulation (B.C. MoE, 2014) under the BC Environmental Man-
agement Act outlines environmental quality standards and risk assessment framework and 
methodology to be followed to evaluate the significance of contamination in British Columbia.  
The framework for risk assessment in BC follows guidance provided by Health Canada (2010a, 
b; 2012) and is similar to approaches used in other jurisdictions.   

1.3 Approach 

The first step in the risk assessment process is the Problem Formulation which identifies the 
human and ecological receptors of concern, the stressors present at potentially hazardous con-
centrations and the exposure pathways warranting further assessment in the more quantitative 
steps of the risk assessment.  If hazardous concentrations of contaminants can come into con-
tact through an exposure pathway to human or ecological receptors, further quantitative testing 
of contaminants in the site media is generally conducted.  
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Investigations conducted as part of the PEEIAR (MPMC 2015) (e.g. geomorphology, soil quali-
ty, bathymetry, hydrodynamic modelling) and field observations conducted as part of this risk 
assessment indicated that the breach led to physical destruction of habitat where the debris flow 
of tailings, water and native materials scoured Hazeltine Creek and where tailings and eroded 
native materials were deposited in Polley and Quesnel Lakes and the Hazeltine Creek valley.  
Most of the trees in the halo areas that initially survived the debris flow event died  during the 
spring of 2015. 

The geochemistry work conducted by SRK Consulting (MPMC, 2015; 2016), which found 
that the metals in tailings were not acid generating and had a low potential for leaching, played 
an important role in the design of this risk assessment.  Acidic conditions are a known modify-
ing factor of toxicity, in which lower pH is associated with increasing toxicity of metals.  The 
fact that the tailings were not, and are not expected to be acid-generating in the future was an 
important condition to consider.  SRK also found that the tailings had low potential for leach-
ing in the environment, suggesting that the concentrations measured currently would be repre-
sentative of stable or decreasing concentrations.  A risk assessment conducted based on current 
measurements of toxicity therefore could be inferred to be representative of risks under future 
conditions.  That the tailings had low leaching potential also indicated that metals in the tailings 
would have low bioavailability to plants and wildlife. 

The results of bioassays (toxicity testing) conducted by Minnow Environmental Inc. (Min-
now) (MPMC, 2015; Minnow, 2016) supported the geochemistry findings in that the metals in 
surface water and sediment appeared to have low bioavailability and toxicity to the tested spe-
cies.  Several bioassays conducted using species from different trophic levels showed that tox-
icity was generally not observed.  For the one test species where toxicity was observed ( Cerio-
daphnia), filtering out particulates eliminated the toxicity, suggesting that the observed toxicity 
was related to physical conditions, rather than chemical toxicity. The turbidity plume that was 
present immediately following the breach was located at a depth of greater than 20 metres, 
which is below the depth where Ceriodaphnia, other zooplankton and most fish, would inhabit.  
The turbid conditions that appeared to result in a physical effect in the toxicity tests had largely 
subsided in the aquatic receiving environment within three to four months of the breach. 

As a result of the early investigations that found physical effects to terrestrial and aquatic 
environments and low metal leachability and toxicity in early bioassay work, the risk assess-
ment was designed to test two hypotheses: i) physical changes to the environment are responsi-
ble for adverse effects observed to lower trophic level receptors, and ii) low leachability leads 
to low bioavailability and toxicity to plants and wildlife. 

 
1.4 Identification of Stressors of Potential Concern  

The following contaminants of potential concern (COPCs) were identified in the Detailed 
Site Investigation (DSI) (Golder, 2016) based on concentrations of potential contaminants in 
environmental media compared to the lowest applicable standards for the protection of either 
human health or ecological health (BC Environmental Management Act, Contaminated Sites 
Regulation; Schedules of Standards): 

Soil: copper and vanadium 
Groundwater: no contaminants to date 
Surface water:  

 Following Hazeltine Creek Reconstruction (Jun 2015 – Dec 1, 2015) 
 Polley Lake: no contaminants 
 Hazeltine Creek: total and dissolved copper  
 Quesnel Lake Near and mid-Field: no contaminants 
 Quesnel Lake Far Field: no contaminants 
 Quesnel River: no contaminants. 

Sediment: arsenic and copper 
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These contaminants identified in the DSI were sorted in the Risk Assessment Problem For-
mulation to determine which COPCs were a potential hazard to humans, and which were a po-
tential hazard to terrestrial and/or aquatic life. The use of the Problem Formulation to evaluate 
the hazard potential of COPCs using guidelines and standards for the protection of humans, ter-
restrial and aquatic life for further quantitative analysis is consistent with provincial risk as-
sessment guidance and common practice.  

2.0 HUMAN HEALTH RISK ASSESSMENT SUMMARY 

The selection of human receptors is based on human use of the land currently, and what is 
planned or anticipated in the future.  Based on this information, nine receptors groups were In-
cluded in the Problem Formulation report, ranging from recreational users to people who may 
live on the site and harvest food from the land under a traditional land use.  Of these potential 
receptors, the subsistence and traditional land user was the most sensitive receptor for the site 
based on the amount of time spent on the site and the number of potential exposure pathways.  
If environmental conditions were acceptable for this receptor group, they would be acceptable 
for all receptors.  The exposure pathways included in the Problem Formulation report are out-
lined in Table 1 below. 

Table 1: Exposure media and contaminant exposure pathways for the Subsistence and Traditional Land 
User evaluated in the human health risk assessment.  Additional human receptor groups were included in 
the detailed Problem Formulation report. 

Receptor of 
Potential 
Concern 

Soil Sediment Surface Wa-
ter 

Particulate 
Matter and 
Dust 

Dietary Items 

Subsistence 
and Traditional 
Land User 

Incidental in-
gestion  
Dermal ab-
sorption  
Particulate in-
halation 

Ingestion  
Dermal ab-
sorption 

Ingestion  
Dermal ab-
sorption 

Particulate in-
halation 

Ingestion of 
berries, plants, 
fish and game  

 

Based on the exposure pathways identified above, soil, sediment, surface water, particulate 
matter and dust, and dietary items (berries, plants, fish, and game) were the media included in 
the HHRA.  

Upper estimates of the mean concentrations of contaminants in soil, sediment and surface 
water were compared to standards for the protection of human health.  The concentrations in 
the environment as a result of the breach were found to be below human health protection 
standards.  This indicates that contaminants in soil, sediment and surface water following the 
breach were at concentration levels acceptable for human health.  An evaluation of human 
health risks associated with particulate matter and dust is currently underway.  Based on dust 
monitoring data collected in active area of the mine over the summer of 2015 where concentra-
tions met guidelines (Baba et al., 2015), particulate matter and dust concentrations are expected 
to be acceptable for mine workers, as well as in publically accessible areas adjacent to the 
mine. 

There are no standards that can be used to evaluate concentrations of metals in berries, plants 
and game, and only a few standards available for fish tissue for human consumption.  There-
fore, the significance of potential exposure through consumption of berries, other plants and 
fish was measured directly by analyzing contaminant concentrations in these dietary items.  
Samples of berries, other edible plants and fish were collected, analyzed and compared to base-
line concentrations in plants (prior to the mine development) and/or local reference concentra-
tions.  The comparison to baseline and reference conditions was done because copper and va-
nadium are considered to be essential metals to normal metabolism in plants and animals.  
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Their presence in plants and animals is expected.  The comparison data from the first year fol-
lowing the breach indicated that concentrations of copper and vanadium had not changed as a 
result of the tailing deposition in the environment.  These results suggest that the low leaching 
potential concluded from the geochemical investigations corresponds with low bioavailability 
to plants and animals.  Additional sampling of berries, other edible plants and fish is underway 
to reduce uncertainty associated with these potential exposure pathways and will be included in 
the final risk assessment report. 

The need for a detailed analysis of potential exposure to contaminants in game was based on 
the results of the food they eat.  Since the plant data are indicating no change in concentrations 
of copper and vanadium in plants as a result of the breach, the food of game species has not 
changed.  Therefore, exposure to people from consumption of game is inferred to be unchanged 
and acceptable. 

In summary, the human health risk assessment is being conducted by comparing concentra-
tions of contaminants measured in the environment to standards for the protection of human 
health.  The standards used are protective of people living in the study area.  Measured concen-
trations of contaminants in soil, sediment and surface water were less than human health pro-
tection standards indicating that exposure is acceptable for people.  Potential exposure from 
consumption of plants, fish and game are also evaluated in the human health risk assessment 
using a preliminary data set.  The concentrations of contaminants in dietary items appear to be 
unchanged as a result of the breach.  Additional data for dietary items will be collected during 
the summer of 2016 to reduce uncertainty with the assessment of these exposure pathways. 

 
 

3.0 TERRESTRIAL RISK ASSESSMENT SUMMARY 

The receptors of concern are divided into two groups for the TERA: lower trophic level re-
ceptors and higher trophic level receptors. Lower trophic level receptors include primary pro-
ducers, the soil microbial community, and soil invertebrates. Higher trophic level receptors in-
clude mammals, birds, and herpetofauna. Specific receptors observed on the site and included 
in the risk assessment are discussed in a separate detailed report  (Golder, 2016) 

Potential operable exposure pathways for terrestrial ecological receptors include trans-
dermal contact, ingestion of soil and surface water and ingestion of prey (i.e., plants, inverte-
brates, mammals, birds, fish).  The potential exposure pathways vary with higher and lower 
trophic levels and for herbivores, omnivores and carnivores.  Based on these exposure path-
ways, soil, surface water and dietary items (plants, soil invertebrates, small mammals, and fish) 
are the media included in the TERA.  

Several lines of evidence are being used to evaluate the significance of the observed physical 
impact relative to the potential impact of the metals  in  tailings.  The  ‘triad’  approach  to  risk  as-
sessment of contaminated sediments was modified and used for this terrestrial risk assessment.  
Lines of evidence for evaluating environmental conditions include: i) chemistry measurements 
of exposure, ii) laboratory bioassays using tailings from the study area under laboratory condi-
tions, and iii) field observations and measurements of soil communities in the impacted area.  
Specifically, the lines of evidence were: 

 
i) Field observations of observed vs. expected/reference above-ground conditions for this 

ecosystem, such as ecosystem structure and composition; 
ii) Field observations of observed vs. expected/reference below-ground conditions, such as 

rooting depth, odours, and water penetration;  
iii) Field measurements of pH, redox, oxygen and conductivity in the root layer of the soil 

community in impacted and reference areas; 
iv) Field observations of root conditions, depth and associations with mycorrhizal fungi in 

impacted and reference areas; 
v) Review of detailed geochemistry analyses conducted by SRK Consultants; 
vi) Laboratory analysis of tailings, native soil and native soil under tailings for composition 

and nutrients; 
vii) Laboratory bioassays of plant emergence and growth in the tailings/soil mixture; 
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viii) Laboratory analysis of plant tissues collected from field and bioassay laboratory-
grown plants. 

Based on the results for each of the studies listed above, the following section outlines our 
current understanding of site conditions with respect to impacts on terrestrial receptors. 

3.1 Conceptual Site Exposure Model 

The breach resulted in a deposition of tailings and remobilized native materials along Hazel-
tine Creek. The soil/tailings mixture is relatively homogenous with concentrations of copper 
consistently above the soil quality standard for park land use. Concentrations of vanadium 
tended to be higher closer to the Tailings Storage Facility, with concentrations generally lower 
in lower Hazeltine Creek, ie with increasing distance from the Tailings Storage Facility.  

Based on the available data to date, the presence of tailings overtop of the forest floor in the 
halo area yields two primary concerns for terrestrial receptors: i) contaminants in soil and ii) 
inhibition of air exchange leading to loss of the plant and soil community and structure.  

Copper is an essential element and is regulated in plants and animals. Vanadium may be es-
sential for plants and animals, but its role in plant and animal biology is not well understood 
(Imtiaz et al. 2015). Organisms selectively take up essential elements to meet physiological 
needs. Homeostatic mechanisms regulate uptake such that uptake is higher at low exposure 
conditions and lower at high exposure conditions (e.g., bioaccumulation factors exhibit an in-
verse relationship that is dependent on exposure concentration; McGeer et al. 2003; Campbell 
et al., 2006; DeForest et al. 2007).  

The primary impact to the terrestrial environment appears to be the physical impact of the 
scouring, and the covering of the forest floor in the halo zone by a soil/tailings mixture. The ha-
lo zone represents a narrow zone of forest alongside Hazeltine Creek where fine-grained trans-
ported sediment overflowed the main debris flow channel and was deposited in thin layers atop 
the unscoured forest floor. The field observations, field measurements of soil health, and the 
diversity and abundance of the plant and soil microbial communities support this hypothesis. 
There were few live roots in soils in the halo zone and the dead roots that were present were as-
sociated with saprophytic hyphae, indicating that they were in a state of decay. There were also 
few live invertebrates observed in the halo zone. Soil pits dug in test plots in the halo zone were 
saturated and the water table was usually at or near the surface. Dissolved oxygen concentra-
tions and the oxidation-reduction potential were significantly lower in the native soil underly-
ing the tailings in the halo area than in reference soil, confirming low oxygen conditions in the 
root zone. Health of the soil and microbial community also declined in response to the restrict-
ing layer of water or deposited material, which will affect biogeochemical cycling.  

When oxygen became limiting to roots immediately following the breach, trees likely 
changed metabolic and biochemical processes in an attempt to survive. The trees in the halo 
zone lived through the remainder of the summer of 2014 by adjusting their metabolism to the 
hypoxic (low oxygen) conditions and entering winter dormancy early. In spite of these metabol-
ic switches, roots and soil organisms would have soon started to die. This slow root death and 
induced dormancy can help explain why the trees were green and living in the months follow-
ing the breach.  

In the spring of 2015, the trees in the deeper deposits of the halo zone  rapidly turned brown 
and died. Two factors likely contributed to their death at this time. First, snow melt and spring 
rains would have increased the water content of the deposits, thus creating fully saturated and 
anoxic (oxygen depleted) soil conditions. The shift from hypoxic to anoxic conditions would 
have amplified root mortality. Second, the dying tree roots would have been unable to acquire 
sufficient water to meet demands for photosynthesis and transpiration at the time winter dor-
mancy broke in spring. As trees flushed and soils warmed, the foliage would have continued to 
transpire while dead roots were incapable of acquiring and transporting sufficient water to the 
crown via the xylem. Without sufficient water conductance to the crowns, the trees died rapidly 
over a period of 1 to 2 months, supported by visual observations of tree death in s2015.  

The pattern of tree mortality is not consistent with copper toxicity through direct contact 
with soil/tailings mixture. Copper toxicity retards root elongation by damaging the plasma 
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membrane in root cells(Arnold et al., 1994). In plants, copper toxicity is indicated by reduced 
root growth and foliar interveinal chlorosis with eventual browning of needle tips, ultimately 
leading to slower growth rates. The rapid death of the trees observed in the spring of 2015 in 
the halo area does not fit the pattern of copper toxicity effects, which would have involved 
slowly declining growth rates with more gradual mortality. To provide support for the lack of 
copper toxicity, plant toxicity testing is in progress using tailings material and positive controls 
for copper and nutrient concentrations as well as particle size controls to evaluate success of 
germination and growth of plants in a greenhouse study.  The data that lead to this understand-
ing of site conditions are outlined in detail in Golder (2016). 

Copper concentrations in 2015 plant samples collected from the Hazeltine Creek valley were 
within the range of historic baseline copper concentrations and were similar among the refer-
ence, floodplain, and halo areas indicating that plant consumption is not a significant exposure 
pathway for terrestrial wildlife.   

Overall, the results available to date support the hypothesis that physical changes to the envi-
ronment are responsible for adverse effects observed to lower trophic level receptors, and that 
low leachability found in the geochemistry studies has resulted in low bioavailability and tox-
icity to plants and wildlife.  Additional sampling conducted over the summer of 2016 will be 
used to further test these hypotheses and reduce uncertainty with conclusions. 

 
 

4.0 AQUATIC RISK ASSESSMENT SUMMARY 

A similar sequence of events to the TERA has been observed for the aquatic risk assessment.  
Where the tailings deposited in the aquatic environment, the benthic invertebrate communities 
were lost.  The hypotheses that were applied to the terrestrial environment, also applied to the 
aquatic environment: i) physical changes to the environment are responsible for loss of the ben-
thic communities, and ii) low leachability is be equal to low bioavailability, uptake and toxicity 
to aquatic plants, invertebrates and fish.  

Aquatic receptors include lower trophic level receptors (aquatic plants, benthic and pelagic 
invertebrates) and higher trophic level receptors including fish, amphibians, and aquatic-
feeding birds and mammals.  Contaminants for aquatic life include those parameters that ex-
ceeded the surface water quality guidelines and the sediment quality standards following creek 
re-construction when the pulse of tailings input had been controlled and conditions were stable. 
Based on a comparison of water and sediment quality data, total and dissolved copper in Hazel-
tine Creek water, and copper and arsenic in Quesnel and Polley Lake sediments arre the con-
taminants being assessed for aquatic life in the study area. 

Several lines of evidence are being  used to test the hypotheses and determine if there is evi-
dence for adverse effects related to contaminants in surface water or sediment.  The lines of ev-
idence include: i) chemical measurements, ii) bioassays where media from the site were tested 
in a laboratory using standard test species and iii) in situ measurements of community diversity 
and  abundance   in   the   industry  standard   ‘triad’  approach   to risk assessment.  Specifically, the 
lines of evidence include: 

 
i) Bulk measurements of sediment chemistry in shallow and deep sediments; 
ii) Metal concentrations in benthic invertebrates; 
iii) Passive sampling devices to assess bioavailability of metals in water; 
iv) Bioassays (toxicity tests) of surface water using two species of plants, aquatic insects 

and fish; 
v) Bioassays of sediment using two benthic invertebrate species; 
vi) Benthic community diversity and abundance; 
vii) Water column chemistry including measures of dissolved and total metals; 
viii) Phytoplankton chemistry; 
ix) Zooplankton chemistry, community diversity and abundance; 
x) Fish productivity 
xi) Fish tissue concentrations of contaminants 
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The results of these analyses are indicating similar results to those for the terrestrial envi-
ronment as discussed in the Conceptual Site Exposure Model below.  

4.1 Conceptual Site Exposure Model 

Immediately following the breach, a debris flow of tailings and water released from the Tail-
ings Storage Facility, mixed with scoured native materials, smothered the benthic communities 
in Polley Lake, Hazeltine Creek, lower Edney Creek and areas of the West Arm of Quesnel 
Lake.  Hazeltine Creek was deeply scoured by the debris flow. The slurry of  material resulted 
in a turbidity plume that persisted in the water column of the West Arm of Quesnel Lake at a 
depth of about 20 metres and deeper (i.e., below the thermocline) for three to four months fol-
lowing the breach.  From a temporal perspective, the water quality conditions that are being as-
sessed in the risk assessment are the conditions that were present when the re-construction of 
Hazeltine Creek was completed in May 2015, which is when conditions had stabilized and tur-
bid conditions had largely subsided.  

The results of benthic invertebrate sampling showed very few individuals in the deep areas 
of the lakes impacted by the tailings deposition. Sediment toxicity tests conducted immediately 
following the breach indicated some adverse effects to the survival and growth of test organ-
isms in tailings-affected sediments collected in Quesnel Lake. However, the results were con-
founded by physical differences in the test sediments compared to reference conditions. Physi-
cal differences included uniform particle size, relatively high density, and low organic content. 
These physical changes are known to affect the performance of benthic invertebrates in these 
tests. 

Follow up testing was conducted in 2015 by Minnow (MPMC, 2016) to elucidate the respec-
tive roles of the physical and chemical factors in explaining the adverse effects observed.  The 
results of these tests showed no impact on survival of the either of the two test species due to 
elevated metal concentrations and, showed that the physical factors of small, uniform particle 
size and low organic carbon presented a challenge to the growth of these invertebrates.  Copper 
and arsenic concentrations were not a factor in explaining the test results.  Additional testing 
conducted by Minnow (2016), who transplanted sediments and associated benthic invertebrates 
between impacted and reference locations, supported the hypothesis that contaminants in sedi-
ments did not inhibit benthic invertebrate communities.  These results appear to confirm the 
findings of the geochemical investigations and the hypothesis that the low leaching potential 
indicates low bioavailability of metals in sediment. 

Concentrations of copper and arsenic in invertebrate tissues were higher in sites where tail-
ings were deposited relative to reference locations.  These results were not un-expected, as in-
vertebrates ingest sediment to extract food.  It is expected that most metals associated with tail-
ings would be excreted through the fecal route (Miller et. al, 1992; 1993).  The significance of 
the cycling of sediments through the gut of benthic invertebrates was assessed based on wheth-
er contaminants in invertebrates lead to impacts on the fish that consume them, or that the de-
crease in benthic invertebrate abundance in impacted areas of Quesnel Lake has led to de-
creased foraging efficiency in fish.  Preliminary fish tissue data indicate that copper and arsenic 
concentrations in fish tissues in the West Arm Quesnel Lake fish have not changed as a result 
of the breach.  In addition, fish productivity in the West Arm (MPMC, 2015; 2016) has been 
similar (2015) or higher (2014) to other areas within Quesnel Lake, indicating that although 
there were fewer benthic invertebrates in the deep areas of the West Arm, the size of the fish 
appears to be unaffected. This finding is likely related to the fact that the deeper parts of a lake 
are generally less productive than the more shallow areas of a lake where the majority of feed-
ing activity occurs. 

5.0 PRELIMINARY CONCLUSIONS 

Overall, the results of the risk assessment available to date to show that the breach at the 
Mount Polley Mine resulted in physical changes to the environment and a temporary loss of 
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lower trophic level communities in both terrestrial and aquatic habitats that were impacted by 
the tailings deposition.  Toxicity testing conducted for both terrestrial and aquatic environments 
using a variety of plants, invertebrates and fish has shown that the COPCs in the soil, sediment 
and water have not caused toxicity to aquatic and terrestrial receptors.  However, the physical 
changes to the environment have created challenging conditions for recolonization of these en-
vironments. MPMC are currently testing and implementing rehabilitation strategies to over-
come the physical conditions in the impacted terrestrial area and are re-constructing aquatic 
habitat.  The results of the human health risk assessment indicate that contaminants associated 
with the breach are not a health risk.  Concentrations of contaminants in soil and sediment are 
below the soil standards for the protection of human health and concentrations of contaminants 
in surface water meet the drinking water standards.  There is low uncertainty associated with 
risks predicted from exposure to soil, sediment and surface water, but higher uncertainty asso-
ciated with concentrations of contaminants in food items.  Additional data collection is under-
way to address the uncertainty associated with these potential exposure pathways. With respect 
to the hypothesis tests for this risk assessment, the results of the geochemical investigations ap-
pear to be a good predictor of potential chemical-related effects.  In this case, the low leaching 
potential of tailings and native sediments appears to be a good predictor of bioavailability, as to 
date, there is no evidence of contaminant-related adverse effects for the conditions addressed in 
this risk assessment.   
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WLRQV�EHQHDWK�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH��8VLQJ�DGYDQFHG�VRQDU��869�VHQVRUV�FDQ�GLVWLQJXLVK�
EHWZHHQ�ORZ�GHQVLW\�IOXLG�PXG�OD\HUV�DQG�GHHSHU�FRQVROLGDWHG�VHGLPHQWV�WR�SURYLGH�LPSURYHG�
VWRUDJH� HVWLPDWHV� DQG� IDFLOLWDWH� WKH� LGHQWLILFDWLRQ� DQG�RU� HYDOXDWLRQ�RI�76)�XQGHUZDWHU� VORSHV��
WDLOLQJV�VWUXFWXUHV��DQG�GHSRVLWLRQDO�SDWWHUQV��,QWHJUDWHG�8$6�0$6�869�GDWD�DFTXLVLWLRQ�DOORZV�
XVHUV� WR� FUHDWH� D� FRQWLQXRXV� DQG� FRPSOHWH� WRSRJUDSKLF�EDWK\PHWULF� VQDSVKRW� RI� H[SRVHG� DQG�
VXEPHUJHG�WDLOLQJV��7KHVH�QHZ�WHFKQRORJLHV�FDQ��L��JLYH�DQ�RSHUDWRU�D�GHWDLOHG�PDS�RI�WDLOLQJV�
VXUIDFHV���LL��SURYLGH�LPSURYHG�HVWLPDWHV�RI�IXWXUH�76)�FDSDFLW\���LLL��KHOS�PD[LPL]H�WKH�XVH�RI�
H[LVWLQJ� IDFLOLWLHV�� �LY�� GHOD\�XQQHHGHG� FDSLWDO�76)� LQYHVWPHQW�ZKLOH�SURYLGLQJ�PRUH� DFFXUDWH�
FDSLWDO�H[SHQGLWXUH�SURMHFWLRQV���Y��IDFLOLWDWH�LPSURYHG�WDLOLQJV�PDQDJHPHQW�SODQV��DQG��YL��LQ�
IRUP�76)�FORVXUH�SODQQLQJ��

891

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



UHPHGLDWLRQ�� XQGHUGUDLQ� DQG� VHHSDJH� FROOHFWLRQ� GHVLJQ�� DQG� IDFLOLW\� FORVXUH�� 3UXGHQW� IDFLOLW\�
PDQDJHUV�W\SLFDOO\�VHHN�SUDFWLFDO��FRVW�HIIHFWLYH�DSSURDFKHV�WR�76)�GHYHORSPHQW��RSHUDWLRQ��DQG�
FORVXUH�� LQ�DGGLWLRQ�WR�VHDUFKLQJ�IRU�PHWKRGV�DQG�SURFHGXUHV�WKDW� LQFUHDVH�WKH�RYHUDOO�HIILFLHQ�
FLHV�RI�WKHLU�IDFLOLWLHV��)RU�H[DPSOH��76)�PDQDJHUV�DQG�RSHUDWRUV�ZLOO�EHQHILW�IURP�PRUH�GHWDLOHG�
LQIRUPDWLRQ�DERXW�WKH�SUHVHQW�DQG�SURMHFWHG�YROXPHV�RI�ZDWHU�DQG�VROLGV�FRQWDLQHG�ZLWKLQ�D�SDU�
WLFXODU�IDFLOLW\�DV�ZHOO�DV�PRUH�SUHFLVH�GDWD�UHJDUGLQJ�VSDWLDO�DQG�WHPSRUDO�YDULDWLRQV�LQ�WDLOLQJV�
GHQVLW\���7KLV�GHWDLOHG�LQIRUPDWLRQ�LV�XVH�WR�GHYHORS�LPSURYHG�HVWLPDWHV�RI�IXWXUH�76)�FDSDFLW\��
PRUH� FRPSOHWH� DQG� FRPSUHKHQVLYH� WDLOLQJV�GHSRVLWLRQ�SODQV�� DQG�PRUH� DFFXUDWH� FDSLWDO� OD\RXW�
SURMHFWLRQV���
5HFHQWO\��VHYHUDO�QHZ�WHFKQRORJLHV�KDYH�EHHQ�GHYHORSHG�WR�KHOS�RSWLPL]H�76)�RSHUDWLRQ�DQG�

PDQDJHPHQW��7KH�SXUSRVH�RI�WKLV�SDSHU�LV�WR�KLJKOLJKW�WKH�XVH�RI�VHYHUDO�RI�WKHVH�WHFKQRORJLHV�
WKDW� KHOS� RSHUDWRUV� EHWWHU� PDQDJH� WKHLU� IDFLOLWLHV� DW� PLQH� VLWHV�� 8QPDQQHG� DLUFUDIW� V\VWHPV�
�8$6V��DOVR�NQRZQ�DV�³GURQHV´���PDQQHG�DLUFUDIW�V\VWHPV��0$6���DQG�XQPDQQHG�VXUIDFH�YHKL�
FOHV��869V��DUH�XVHG�� LQGLYLGXDOO\�RU� LQ�FRPELQDWLRQ�� WR�FROOHFW�D�YDULHW\�RI�76)�UHODWHG�HQYL�
URQPHQWDO� DQG� JHRWHFKQLFDO� GDWD�� 7KHVH� V\VWHPV� DUH� FRPPHUFLDOO\� FRQILJXUHG� DQG� DYDLODEOH�
IURP�VHYHUDO�GLIIHUHQW�PDQXIDFWXUHUV���7\SLFDO�RXWSXW�LQFOXGHV�KLJKO\�DFFXUDWH�WRSRJUDSKLF�DQG�
EDWK\PHWULF�SURILOHV�DQG�PDSV��DV�ZHOO�DV�KLJK�UHVROXWLRQ�DHULDO�SKRWRJUDSKLF�LPDJHU\��7KLV�SD�
SHU�LQFOXGHV�H[DPSOHV�RI�GDWD�LQWHUSUHWDWLRQ�DQG�XVH�DV�ZHOO�DV�D�GLVFXVVLRQ�RI�WKH�DGYDQWDJHV�RI�
HDFK�W\SH�RI�V\VWHP����

�� $(5,$/�5(027(�6(16,1*�(48,30(17�

7KHVH� SODWIRUPV� LQFOXGH� XQPDQQHG� DLUFUDIW� V\VWHPV� �8$6V��� DOVR� UHIHUUHG� WR� DV� GURQHV�� DQG�
PDQQHG�DLUFUDIW�V\VWHPV��0$6V���7KH�V\VWHPV�HPSOR\�YDULRXV�NLQGV�RI�VHQVRU\�HTXLSPHQW�IRU�
FROOHFWLQJ�GDWD�IURP�VRXUFHV�UDGLDWLQJ�DW�GLIIHUHQW�ORFDWLRQV�DORQJ�WKH�HOHFWURPDJQHWLF�VSHFWUXP���
0RVW�FRPPRQO\�XVHG�VHQVRUV�DUH�IRU�YLVLEOH�DQG�QHDU�LQIUDUHG�ZDYHOHQJWKV���7KLV�SDSHU�IRFXVHV�
RQ� WKH� XVH� RI� FDPHUDV� PRXQWHG� WR� D� 8$6� RU� DQ�0$6� IRU� JHQHUDWLQJ� GLJLWDO� VXUIDFH� PRGHOV�
�'60V�� DQG� RUWKRPRVDLF� LPDJHU\� WKURXJK� WKH� XVH� RI� ZLGHO\�DYDLODEOH� FRPPHUFLDO� VRIWZDUH�
SDFNDJHV���
7KH�SURFHVV�IRU�XVLQJ�8$6V�DQG�0$6V�IRU�SHUIRUPLQJ�DHULDO�VXUYH\V�LV�HVVHQWLDOO\�WKH�VDPH�

IRU�HDFK�DQG�W\SLFDOO\�FRPSOHWHG�LQ�D�VHPL�DXWRQRPRXV�IDVKLRQ�LQ�WKH�ILHOG���$�KLJK�UHVROXWLRQ�
GLJLWDO�FDPHUD�PRXQWHG�WR�D�8$6�RU�0$6�PD\�EH�FRPELQHG�ZLWK�D�*OREDO�3RVLWLRQLQJ�6\VWHP�
�*36�� WR�JHQHUDWH� WRSRJUDSKLF�VXUYH\�GDWD�DQG�LPDJHV�IRU�SURMHFW�DUHDV�XS�WR����VTXDUH�PLOHV�
����NP����7R�SHUIRUP�WKH�VXUYH\��WKH�DLUFUDIW�IOLHV�SUH�SODQQHG�IOLJKW�SDWKV��RU�WUDQVHFWV��RYHU�WKH�
SURMHFW�DUHDV�ZKLOH�WKH�HTXLSPHQW�FDSWXUHV�RYHUODSSLQJ�DHULDO�SKRWRJUDSKV��7KH�IOLJKW�SDWKV�DUH�
HVWDEOLVKHG�GXULQJ�WKH�PLVVLRQ�SODQQLQJ�SKDVH�RI�WKH�ZRUN��DQG�DUH�GHVLJQHG�WR�HQVXUH�DGHTXDWH�
FRYHUDJH�RI�WKH�VXUYH\�DUHD�IRU�D�JLYHQ�VHW�RI�FRQGLWLRQV���7KH�VSDFLQJ�RI�IOLJKW�WUDQVHFWV��H[WHQW�
RI� LPDJH� RYHUODS�� DQG� IOLJKW� DOWLWXGH� LV� GHWHUPLQHG� E\� WKH� GHVLUHG� WRSRJUDSKLF� GDWD� DFFXUDF\��
+XQGUHGV� WR� WKRXVDQGV� RI� RYHUODSSLQJ� LPDJHV� DUH� W\SLFDOO\� FROOHFWHG� GXULQJ� D� VLQJOH� SURMHFW��
ZKLFK�PD\�FRQVLVW�RI�GR]HQV�RI�LQGLYLGXDO�WUDQVHFWV�DQG�PXOWLSOH�IOLJKWV����
6XUYH\HG�JURXQG�FRQWURO�SRLQWV��*&3V��DUH�UHTXLUHG�DW�HDFK�VLWH�WR�FDOLEUDWH�DQG�YDOLGDWH�WKH�

ILHOG� GDWD�� &RRUGLQDWHV� IRU� WKH�*&3V�PD\� EH� REWDLQHG� XVLQJ� D� YDULHW\� RI� RSWLRQV� VXFK� DV� WKH�
VLWH¶V� RZQ� VXUYH\� FUHZ�� *OREDO� 1DYLJDWLRQ� 6DWHOOLWH� 6\VWHP� �*166�� VWDWLF� REVHUYDWLRQV� SUR�
FHVVHG� WKURXJK� D� ZHE�EDVHG� 2QOLQH� 3RVLWLRQLQJ� 8VHU� 6HUYLFH� �2386�� SRUWDO�� RU� WKURXJK� WKH�
FDUHIXO�XVH�RI�H[LVWLQJ�PRQXPHQWV��3OHDVH�QRWH�WKDW�WKH�FXUUHQW�EHVW�FDVH�KRUL]RQWDO�VSDWLDO�UHVR�
OXWLRQ�XVLQJ� WKLV� W\SH�RI�HTXLSPHQW� LV�JHQHUDOO\� OHVV� WKDQ���FP��VXEVWDQWLDOO\�VXSHULRU� WR�FRP�
PHUFLDO�VDWHOOLWH�LPDJHU\�ZKLFK�W\SLFDOO\�H[FHHGV����FP�DQG�LV�VXEMHFW�WR�FRVW�DQG�WLPLQJ�OLPLWD�
WLRQV��
)ROORZLQJ�WKH�ILHOG�VXUYH\��IOLJKW�GDWD�DQG�DHULDO�LPDJHU\�PD\�EH�UHILQHG�DQG�FRPSLOHG�XVLQJ�

SRVW�SURFHVVLQJ�VRIWZDUH�DQG� WKHQ�SUHVHQWHG�XVLQJ�D�*HRJUDSKLF�,QIRUPDWLRQ�6\VWHP��*,6��RU�
FRPSXWHU�DLGHG�GHVLJQ��&$'���7KH�VXUYH\�DQG�JURXQG�FRQWURO�GDWD�DUH�SURFHVVHG�WR�JHQHUDWH�D�
JHRPHWULFDOO\�FRUUHFWHG�FRPSRVLWH�DHULDO� LPDJH� �L�H��DQ�RUWKRPRVDLF��DQG�D� WRSRJUDSKLF�PRGHO�
�FRQWRXU�PDS��RI�WKH�VXUYH\�DUHD��6WDQGDUG�SURWRFROV�PXVW�EH�IROORZHG�EHIRUH��GXULQJ��DQG�DIWHU�
WKH� IOLJKW�V�� DQG� GXULQJ� WKH� VXEVHTXHQW� GDWD� UHGXFWLRQ� SKDVH� WR� HQVXUH� KLJK� GDWD� TXDOLW\� DQG�
FRPSOHWH�FRYHUDJH�RI�WKH�SURMHFW�DUHD��'DWD�DFFXUDF\�IRU�PLQH�SURMHFWV�W\SLFDOO\�PHHWV�WKH�QD�
WLRQDO�VWDQGDUG�GHYHORSHG�E\�WKH�)HGHUDO�*HRJUDSKLF�'DWD�&RPPLVVLRQ��)*'&���
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���� Aerial Imagery for Smaller Regions 
$� VPDOO� IL[HG�ZLQJ�XQPDQQHG� DLUFUDIW� V\VWHP� �8$6�� LV� LGHDO� IRU� SHUIRUPLQJ� DQ� DHULDO� VXUYH\�
ZKHQ�RSHUDWRUV�QHHG�GHWDLOHG�LQIRUPDWLRQ�DERXW�D�VSHFLILF�IHDWXUH�RI�D�PLQH�IDFLOLW\��VXFK�DV�D�
VLQJOH�76)�WKDW�FRYHUV�DQ�DUHD�RI�OHVV�WKDQ�RQH�VTXDUH�PLOH������NP����$�W\SLFDO�8$6�XQLW�FRQ�
VLVWV�RI�D�IL[HG�ZLQJ�IRDP�SODWIRUP�ZLWK�D�ZLQJVSDQ�RI�����FP�WKDW�ZHLJKV�OHVV�WKDQ�WZR�SRXQGV�
LQFOXGLQJ�WKH�RQERDUG�EDWWHU\��*36�UHFHLYHU��DQG�D����PHJDSL[HO�FDPHUD��)LJ������7KHVH�W\SHV�RI�
8$6V��ZKLFK�KDYH�SURYHQ�WR�EH�HIILFLHQW�IRU�FDSWXULQJ�WHUUDLQ�GDWD��DUH�VPDOO��SRUWDEOH��DQG�UHOD�
WLYHO\� ORZ�FRVW�� ,Q�DGGLWLRQ� WKH\�SURYLGH�IOH[LELOLW\� LQ�RSHUDWLRQ� ORJLVWLFV��FDQ�EH�XVHG�³RQ�GH�
PDQG´��XQOLNH�VDWHOOLWH�V\VWHPV���DQG�DUH�QRW� LPSDFWHG�E\�PLG��RU�KLJK�HOHYDWLRQ�FORXGV��8$6�
SODWIRUPV�KDYH�WKH�DGGLWLRQDO�DGYDQWDJH�RI�FRPPXQLFDWLQJ�ZLWK�D�PRELOH�RU�SHUPDQHQW�EDVH�VWD�
WLRQ�ZKLFK�FDQ�EH�FRQILJXUHG�WR�WUDQVPLW�UHDO�WLPH�NLQHPDWLF��57.��SRVLWLRQ�FRUUHFWLRQV�����
�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Inspecting an unmanned aircraft system (UAS) prior to launch. 
�
7\SLFDO�8$6�GDWD�UHTXLUHPHQWV�DUH�SURYLGHG�LQ�7DEOH����,Q�JHQHUDO�� WKH�KRUL]RQWDO�DFFXUDF\�

RI�8$6�VXUYH\V�LV�ZLWKLQ�����WLPHV�WKH�VSDWLDO�UHVROXWLRQ��L�H��JURXQG�VDPSOLQJ�GLVWDQFH��*6'���
RI�WKH�VXUYH\�GDWD��DSSUR[LPDWHO\�����FP��DQG�WKH�YHUWLFDO�DFFXUDF\�LV�ZLWKLQ�����WLPHV�WKH�*6'�
RI� WKH�VXUYH\�GDWD��DSSUR[LPDWHO\����FP���7KLV� OHYHO�RI�DFFXUDF\�DOORZV�IRU� WKH�SURGXFWLRQ�RI�
WRSRJUDSKLF�PDSV�ZLWK�D�RQH�IRRW�FRQWRXU� LQWHUYDO��:KHQ�RSHUDWHG�ZLWK�DQ�57.�EDVH�VWDWLRQ��
WKLV�OHYHO�RI�DFFXUDF\�KDV�EHHQ�DFKLHYHG�ZLWKRXW�WKH�XVH�RI�*&3V��
$GYDQWDJHV�RI�WKH�8$6�RYHU�WKH�0$6�LQFOXGH�SRUWDELOLW\��HDVH�RI�XVH��DQG�UHGXFHG�ULVNV�DV�

VRFLDWHG�ZLWK�PDQQHG�DHULDO� VXUYH\V�� ,Q� UHPRWH� ORFDWLRQV�RU�KLJK�DOWLWXGHV�� FKDUWHULQJ�PDQQHG�
DLUFUDIW�WR�SHUIRUP�VXUYH\�ZRUN�LV�RIWHQ�WRR�ULVN\�RU�QRW�HYHQ�SRVVLEOH���
�

Table 1. Example UAS data requirements using typical mission parameters. 

*URXQG�VDPSOLQJ�
GLVWDQFH�

$UHD�
�DFUHV�� )OLJKW�OLQHV� )OLJKW�WLPH� 7RWDO�LPDJHV� $SSUR[LPDWH�

SURFHVVLQJ�WLPH�
����FP������LQ�� ���� ��� ���PLQ� ����� ���KRXUV�
����FP����LQ�� ���� ��� ���PLQ� ���� ���KRXUV�
���FP������LQ�� ���� ��� ���PLQ� ����� ���KRXUV�
�FP������LQ�� ���� ��� ���PLQ� ����� ���KRXUV�
�FP������LQ�� ���� ��� ���PLQ� ���� ���KRXUV�
��FP������LQ�� ���� ��� ���PLQ� ���� ��KRXUV�
�
�
�

893

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



7KH�FRPSOHWLRQ�RI�OHJDO�8$6�FRPPHUFLDO�VXUYH\V�ZLWKLQ�WKH�8QLWHG�6WDWHV¶�QDWLRQDO�DLUVSDFH�
V\VWHP� UHTXLUHV� FRPSOLDQFH�ZLWK� WKH� )HGHUDO� $YLDWLRQ�$GPLQLVWUDWLRQ� �)$$�� 3DUW� ���� 6PDOO�
8QPDQQHG�$LUFUDIW�5XOH��3DUW������ZKLFK�WRRN�HIIHFW�LQ�$XJXVW�������DOORZV�D�PD[LPXP�DOWL�
WXGH� RI� ���� IHHW� ����� P�� DERYH� JURXQG� OHYHO�� UHTXLUHV� DQ� RSHUDWRU� ZLWK� D� UHPRWH� SLORW�LQ�
FRPPDQG�FHUWLILFDWLRQ��DQG�WKH�8$6�PXVW�UHPDLQ�ZLWKLQ�YLVXDO�OLQH�RI�VLJKW�RI�WKH�UHPRWH�SLORW�
LQ�FRPPDQG�RU�D�GHVLJQDWHG�YLVXDO�REVHUYHU���

���� Aerial Imagery for Larger Regions 
$OWKRXJK� WKH�8$6V�FDQ�SURYLGH� WKH�QHFHVVDU\� LQIRUPDWLRQ�ZKHQ�WKH�FROOHFWLRQ�RI� WRSRJUDSKLF�
DQG�LPDJHU\�GDWD�LV�UHTXLUHG�IRU�ODUJHU�DUHDV��RWKHU�WRROV�PD\�EH�PRUH�HIILFLHQW�IRU�FRPSOHWLQJ�
WKH�SURMHFW��)RU�ODUJHU�PLQH�VLWHV��RQH�VXFK�WRRO�LV�D�FDPHUD�V\VWHP�WKDW�PRXQWV�GLUHFWO\�WR�WKH�
RXWVLGH�RI�D�VPDOO�PDQQHG�IL[HG�ZLQJ�DLUFUDIW�RU�URWRUFUDIW��7KH�LQVWUXPHQW�FRQVLVWV�RI�WZR�FDP�
HUDV�DQG�D�*36�ZKLFK�FDQ�EH�UDSLGO\�DWWDFKHG�WR�WKH�ZLQJ�VWUXW�RI�D�VLQJOH�HQJLQH�DLUFUDIW��)LJ��
���WKDW�LV�SLORWHG�DORQJ�SUH�GHWHUPLQHG�IOLJKW�OLQHV��$V�ZLWK�WKH�8$6V��JURXQG�FRQWURO�SRLQWV�DUH�
W\SLFDOO\�HVWDEOLVKHG�DW�HDFK�VLWH�WR�FDOLEUDWH�DQG�YDOLGDWH�WKH�ILHOG�GDWD��7KH�*6'��ZKLFK�W\SL�
FDOO\�UDQJHV�IURP���WR����FP��DOORZV�IRU�WKH�FUHDWLRQ�RI�D�WRSRJUDSKLF�PRGHO�RI�WKH�VWXG\�DUHD�
ZLWK�RQH��RU�WZR�IRRW�FRQWRXU�LQWHUYDOV��$�FRPSRVLWH�RUWKRSKRWR�LV�DOVR�JHQHUDWHG�IURP�WKH�DHUL�
DO�LPDJHU\��
7KH�DELOLW\�WR�FDSWXUH�ODUJH�DUHDV�GXULQJ�D�VLQJOH�IOLJKW�XVLQJ�WKLV�V\VWHP�LV�VLJQLILFDQW��)OLJKW�

WLPHV�DUH�VKRUWHU�WKDQ�D�8$6�IRU�D�FRPSDUDEOH�DUHD���7KH�FDPHUD�LV�OHVV�LPSDFWHG�E\�WLPLQJ�DQG�
FORXG�FRQGLWLRQV�WKDQ�FRPPHUFLDO�VDWHOOLWH�VHUYLFHV��DQG�WKH�WHFKQRORJ\�LV�ZHOO�VXLWHG�IRU�FDSWXU�
LQJ�LQIRUPDWLRQ�DVVRFLDWHG�ZLWK�ORQJ��OLQHDU�IHDWXUHV�VXFK�DV�SLSHOLQHV�RU�HOHFWULFLW\�GLVWULEXWLRQ�
V\VWHPV��
7KH�JHRORFDWLRQ��WRSRJUDSK\��DQG�LPDJHU\�GDWD�FROOHFWHG�ZLWK�0$6V�DUH�SURFHVVHG�XVLQJ�WKH�

VDPH�SKRWRJUDPPHWU\�VRIWZDUH�DV�WKH�8$6V�WR�GHULYH�WKH�ILQDO�FRQWRXU�PDSV�DQG�RUWKRPRVDLF�
LPDJH��7KH�DFFXUDF\�RI�WKH�GDWD�FROOHFWHG�IRU�PLQH�SURMHFWV�PHHWV�WKH�QDWLRQDO�VWDQGDUG�GHYHO�
RSHG�E\�WKH�)*'&��7KH�KRUL]RQWDO�DHULDO�PDSSLQJ�GDWD�DUH�DFFXUDWH�WR�ZLWKLQ�����WLPHV�WKH�VSD�
WLDO�UHVROXWLRQ�RI� WKH�PDSSLQJ�GDWD�������FP��DQG�WKH�YHUWLFDO�DFFXUDF\�LV�ZLWKLQ�����WLPHV�WKH�
VSDWLDO�UHVROXWLRQ��������FP���7DEOH���SURYLGHV�W\SLFDO�GDWD�UHTXLUHPHQWV�IRU�WKH�0$6�V\VWHP��
�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Manned aircraft system (MAS) mounted on a fixed-wing aircraft. 
�
�
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Table 2. Example MAS data requirements using typical mission parameters. 

*URXQG�VDPSOLQJ�
GLVWDQFH� $UHD��PL��� )OLJKW�OLQHV� )OLJKW�WLPH� 7RWDO�LPDJHV� $SSUR[LPDWH�

SURFHVVLQJ�WLPH�
��FP������LQ�� �� ��� ���PLQ� ����� ���KRXUV�
��FP������LQ�� �� ��� ���PLQ� ���� ���KRXUV�
���FP������LQ�� �� ��� ���PLQ� ���� ���KRXUV�
���FP������LQ�� �� �� ���PLQ� ���� ��KRXUV�
���FP������LQ�� �� �� ���PLQ� ���� ��KRXUV�
�
$GYDQWDJHV�RI�XVLQJ�WKH�0$6�RYHU�WKH�8$6�LQFOXGH����DFTXLVLWLRQ�WLPH�LV�UHGXFHG�EHFDXVH�

DOO�GDWD�FDQ�EH�FROOHFWHG�GXULQJ�D�VLQJOH�IOLJKW�����WKH�FDPHUD�V\VWHP�LV�VXLWDEOH�IRU�ODUJH�DUHDV��
���WKH�V\VWHP�LV�OHVV�VHQVLWLYH�WR�ZLQG\�FRQGLWLRQV��DQG����0$6V�DUH�QRW�KDPSHUHG�E\�WKH�UHJX�
ODWRU\�UHVWULFWLRQV�DVVRFLDWHG�ZLWK�8$6V��,Q�WKH�8QLWHG�6WDWHV��)$$�DSSURYDOV�IRU�XVH�RI�ZLQJ�
PRXQWHG�FDPHUD�V\VWHPV�DUH�QRW�UHTXLUHG��KRZHYHU��DQ�)$$�FHUWLILHG�FRPPHUFLDO�SLORW�PXVW�EH�
XVHG�WR�SLORW�WKH�DLUFUDIW��&RPPHUFLDO�SLORWV�DQG�DLUFUDIW�DUH�DYDLODEOH�DW�ORFDO�IOLJKW�VFKRROV�RU�
DLUSRUWV��

�� :$7(5�%$6('�5(027(�6(16,1*�(48,30(17�

���� Unmanned Surface Vehicle (USV) 
7DLOLQJV�VWRUDJH�IDFLOLWLHV��76)V��W\SLFDOO\�FRQWDLQ�D�VXSHUQDWDQW�SRQG�ZKLFK�FDQ�EH�KLJKO\�YDUL�
DEOH�LQ�VL]H�DQG�DUHDO�H[WHQW��'HSWKV�LQ�WKH�SRQGV�PD\�UDQJH�IURP�D�IRRW�RU�OHVV�QHDU�WKH�EHDFK�WR�
��P�RU�PRUH�DW�WKH�GHHSHVW�SRLQW��:DWHU�YROXPH�PHDVXUHPHQWV�DQG�LQIRUPDWLRQ�DERXW�WKH�WDLO�
LQJV�VXUIDFH�EHQHDWK�WKH�ZDWHU�DUH�FULWLFDO�IRU�HIILFLHQW�PDQDJHPHQW�RI�76)V��7UDGLWLRQDO�VXUYH\�
WHFKQLTXHV�WR�REWDLQ�WKHVH�GDWD�LQFOXGH�GHSOR\PHQW�RI�VRQDU�ILVK�ILQGHUV�RU�SK\VLFDO�PHDVXULQJ�
GHYLFHV� IURP�SLORWHG�ERDWV��7KHVH�PHWKRGV�DUH� WLPH�FRQVXPLQJ�DQG�FDUU\� VXEVWDQWLDO� ULVNV� IRU�
SHUVRQQHO�WKDW�KDYH�WR�HQWHU�WKH�SRQG�WR�SHUIRUP�WKH�PHDVXUHPHQWV��,Q�DGGLWLRQ��WUDGLWLRQDO�WHFK�
QLTXHV�DUH�RIWHQ�ODERU�LQWHQVLYH��UHVXOW�LQ�LQVXIILFLHQW�GDWD�GHQVLW\�WR�DFFXUDWHO\�PRGHO�WKH�VXU�
IDFH��DQG�JHQHUDWH�LQDFFXUDWH�GDWD�IRU�WKH�ORZ�GHQVLW\�WDLOLQJV�ZDWHU�LQWHUIDFH����
$V�DQ�DOWHUQDWLYH��XQPDQQHG�VXUIDFH�YHKLFOHV��869��DGDSWHG�IRU�WKH�76)�HQYLURQPHQW�KDYH�

EHHQ� XWLOL]HG� IRU� WKH� SHUIRUPDQFH� RI� EDWK\PHWULF� VXUYH\V� WR� LPSURYH� VXUYH\� GDWD� TXDOLW\� DQG�
IUHTXHQF\�� 7KH� 869� SD\ORDG� FRQVLVWV� RI� DQ� LQWHJUDWHG� SRVLWLRQLQJ� DQG� HFKRVRXQGHU� V\VWHP�
ZKLFK�ZLUHOHVVO\�WUDQVPLWV�GDWD�IRU�UHDO�WLPH�QDYLJDWLRQ�DQG�GDWD�UHYLHZ��7KH�869�GDWD�DFTXLVL�
WLRQ�V\VWHP�LQFOXGHV�KDUGZDUH�DQG�VRIWZDUH�GHYHORSHG�IRU�K\GURJUDSKLF�VXUYH\LQJ��7KH�XVH�RI�
WKLV� DSSURDFK� VWUHDPOLQHV� WKH� VXUYH\� IURP� GDWD� DFTXLVLWLRQ� WR� ILQDO� SURGXFW�� ZKLFK� LPSURYHV�
TXDOLW\��ZRUNIORZ��VDIHW\��DQG�UHOLDELOLW\��
7KH�869� LV� D� EDWWHU\�RSHUDWHG� VKRUH�FRQWUROOHG� K\GURJUDSKLF� VXUYH\� SODWIRUP� SRZHUHG� E\�

WZLQ����YROW�'&�RXWGULYH�PRWRUV� �)LJ�� ����7KH���IRRW� ORQJ�869�KDV�DQ�RSHUDWLRQDO� UDQJH�H[�
FHHGLQJ� ����P�� DQG� LV� HTXLSSHG�ZLWK� D� GXDO�IUHTXHQF\� VLQJOH�EHDP� HFKRVRXQGHU� DQG� D� GXDO�
FKDQQHO�*166�UHFHLYHU��7KH�HFKRVRXQGHU�FDOFXODWHV�GHSWK�EDVHG�RQ�WKH�SUHFLVH�WUDYHO�WLPH�RI�D�
VHULHV�RI�DFRXVWLF�SXOVHV�WKDW�DUH�HPLWWHG�E\�D�KXOO�PRXQWHG�WUDQVGXFHU�DQG�UHFRUGHG�DIWHU�WKH\�
DUH�UHIOHFWHG�IURP�WKH�ERWWRP��7KLV�SURFHVV�RFFXUV�DW�XS�WR����WLPHV�SHU�VHFRQG�WR�UHFRUG�D�QHDU�
O\�FRQWLQXRXV�GHSWK�SURILOH�DORQJ� WKH�ERDW� WUDFN�� ,Q�DGGLWLRQ�� WKH� ORZ�IUHTXHQF\�FRPSRQHQW�RI�
WKH�SXOVH�LV�GHWHFWHG�E\�D�VHSDUDWH�FKDQQHO�WR�SURGXFH�DQ�DFRXVWLF�VQDSVKRW�RI�WKH�ZDWHU�FROXPQ�
DQG�VKDOORZ�XQGHUO\LQJ�VHGLPHQWV��
7KH�869�LV�SLORWHG�PDQXDOO\�DORQJ�SUH�SODQQHG�WUDQVHFW�OLQHV��ZLWK�SUHFLVH�GHSWKV��ORFDWLRQV��

DQG�KLJK�GHILQLWLRQ�DFRXVWLF�GDWD�WUDQVPLWWHG�LQ�UHDO�WLPH�WR�WKH�VKRUH�VWDWLRQ��7KH�WUDQVHFW�VSDF�
LQJ�PD\�EH�PRGLILHG�GHSHQGLQJ�RQ�WKH�SURMHFW¶V�WHFKQLFDO�REMHFWLYHV��VLWH�VSHFLILF�FKDUDFWHULVWLFV�
RI�WKH�VXUYH\�DUHD��RU�FKDQJHV�LQ�ERWWRP�FKDUDFWHULVWLFV�VXFK�DV�FRQVLVWHQF\�RU�VORSH��7KH�SUHFLVH�
HOHYDWLRQ�RI�WKH�ZDWHU�VXUIDFH�DW�WKH�WLPH�RI�WKH�VXUYH\�PD\�EH�XVHG�WR�FRQYHUW�WKH�UDZ�GHSWKV�WR�
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HOHYDWLRQV��RU� WKH�HOHYDWLRQ�RI� WKH� WDLOLQJV�VXUIDFH�FDQ�EH�UHFRUGHG�LQ�UHDO�WLPH�E\�WUDQVPLWWLQJ�
SRVLWLRQLQJ�FRUUHFWLRQV�IURP�DQ�57.�EDVH�VWDWLRQ�RYHU�D�NQRZQ�ORFDWLRQ��
7KH�DFFXUDF\�RI�WKH�GDWD�FROOHFWHG�E\�WKH�869�FDQ�EH�LQIOXHQFHG�E\�D�FRPELQDWLRQ�RI�IDFWRUV�

LQFOXGLQJ�YDULDWLRQ�LQ�VRXQG�YHORFLW\��69��ZLWKLQ� WKH�ZDWHU�FROXPQ��YHVVHO�PRWLRQV��DQG�WHFK�
QLFDO�VSHFLILFDWLRQV�RI�WKH�RQ�ERDUG�HTXLSPHQW��8QGHU�LGHDO�FRQGLWLRQV�WKH�ERWWRP�UHVROXWLRQ�LV�
OHVV�WKDQ�����FP�DQG�WKH�DFFXUDF\�LV��������RI�WKH�ZDWHU�GHSWK��'DWD�DUH�SURFHVVHG�XVLQJ�FRP�
PHUFLDO� K\GURJUDSKLF� VXUYH\� VRIWZDUH� DQG� VWDQGDUGL]HG� SURFHGXUHV� SXEOLVKHG� E\� WKH� 8QLWHG�
6WDWHV�$UP\�&RUSV�RI�(QJLQHHUV���7KH�GDWD�DUH�WKHQ�H[SRUWHG�WR�*,6�RU�&$'�WR�FRQVWUXFW�D�GLJL�
WDO�VXUIDFH�PRGHO��'60��RI�WKH�WDLOLQJV�IRU�DUHDV�QRW�PHDVXUHG�E\�WKH�VRQDU��7KH�'60�FDQ�WKHQ�
EH�PHUJHG�ZLWK�VXEDHULDO� WRSRJUDSK\�GDWD�REWDLQHG�XVLQJ�D�8$6�RU�0$6��FUHDWLQJ�D�VHDPOHVV�
VXUIDFH� IRU� WKH�GHULYDWLRQ�RI�HOHYDWLRQ�FRQWRXUV�DQG� WKH� IDFLOLWDWLRQ�RI�YROXPHWULF�FDOFXODWLRQV��
7KH�ORZ�IUHTXHQF\�VRQDU�GDWD�FDQ�EH�IXUWKHU�DQDO\]HG�WR�YDOLGDWH�WKH�UHSRUWHG�GHSWKV�DQG�GHWHU�
PLQH�WKH�UHODWLYH�GHQVLWLHV�RI�WDLOLQJV�LQ�WKH�SRQG��
�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Unmanned surface vehicle (USV) collecting data in Perú at an elevation above 4000 m. 

�� 5(68/76��,17(535(7$7,216��$1'�'$7$�86(6�

���� Aerial Surveys 
%RWK�WKH�8$6�DQG�WKH�0$6�SODWIRUPV�SURGXFH�KLJK�TXDOLW\�DHULDO�LPDJHU\�WKDW�FDQ�EH�XVHG�E\�
PLQH� SODQQHUV� DQG�PDQDJHUV� WR� LPSURYH� IDFLOLW\� RSHUDWLRQV�� )LJXUH� �� LV� DQ� H[DPSOH� RI� UHFHQW�
8$6�SKRWRJUDSK\�SURGXFHG�IRU�D�PLQH�VLWH�QHDU�(ONR��1HYDGD��7KH�RUWKRLPDJHU\�DQG�HOHYDWLRQ�
GDWD�SURGXFHG�IURP�WKH�DHULDO�VXUYH\V�FDQ�EH�XVHG�IRU�WDVNV�VXFK�DV�SURYLGLQJ�YROXPH�HVWLPDWHV�
RI� VROLG�PDWHULDOV� �H�J��� VWRFNSLOHV��SUHVHQW� LQ� WKH� VXUYH\�DUHD��)LJXUH��� VKRZV� WKH�YROXPHV�RI�
WKUHH�VXFK�VWRFNSLOHV�DW�D�PLQH�VLWH�LQ�3HU~��7KH�GDWD�FDQ�EH�XVHG�WR�HVWLPDWH�YROXPH�GLIIHUHQFHV�
EHWZHHQ�GLIIHUHQW�DHULDO�VXUYH\�GDWHV�IRU�WKH�SXUSRVHV�RI�PHDVXULQJ�LQFUHPHQWDO�FKDQJHV�LQ�WDLO�
LQJV�RU�ZDVWH�URFN�TXDQWLWLHV��$HULDO�VXUYH\�LQIRUPDWLRQ�PD\�EH�XVHG�WR�FUHDWH�TXDOLWDWLYH�VXU�
IDFH�PRLVWXUH�PDSV�RI�H[SRVHG�76)�DUHDV��)LJ�����RU�UHJLRQV�RI�XQGLVWXUEHG�JURXQG��$HULDO�SKR�
WRJUDSKV�SURGXFHG�ZLWK� WKH�8$6�RU�0$6�FDQ�EH�FRPELQHG�ZLWK� WRSRJUDSKLF�DQG�EDWK\PHWULF�
GDWD�WR�FUHDWH�VHDPOHVV�FRQWRXU�PDSV�RI�PLQH�IDFLOLWLHV��VHH�EHORZ���
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���� Water-Based Surveys 
%DVLF� EDWK\PHWULF� GDWD� IRU� 76)V� FDQ� EH� IXUQLVKHG� E\� VXUYH\V� FRQGXFWHG�ZLWK� VLPSOH� VLQJOH�
IUHTXHQF\������.+]��HFKRVRXQGHUV��,Q�WKLV�SDSHU�ZH�IRFXV�RQ�WKH�DSSOLFDWLRQ�RI�D�869�XQLW�RXW�
ILWWHG�ZLWK�D�GXDO�IUHTXHQF\�HFKRVRXQGHU������.+]�DQG����.+]��FDSDEOH�RI�UHFRUGLQJ�GLJLWL]HG�
ZDWHU�GHSWKV�DV�ZHOO�DV�KLJK�UHVROXWLRQ�DFRXVWLF�SURILOHV�RI�WKH�ZDWHU�FROXPQ�DQG�VHGLPHQW��7KH�
VRQDU��GHYHORSHG�E\�&((�+\GUR6\VWHPV�RI�6\GQH\��$XVWUDOLD��KDV�EHHQ�GHVLJQHG�IRU�XVH�LQ�ZD�
WHU�GHSWKV�UDQJLQJ���WR�����IHHW��DQG�KDV�EHHQ�WKRURXJKO\�HYDOXDWHG�IRU�76)�SRQG�DSSOLFDWLRQV��
$QDO\VLV�RI�WKH�DFRXVWLF�SURILOH�GDWD��HFKRJUDP��IDFLOLWDWHV�YHULILFDWLRQ�RI�WKH�ERWWRP�HOHYDWLRQ�
EHQHDWK�WXUELG�VXVSHQVLRQV��DQG�FDQ�EH�XVHG�WR�DVVHVV�WKH�WKLFNQHVV�DQG�UHODWLYH�GHQVLW\�RI�VROLGV�
GHSRVLWHG�ZLWKLQ� LQGLYLGXDO� VWRUDJH� IDFLOLWLHV��7KH�YDOXH�DGGHG�DFRXVWLF�SURILOH�GDWD�DUH�XVHIXO�
IRU�KHOSLQJ�WR�LPSURYH�76)�SODQQLQJ�PDQDJHPHQW�DQG�RSWLPL]LQJ�HIILFLHQF\��DQG�KDYH�DOVR�EHHQ�
XVHG�WR�KHOS�VROYH�HQYLURQPHQWDO�SUREOHPV�LQ�XUEDQ�DUHDV���0DUWLQ�HW�DO����������
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. UAS imagery of tailings storage facility cell in northeastern Nevada. Inset on the right shows 
USV collecting data during the UAS flight. Inset on the left shows mine site infrastructure. 
�

������ Bathymetry 
�
%DWK\PHWULF� GDWD� IURP�869� VXUYH\V� FDQ� EH� DQDO\]HG� LQ� FRQMXQFWLRQ�ZLWK� 76)� DV�EXLOW� WRSR�
JUDSKLF�LQIRUPDWLRQ�WR�GHWHUPLQH�WKH�FXUUHQW�YROXPH�RI�WDLOLQJV��WKH�PHDQ�LQ�SODFH�GU\�EXON�GHQ�
VLW\�RI�WDLOLQJV��DQG�WKH�YROXPH�RI�ZDWHU�VWRUHG�LQ�WKH�VXSHUQDWDQW�SRQG��7KLV�LQIRUPDWLRQ�ZLOO�EH�
PRUH�DFFXUDWH� WKDQ�WUDGLWLRQDO�PHWKRGV�GXH� WR���� WKH�KLJK�GHQVLW\�RI�VXUYH\�GDWD�JHQHUDWHG�E\�
WKH�869��JUHDWHU� WKDQ���������SRLQWV� IRU�D� W\SLFDO����DFUH�SRQG�VXUYH\���DQG���� WKH�DELOLW\� WR�
YHULI\�DQ�DFFXUDWH�ERWWRP�WUDFH� LQ�KLJK�WXUELGLW\�HQYLURQPHQWV�RU�GHHS�SRROV��7KH�VXUYH\�GDWD�
PD\�DOVR�EH�XVHG�WR�LGHQWLI\�DQG�RU�HYDOXDWH�VXEVXUIDFH�VORSHV�DQG�WDLOLQJV�VWUXFWXUHV��DUHDV�RI�
KLVWRULFDO�GHSRVLWLRQ��DQG�VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�WKDW�FDQ�KHOS�JXLGH�IDFLOLW\�PDQDJHPHQW�
GHFLVLRQV��)LJXUH���VKRZV�D�EDWK\PHWULF�PDS�RI�D�QDWXUDO�WDLOLQJV�VHWWOLQJ�SRQG�DW�D�UHPRWH�VLWH�
LQ�WKH�$QGHV�0RXQWDLQV�RI�3HU~��$�FRPSDULVRQ�WR�KLVWRULFDO�EDWK\PHWU\�KLJKOLJKWV�FRQFHQWUDWHG�
DUHDV�RI�VLJQLILFDQW�DQQXDO�WDLOLQJV�GHSRVLWLRQ��$�VLQJOH�WUDQVHFW�LV�KLJKOLJKWHG�VKRZLQJ�WKH�ORZ�
IUHTXHQF\�DFRXVWLF�GDWD��HFKRJUDP���7KLV�VHUYHV�DV�YDOLGDWLRQ�IRU�WKH�PHDVXUHPHQW�DQG�FRQILUPV�
WKH�SUHVHQFH�RI�VHYHUDO�PHWHUV�RI�VHGLPHQWDU\�GHSRVLWV�ZKLFK�FDQ�EH�GHOLQHDWHG�IURP�EHGURFN��
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Figure 5. Example of stockpile volume estimation in Perú using UAS software and aerial imagery 
�
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Figure 6. Surface moisture mapping using UAS data, northeastern Nevada. 
 
$FFXUDWH�WDLOLQJV�VORSH�GDWD�EHORZ�WKH�ZDWHU�VXUIDFH�FDQ�EH�XVHG�GXULQJ�PLQH�RSHUDWLRQV�WR�LGHQ�
WLI\�DUHDV�ZKHUH�DGGLWLRQDO�VSDFH�LV�DYDLODEOH�WR�PD[LPL]H�WKH�OLIHVSDQ�RI�DQ�H[LVWLQJ�IDFLOLW\�DQG�
SRVVLEO\� GHOD\� FDSLWDO� LQYHVWPHQW� DVVRFLDWHG� ZLWK� 76)� H[SDQVLRQ�� 7UDFNLQJ� WKH� HYROXWLRQ� RI�
WKHVH�DUHDV�WKURXJK�WLPH�FDQ�KHOS�PDQDJHUV�EHWWHU�XQGHUVWDQG�KRZ�RSHUDWLRQDO�GHFLVLRQV�DIIHFW�
WKH�VKDSH�DQG�GLVWULEXWLRQ�RI�VXEDTXHRXV�WDLOLQJV��'DWD�IRU�FORVHG�IDFLOLWLHV�FDQ�EH�XVHG�WR�SODQ�
FRYHU�SURFHGXUHV��LGHQWLI\�DUHDV�UHTXLULQJ�DGGLWLRQDO�ILOO�WR�DOORZ�IRU�SURSHU�GUDLQDJH��DQG�HVWL�
PDWH�VXUIDFH�GHQVLWLHV�RI�WKH�LQ�SODFH�WDLOLQJV��DOO�RI�ZKLFK�FDQ�UHGXFH�RU�UHILQH�FORVXUH�FRVW�HV�
WLPDWHV����
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Figure 7. Elevation changes due to tailings deposition over a one-year period at a TSF in the Peruvian 
Andes. Upper image is a representative echogram. 

������ Sedimentology and Sub-Bottom Information 
$�KLJK�GHILQLWLRQ�HFKRJUDP�LV�UHFRUGHG�DQG�DQDO\]HG�IRU�HYHU\�EDWK\PHWULF�WUDQVHFW��$Q�HFKR�
JUDP� LV� D� YHUWLFDO� SURILOH� RI� WKH� DFRXVWLF� VLJQDO� GHWHFWHG� E\� WKH� HFKRVRXQGHU� DORQJ� WKH� 869�
WUDFN��(DFK�DFRXVWLF�SXOVH�WUDQVPLWWHG�E\�WKH�869�LV�UHIOHFWHG�EDFN�WR�WKH�GHWHFWRU�E\�VKDUS�GHQ�
VLW\�JUDGLHQWV�SUHVHQW�DW�WKH�PXG�ZDWHU�LQWHUIDFH�DQG�EHWZHHQ�VXEVXUIDFH�OD\HUV��7KH�LQWHQVLW\�RI�
WKH� UHIOHFWLRQ� DQG� SHQHWUDWLRQ� RI� WKH� SXOVH� FDQ� EH� D� IXQFWLRQ� RI� LQLWLDO� SXOVH� HQHUJ\��PDWHULDO�
W\SH��VLJQDO�DWWHQXDWLRQ��DQG�ZDWHU�FRQWHQW��L�H��EXON�GHQVLW\��RI�WKH�VXEVWUDWH��7KH�HFKRJUDP�LQ�
IRUPDWLRQ� LV� OLQNHG� WR� WKH�EDWK\PHWULF� WUDQVHFWV� LQ�D�*,6� WR� IDFLOLWDWH�GHWDLOHG�DQDO\VLV�RI� VXE�
PHUJHG�IHDWXUHV��)RU�H[DPSOH��WKH�UHODWLYH�WKLFNQHVV�RI�VHGLPHQW�GHSRVLWV�FDQ�EH�VKRZQ�IRU�WKH�
VDPH�ORFDWLRQ�RYHU�WLPH�WR�GHPRQVWUDWH�WDLOLQJV�GHSRVLWLRQ�DERYH�D�76)�VXEJUDGH��)LJ������)RU�
UHFXUULQJ�VXUYH\V�DW�WKH�VDPH�IDFLOLW\��WKH�PRVW�YDOXDEOH�FRPSDUDWLYH�GDWD�DUH�JHQHUDWHG�E\�QDY�
LJDWLQJ�WKH�VDPH�SODQQHG�OLQHV�IRU�HDFK�VXUYH\���

������ Examples of Value-Added Data Products Generated By the USV Surveys 
�

7KH�DQDO\VHV�SUHVHQWHG�EHORZ�DUH�H[DPSOHV�RI�WKH�W\SHV�RI�YDOXH�DGGHG�LQIRUPDWLRQ�WKDW�FDQ�EH�
REWDLQHG�IURP�GXDO�IUHTXHQF\�869�VXUYH\V�DW�76)�VLWHV���
8VLQJ�*,6�RU�&$'�WR�H[DPLQH�WKH�EDWK\PHWULF�GDWD�DOORZV�IRU�DQ�LQ�GHSWK�DQDO\VLV�RI�VSDWLDO�

SDWWHUQV� WKDW�PD\�LPSDFW�PDQDJHPHQW�RI�D�IDFLOLW\�� ,Q�)LJXUH����DUHDV�ZLWK� ORFDOO\�KLJK�VORSHV�
DUH�YLVLEOH��DQG�VXE�ERWWRP�GHWDLO� LV�UHYHDOHG�E\�DQ�HFKRJUDP�WUDQVHFW�DFURVV�D�FHOO�ILOOHG�ZLWK�
VXEDTXHRXV�WDLOLQJV��6KDUS�UHIOHFWLRQ�DQG�PLQLPDO�SHQHWUDWLRQ�RI�WKH�ORZ�IUHTXHQF\�VRQDU�LV�DV�
VRFLDWHG�ZLWK�WKH�VXEJUDGH�VXUIDFH�XQGHUQHDWK�WKH�ORZ�GHQVLW\�WDLOLQJV��7KLV�LQIRUPDWLRQ�FDQ�EH�
XVHG� WR� FOHDUO\� GHOLQHDWH� ZKHUH� WDLOLQJV� DUH� DFFXPXODWLQJ� LQ� WKLV� QHZO\�FRQVWUXFWHG� IDFLOLW\��
6WHHS�VORSHV�PDSSHG�WKURXJKRXW�WKH�IDFLOLW\�LQ�)LJXUH���DUH�DVVRFLDWHG�ZLWK�FRQVWUXFWHG�EHUPV�
DQG�HPEDQNPHQWV��ZLWK�WKH�H[FHSWLRQ�RI�D�EURDG�DUHD�ZKHUH�WKH�ORFDO�VORSH�RI�WKH�WDLOLQJV�VXU�
IDFH� LV� DV�KLJK� DV����SHUFHQW��2EVHUYDWLRQV�RI� VXEDTXHRXV�PRUSKRORJ\�DW�RWKHU� IDFLOLWLHV� VXJ�
JHVWV�WKDW�WKH�WUDQVLWLRQ�IURP�ORZ�VORSH�WDLOV�RQ�WKH�EHDFK�WR�VWHHSHU�VORSHV�LQ�WKH�SRQG�RFFXU�DW�
WKH� VHDVRQDO�PLQLPXP�SRQG� OHYHO��ZKLFK�GHPRQVWUDWHV� WKH� LPSRUWDQFH�RI�NHHSLQJ� VXSHUQDWDQW�
SRQGV�WR�DQ�DEVROXWH�PLQLPXP�WR�PD[LPL]H�VWRUDJH��
�
�
�
�
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�
Figure 8. Example of USV sonar data collected at the same location over a multi-year period. 
�
�

 
Figure 9. Example of low-frequency sonar data. 
�
,Q� WKH� )LJXUH� �� LQVHW�ZKLFK� VKRZV� VRQDU� SHQHWUDWLRQ�� DUHDV� KLJKOLJKWHG� LQ� SXUSOH� UHSUHVHQW�

ORZ�GHQVLW\�WDLOLQJV�ZLWK�D�WKLFNQHVV�JUHDWHU�WKDQ���P��,Q�WKLV�FDVH�WKH�ORZ�IUHTXHQF\�VRQDU�SHQ�
HWUDWHV� WKURXJK� ORRVH� WDLOLQJV�XQWLO� WKH�VLJQDO� LV� UHIOHFWHG�FRPSOHWHO\�E\�WKH�VXEJUDGH��FRQVROL�
GDWHG�WDLOLQJV���0HDQZKLOH��WKH�KLJK�IUHTXHQF\�VRQDU�FRQWLQXHV�WR�WUDFN�WKH�VXUIDFH�RI�WKH�VHGL�
PHQW�ZDWHU� LQWHUIDFH�� %\� GLIIHUHQFLQJ� WKH� GHSWK� RI� VRQDU� SHQHWUDWLRQ� IURP� WKH� GHSWK� RI� WKH�
VHGLPHQW�ZDWHU�LQWHUIDFH��LW�LV�SRVVLEOH�WR�PDS�WKH�UHODWLYH�WKLFNQHVV�RI�XQFRQVROLGDWHG�VHGLPHQWV�
LQ�WKH�SRQG��7KLV�WHFKQLTXH�KDV�EHHQ�XVHG�DW�VRPH�IDFLOLWLHV�WR�WUDFN�WKH�UHODWLYH�YROXPH�FKDQJHV�
RI�ORZ�GHQVLW\�VHGLPHQW�SRROV�LQ�GHHS�DUHDV�RI�WKH�SRQG��7KURXJK�WKHVH�REVHUYDWLRQV�LW�KDV�EHHQ�
SRVVLEOH� WR� GHPRQVWUDWH� ZKHUH� FRQVROLGDWLRQ� DQG� GHZDWHULQJ� RI� VXEDTXHRXV� WDLOLQJV� RFFXUV�
WKURXJK� WLPH�� 7KH� GDWD� KDYH� DOVR� EHHQ� XVHG� WR� LQIRUP� GDP� RSHUDWRUV� WKDW� VLJQLILFDQW� VWRUDJH�
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VSDFH�ZLWKLQ�WKH�SRQG�ZLOO�EH�DYDLODEOH�DV�WKH�VXEDTXHRXV�WDLOLQJV�FRQWLQXH�WR�GHZDWHU�DQG�LP�
SURYH�WKH�RYHUDOO�LQ�SODFH�GU\�EXON�GHQVLW\��

���� Combined Surveys 
$W�VHYHUDO�PLQH�VLWHV��ERWK�8$6�0$6�DQG�869�VXUYH\V�DUH�QRZ�EHLQJ�SHUIRUPHG�RQ�D�TXDUWHUO\�
EDVLV��7KH�LQFUHDVHG�IUHTXHQFLHV�RI�WKHVH�KLJK�DFFXUDF\��ORZ�FRVW�VXUYH\V�KDV�OHG�WR�D�EHWWHU�XQ�
GHUVWDQGLQJ�RI�ZDWHU�EDODQFH�DQG�VWRUDJH�QHHGV�WR�KHOS�RSWLPL]H�RSHUDWLRQV��,QWHJUDWHG�GDWD�DF�
TXLVLWLRQ�DQG�SURFHVVLQJ�DOORZV�IRU�D�FRQWLQXRXV�DQG�FRPSOHWH�WRSRJUDSKLF�VQDSVKRW�RI�VXEDHULDO�
�H[SRVHG�� WDLOLQJV� DQG� VXEDTXHRXV� �XQGHUZDWHU��GHSRVLWV� DW� HDFK�76)��7KHVH�KROLVWLF�GDWDVHWV��
GHOLYHUHG�DV�VHDPOHVV�GLJLWDO�VXUIDFH�PRGHOV��'60V���FRPELQH�WRSRJUDSKLF�DQG�EDWK\PHWULF�LQ�
IRUPDWLRQ�LQWR�D�VLQJOH�JULGGHG�GDWDVHW��)LJ��������
�
�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Three-dimensional oblique digital surface model (DSM), tailings storage facility, Nevada. 
�
7KH�YROXPH�RI�WDLOLQJV�LQ�D�76)�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WRSRJUD�

SK\�IURP�WKH�8$6�869�VXUYH\V�DQG�WKH�LQLWLDO�DV�EXLOW�IDFLOLW\�VXUYH\��$OWKRXJK�IRU�VRPH�ROGHU�
IDFLOLWLHV� WKH� WRWDO� 76)� OLIHWLPH� VROLGV� GHSRVLWLRQ� YROXPH�PD\� QRW� EH� NQRZQ�� WKH� LQFUHPHQWDO�
GHSRVLWLRQDO�PDVV�FDQ�RIWHQ�EH�GHWHUPLQHG��DQG�D�KLJKO\�DFFXUDWH�LQFUHPHQWDO�WDLOLQJV�GU\�GHQVL�
W\�IRU�WKH�SHULRG�EHWZHHQ�VXUYH\V�FDQ�EH�FDOFXODWHG�DV�ORQJ�DV�WRQQDJH�GDWD�IRU�WKH�JLYHQ�WLPH�
IUDPH� LV�DYDLODEOH��8VLQJ� WKH�PHUJHG�'60��DFFXUDWH�HVWLPDWHV�FDQ�DOVR�EH�PDGH� IRU�DYDLODEOH�
VWRUDJH�RI�WDLOLQJV�WR�EHWWHU�SODQ�IRU�FDSLWDO�LQYHVWPHQW�FRVWV��VXFK�DV�GDP�UDLVHV��DQG�WKH�QHHG�
IRU�FRQVWUXFWLRQ�RI�QHZ�IDFLOLWLHV��7KH�VDPH�LQIRUPDWLRQ�FDQ�DOVR�EH�XVHG�WR�FRQVWUXFW�DFFXUDWH�
VWDJH�YROXPH�UHODWLRQVKLSV�WR�GHYHORS�DQG�XSGDWH�ZDWHU�EDODQFH�PRGHOV��%HFDXVH�ERWK�H[SRVHG�
DQG�VXEPHUJHG�WDLOLQJV�DUH�PRVW�RIWHQ�SUHVHQW�DW�76)V��ERWK�8$6�DQG�869�VXUYH\V�DUH�QHHGHG�
WR�SHUIRUP�WKHVH�FDOFXODWLRQV��
$HULDO�LPDJHU\��WRSRJUDSK\��DQG�EDWK\PHWU\��GDWD�VHWV�WKDW�DUH�W\SLFDOO\�REWDLQHG�VHSDUDWHO\��

FDQ�EH�FROOHFWHG�DQG�SURFHVVHG�LQ�WKH�VDPH�ZHHN�E\�WKH�VDPH�JURXS�RI�VFLHQWLVWV�DQG�HQJLQHHUV�
DOUHDG\�IDPLOLDU�ZLWK�WKH�VLWH��&RQWURO�RI�WKH�GDWD�IURP�DFTXLVLWLRQ�WKURXJK�SURFHVVLQJ�FDQ�DGG�
YDOXH�E\�XQFRYHULQJ�GHWDLOV�WKDW�PLJKW�RWKHUZLVH�EH�RYHUORRNHG��)RU�H[DPSOH��DQDO\VLV�RI�DHULDO�
LPDJHU\�IRU�D�76)�VXUYH\HG�RQ�D�TXDUWHUO\�EDVLV��)LJ������UHYHDOHG�GLVWLQFW�SOXPHV��ZKLFK�VXJ�
JHVWV�WKH�WUDQVSRUW�RI�VXEDTXHRXV�WDLOLQJV�E\�GHQVLW\�GULYHQ�IORZV��$QDO\VLV�RI�GHSRVLWLRQDO�SDW�
WHUQV�ZLWKLQ�WKH�SRQG�IRU�WKH�VDPH�SHULRG�VKRZHG�D�GLVWLQFW�WRQJXH�ZLWK�PHDVXUHDEOH�HOHYDWLRQ�
FKDQJH�H[WHQGLQJ�WKURXJK�WKH�PLGGOH�DQG�GHIOHFWLQJ�DORQJ�WKH�HPEDQNPHQW�RQ�WKH�GHHS�HQG�RI�
WKH�SRQG��6XSHULPSRVLQJ�DHULDO�LPDJHU\�ZLWK�D�PDS�RI�VSDWLDO�GHSRVLWLRQDO�SDWWHUQV�UHYHDOV�WKDW�
WKH�LQGHSHQGHQW�REVHUYDWLRQV�DUH�OLNHO\�OLQNHG�WR�WKH�VDPH�SK\VLFDO�SURFHVV�RI�WDLOLQJV�WUDQVSRUW�
DQG�GHSRVLWLRQ��
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Figure 11. Aerial imagery and bathymetry at a tailings storage facility, Nevada. 
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7KH�QHZ�WHFKQLTXHV�SUHVHQWHG�LQ�WKLV�SDSHU�DUH�EHLQJ�UDSLGO\�LQWURGXFHG�WR�KHOS�VROYH�SUREOHPV�
LQ�WKH�PLQLQJ�LQGXVWU\��8$6V�DUH�UHODWLYHO\�LQH[SHQVLYH�WR�SXUFKDVH�DQG�RSHUDWH��DUH�KLJKO\�HIIL�
FLHQW�ZLWK� UHVSHFW� WR� GDWD� FROOHFWLRQ� DQG� SURFHVVLQJ� WLPHV�� DQG� DUH� VDIH� WR� GHSOR\�ZKHQ� FRQ�
WUROOHG�E\�H[SHULHQFHG�DQG�WUDLQHG�RSHUDWRUV��)RU�ODUJHU�DUHDV��VPDOO�DQG�OLJKWZHLJKW�FDPHUD�V\V�
WHPV�PRXQWHG� WR�SLORWHG�DLUFUDIW� �0$6¶V��DUH�FKHDSHU� WR�RSHUDWH� WKDQ�PRUH� WUDGLWLRQDO� UHPRWH�
VHQVLQJ�XQLWV�DQG�LQWHUIDFH�ZLWK�SRZHUIXO�VRIWZDUH�IRU�UDSLG�GDWD�UHGXFWLRQ�DQG�SURFHVVLQJ��
7KH�SULQFLSDO� DGYDQWDJHV�RI�XQPDQQHG�ZDWHUFUDIW� LQFOXGH�� WKH�FROOHFWLRQ�RI�KLJKO\�DFFXUDWH�

GDWD�WKDW�IDU�VXUSDVVHV�WKDW�REWDLQHG�E\�PRUH�WUDGLWLRQDO�PHWKRGV��D�PRUH�DGDSWDEOH�SODWIRUP�IRU�
XVH�LQ�ORFDWLRQV�ZKHUH�VWDQGDUG�PHWKRGV�DUH�LPSUDFWLFDO�RU�LPSRVVLEOH�WR�LPSOHPHQW��H�J���VKDO�
ORZ�ZDWHU��ORZ�RYHUKHDG�FOHDUDQFH��VXEPHUJHG�KD]DUGV��VWURQJ�FXUUHQWV��RU�OLPLWHG�DFFHVV�VLWXD�
WLRQV���DQG�H[SHGLHQF\��UDSLG�GHOLYHU\�RI�GDWD�SURGXFWV��WKURXJK�WKH�XVH�RI�VWDQGDUGL]HG�ZRUN�
IORZV�GHYHORSHG�IRU�K\GURJUDSKLF�VXUYH\V��8VH�RI�869V�UHGXFHV�ULVNV�WR�SHUVRQQHO�EHFDXVH�WKH�
QHHG�IRU�PDQQHG�ERDWV�RSHUDWLQJ�LQ�LQGXVWULDO�ZDWHU�ERGLHV�LV�HOLPLQDWHG���
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&RPELQLQJ�8$6�0$6�DQG�869�WHFKQRORJLHV�IRU�WKH�GHYHORSPHQW�RI�VHDPOHVV�WRSRJUDSKLF�
EDWK\PHWULF�PDSV�UHVXOWV�LQ�DQ�LQWHJUDWHG�GDWDVHW�WKDW�FDQ�LPPHGLDWHO\�DQG�SRVLWLYHO\�DVVLVW�PLQH�
VLWH�PDQDJHPHQW��1HZ� WHFKQRORJLHV��ZKHQ�HIILFLHQWO\� DQG� VNLOOIXOO\� DSSOLHG�� DUH�EHWWHU�� IDVWHU��
VDIHU��DQG�FKHDSHU�WKDQ�PRUH�WUDGLWLRQDO�PHWKRGV��

�� /(66216�/($51('�

x�8$6� WHFKQRORJLHV� IXQFWLRQ�EHVW� LQ� DUHDV�ZLWK� OLWWOH� YHJHWDWLRQ��/DUJH� DPRXQWV�RI� IROLDJH�
FDQ� LQFUHDVH� WKH� WLPH�UHTXLUHG�GXULQJ� WKH�SRVW�SURFHVVLQJ�SKDVH� WR�FUHDWH�DFFXUDWH�DQG�
UHOLDEOH�EDVH�WRSRJUDSK\��

x�&RPPHUFLDO�8$6�RSHUDWLRQ�LV�UHVWULFWHG�E\�DSSOLFDEOH�)$$�UXOHV��
x�%RWK� GDWD� FROOHFWLRQ� VWUDWHJ\� DQG� SRVW�SURFHVVLQJ� HIILFLHQF\� DUH� FULWLFDO� DQG� QHHG� WR� EH�

FRQGXFWHG�E\�H[SHULHQFHG�DQG�WUDLQHG�SHUVRQQHO��$�EODFN�ER[��³RII�WKH�VKHOI´�DSSURDFK�
ZLOO� QRW� SURGXFH� DFFXUDWH� DQG� XVHDEOH� UHVXOWV�� ,QDSSURSULDWH� JURXQG� FRQWURO� VHWXS� DQG�
LQFRUUHFW�SRVW�SURFHVVLQJ�FDQ� OHDG� WR�ERWK�FDOFXODWLRQ�HUURUV�DQG�HUURQHRXV�UHVXOWV�DQG�
LQWHUSUHWDWLRQV��

x�+LJK�TXDOLW\� JURXQG� FRQWURO� GDWD� FROOHFWLRQ� LQ� WKH� H[LVWLQJ� FRRUGLQDWH� V\VWHP� PXVW� EH�
FRPSOHWHG�DW� WKH� WLPH�RI� WKH�VXUYH\�� �3RVW�SURFHVVLQJ�RI�GDWD�XVLQJ�SRRU�RU� LQDFFXUDWH�
JURXQG� FRQWURO� LQIRUPDWLRQ� FDQ� OHDG� WR� LQDFFXUDFLHV� RI� VXUIDFHV� DQG� YROXPH� FDOFXOD�
WLRQV��

x�)RU�869�VXUYH\V�� WHPSRUDO�FRPSDULVRQV�DUH�EHVW�ZKHQ�WKH�VXUYH\�WUDQVHFW� OLQHV�FRLQFLGH�
ZLWK�SUHYLRXV�VXUYH\V��,Q�VRPH�FDVHV��WKH�SUHFLVH�ORFDWLRQV�RI�SUHYLRXV�VXUYH\V�DUH�XQ�
NQRZQ��$W�VRPH�VLWHV��WKH�UHSHDWDELOLW\�RI�D�VXUYH\�LV�KDPSHUHG�E\�FKDQJHV�LQ�WKH�IDFLOL�
W\¶V�LQIUDVWUXFWXUH��)RU�H[DPSOH��869�QDYLJDWLRQ�KDV�EHHQ�FRQWUROOHG�WR�VRPH�GHJUHH�E\�
WKH�FKDQJLQJ�OD\RXWV�DQG�ORFDWLRQV�RI�PRELOH�WDLOLQJV�GHOLYHU\�V\VWHPV���

x�'DWD�FROOHFWLRQ�ZLWK�WKH�869�ZRUNV�EHVW�IRU�VPDOO��WR�PRGHUDWHO\�VL]HG�ZDWHU�ERGLHV��L�H���
OHVV�WKDQ�RQH�VTXDUH�PLOH�>����NP�@���

x�7KURXJK� FRPELQHG� SURFHVVLQJ� RI� WKH� WUDGLWLRQDOO\� VHSDUDWH� GDWDVHWV� RI� LPDJHU\�� WRSRJUD�
SK\��DQG�EDWK\PHWU\��KLGGHQ�SDWWHUQV�PD\�HPHUJH�WKDW�PLJKW�RWKHUZLVH�JR�XQQRWLFHG��

�
�
5()(5(1&(6�
0DUWLQ�3���0F'RQDOG��$���0XQGD\��(��������5REXVW�GDWD�LQ�VHQVLWLYH�HQYLURQPHQWV��+\GUR�,QWHUQDWLRQDO�
������$FFHVVHG�-DQXDU\������DW��
KWWS���ZZZ�K\GUR�LQWHUQDWLRQDO�FRP�FRQWHQW�DUWLFOH�UREXVW�GDWD�LQ�VHQVLWLYH�HQYLURQPHQWV�
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1 INTRODUCTION 

Managing fluid fine tailings (FFT), including legacy mature fine tailings (MFT), is a primary 
challenge facing the oil sands industry. While coarse solids can be removed from tailings quite 
effectively by gravity separation, fine clay particles can remain in suspension for time scales 
measured in centuries. Intervention is required to reclaim the water from FFT in a timely fash-
ion as mandated by the Government of Alberta in the Tailings Management Framework (Alber-
ta Energy Regulator 2016). A promising accelerated dewatering technology is flocculation, in 
which FFT is mixed with a chemical additive (a flocculant, e.g. polyacrylamide) that binds the 
fine particles together into aggregates referred to as flocs (Matthews 2013). These flocs consol-
idate more rapidly under gravity, generating recoverable water and a high-solids yield-stress 
fluid (the flocs) suitable for deposition. 

The flocculation process is not without its own challenges. First, the polymer dosage required 
is dependent on the fine particle content of the slurry, and needs to be maintained at an opti-
mum level (Masliyah et al. 2011). Second, formation of the flocs is dependent on effective con-
tact between the polymer and the solids, requiring very specific operating conditions. Third, as 
the polymer binds the fine particles, the aggregate network tends to retain amounts of water that 
can be more readily released by imparting some shear (Bara et al. 2015). However, excessive 
shear can negatively impact the material strength, which can be problematic depending upon the 
reclamation strategy. 

In order to enable feedback control of a commercial flocculation process a real-time signal 
from which the quality of the flocculated product can be inferred would be required. Unfortu-
nately, no instruments designed for this purpose are commercially available. Images of the floc-
culated material captured by commercially-available instruments offer a promising means of es-

Image Recognition for Flocculation Quality Estimation 

C. N. Veenstra, N. Dubash, S. E. Webster, W. A. Brown 
Coanda Research and Development Corporation, Burnaby, BC, Canada 

A. Junaid 
Shell Canada Ltd., Calgary, AB, Canada 

ABSTRACT: Mixing is a key step in the flocculation of fluid fine tailings, required to ensure 
contact between suspended fines and the flocculant, however overmixing is an inefficient use of 
energy and detrimental to product properties for many deposition strategies. To implement con-
tinuous feedback control and as a means to achieve optimum mixing an online measure of the 
state of the flocculated product is required, but no instruments designed for this purpose are 
commercially available. Online process imaging shows promise, yet while such images can of-
ten be readily interpreted by a human operator they must be reduced to a single numeric value 
before incorporation into a control scheme. Conventional image processing routines can fail 
due to their insensitivity to excessive mixing or differences between raw materials. We present 
an image processing algorithm that overcomes these challenges and demonstrate its utility in 
batch and inline oil sand tailings flocculation experiments. 
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timating the flocculation quality by allowing direct visual inspection of the flocs. This paper de-
scribes a subset of work carried out to estimate flocculation quality using image analysis. 

 

1.1 Process Imaging 
In this study we use images from a Mettler-Toledo Particle Vision and Measurement V819 sys-
tem (PVM). The optics, as well as six pulsed infra-red laser diodes for illumination, are located 
behind a sapphire window at the end of a shaft that protrudes into the process stream. This al-
lows direct inline visualization. The PVM has a very narrow depth-of-field, and in this work 
was focused on the window surface. The camera was operated at a frame rate of 5 Hz, the max-
imum rate that provided consistent timing. The 1360×1024 pixel greyscale images correspond 
to a ~ 1075×825 μm  area,  for  a  nominal  resolution  of around 0.8 μm/pixel. 

For all the experiments the fluid velocity was maintained high enough such that the renewal 
rate of flocculated product on the window was faster than the image capture rate, ensuring each 
image was unrelated to the previous image. Fouling of the window with bitumen was rare, 
though the duration of experiments in the lab was relatively short and the window was cleaned 
between tests. Transient episodes of fouling due to poorly mixed polymer flocculant occurred 
occasionally for low mixing intensities and flow rates. 

 

 
 
Figure 1. Archetypal images of flocculated FFT with increasing degrees of mixing (from left to right); all 
images were from the same feed material during a single experiment   and   show   the  PVM’s   full   field  of  
view. 

 
Archetypal images representative of the overall trend observed as mixing is increased are 

shown in Figure 1. Suspended fines cause the raw FFT (panel 0) to appear mostly grey, with 
occasional grains of sand appearing as brighter structures and droplets of bitumen as black. As 
the material is mixed with the flocculant, darker patches of released water appear surrounding 
grey cloud-shaped flocs (panel 1). With increased mixing wide shallow pockets of release water 
are seen that still allow the visualization of the (now out-of-focus) flocs behind them, most visi-
bly in panel 2. Deep narrow channels of release water appear much darker, most visibly in pan-
els 3 and 4. Two notable changes occur during the transition from the raw to the overmixed ma-
terial: the overall image brightness histogram widens due to increased contrast from the release 
water, and the length scale of bright and dark regions changes as flocs are created and then 
sheared. 

1.2 Performance of Conventional Metrics 
The idea of analyzing PVM images to infer flocculation quality has been explored previously 
(Mikula et al. 2016) and some operators are already using certain image metrics for this pur-
pose. One metric that has shown utility is the image coefficient of variation (COV), the standard 
deviation of the pixel brightness divided by the mean pixel brightness; it is a normalized meas-
ure of the image histogram width. Its utility stems from the first trend noted above – as flocs 
form the “darkness” introduced by the release water widens the image histogram. The applica-
tion of the COV is discussed here as a conceptually simple example with a numeric value that 
varies significantly with flocculation quality, but with significant limitations that are described 
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below. These limitations represent major challenges for any image analysis algorithm used to 
judge flocculation quality. 

1.2.1 Metric Saturation 
For low degrees of mixing the COV increases as flocs and release water become visible. How-
ever, above some threshold it “saturates”,  i.e.  ceases to increase as the material is further mixed 
and fails to provide an indication of overmixing. This is likely because the image histogram 
does not change as the flocs are broken up and become smaller. There is some indication that it 
may even be non-monotonic, decreasing as the material is extremely overmixed, presumably 
because the image histogram narrows as the material starts to look more uniform again. The 
saturation behavior is illustrated in Figure 2, which shows the image COV during the course of 
a batch-processing experiment where the degree of mixing was continuously increased by stir-
ring at a constant mixer speed over time. After polymer injection mixing begins at roughly 
frame 350 the image COV increases rapidly. However the COV saturates at roughly frame 550 
and gives no indication that the degree of mixing continues to increase throughout the experi-
ment. The lack of sensitivity would limit the capacity to control based on this feedback at 
overmixing conditions. 

 

 
 
Figure 2. Change in image COV with increasing mixing. The data is from the same experiment from which 
the archetype images presented in Figure 1 were selected, with the specific data points corresponding to 
those images circled. 

1.2.2 Lack of Universality 
Another problem identified with the image COV is its lack of universality. The absolute value 
of the COV depends not only on the degree of mixing, but also the feed and process conditions. 
At the simplest level this problem occurs because raw and flocculated materials from two dif-
ferent feeds are visually different. This is demonstrated in Figure 3, which shows the image 
COV as a function of time for two batch-process experiments using different materials and cor-
responding PVM images of the materials before and after flocculation. At 10 s (data not shown) 
the mixer begins shearing the raw material by spinning slowly. This presents new materi-
al/images to the PVM and the COV fluctuates around a value representative of the raw material. 
The raw FFT images shown in the figure are from this time period. At 75 s polymer is injected, 
and at 80 s the mixer speed is increased as necessary to achieve the degree of mixing specified 
for the experiment. At 90 s the nominal degree of mixing has been achieved and the mixer is 
slowed to a minimum, spinning only in order to present new material to the PVM. The period 
between 90 and 92 s is then used as the image-evaluation window. The flocculated product im-
ages shown in the figure are from the end of this evaluation window. Although samples of each 
material indicated that they were both of similar flocculation quality, the COV for material A 
transitioned from an average value of ~ 0.100 to ~ 0.185 while that for material B changed from 
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~ 0.177 to ~ 0.354 (COV values for the specific example images are indicated in the figure). 
Due largely to greater amounts of residual bitumen, the COV for material B in its raw state was 
almost the same as the COV for material A after flocculation. This lack of universality makes 
the COV difficult to implement as a feedback control parameter. 

 

 
 
Figure 3. Image COV during batch flocculation experiments for different materials with representative 
PVM images before and after flocculation. Both experiments produced material of similar flocculation 
quality. The left panels are for a FFT sample with ~ 25 wt.% solids (material A) and the right panels are 
for a FFT sample with ~ 35 wt.% solids (material B). 

1.3 Desired properties 
Ideally, an image processing algorithm to evaluate flocculation quality for FFT should produce 
a metric that overcomes both of these limitations. It should continue to be sensitive even as the 
material becomes overmixed and should be insensitive to foreseeable differences in the raw 
FFT characteristics. Clearly the image histogram is not reliable in these respects. 

2 A NEW ALGORITHM 

In order to overcome the limitations associated with the COV metric we explored several alter-
natives based on the length scale change also correlated with flocculation quality. Approaches 
included image fractal dimension, image entropy, image gradient energy, Fourier/wavelet trans-
forms, and facial recognition algorithms. The most promising approach leverages the  “eigenfac-
es”   facial-recognition algorithm proposed by Sirovich & Kirby (1987) and Turk & Pentland 
(1991), after transforming the images into the frequency domain. 

Although it has many steps, this algorithm is not computationally burdensome to evaluate; 
very efficient Fourier transform (FT) algorithms exist for digital images, and once the system 
has been trained the remaining steps are all fast matrix operations. 

2.1 “Eigenfaces” Facial Recognition 
The  classic  “eigenfaces” image-recognition algorithm identifies images of faces by expressing 
them as the sum of a basis set of images – the so-called eigenfaces of a training set. This is il-
lustrated in Figure 4 with an example set of 60 training images as well as the average face and 
eigenfaces constructed from them. These eigenfaces encode, in decreasing importance, the dif-
ferences between the images and the average – combinations of facial structure, hairline, 
whether or not the subject is wearing glasses, lighting information, etc. Images can then be de-
scribed as a linear combination of the average face and the eigenfaces, and “recognized” by the 
coefficients necessary to do so. The more eigenfaces that are included the more exact the de-
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scription, but if the training images are  all  “similar”  (as  is  the  case  here) good results can gener-
ally be obtained using just the first few. Figure 5 demonstrates this by expressing the first image 
of the training set as a combination of only the first dozen eigenfaces. 
 

 
 
Figure 4. An example of a training set of 60 facial images (upper panel), and the average face and the ei-
genfaces constructed from them (lower panel). The images are a subset of the Yale Face Database 
(Belhumeur et al. 1997). 
 

 
 
Figure 5. Reconstruction of the first image in Figure 4 using the first dozen eigenfaces formed from the 
training set. The numbers indicate the coefficients used in the sum. 
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2.2 Fourier Transform 
There are challenges associated with using a similar algorithm for flocculation images. A key 
step is to “normalize” the facial images – cropping and resizing them such that the face and ma-
jor features are always located in the same location in every image. This allows the description 
in terms of a reduced basis set to succeed. The same technique cannot be applied to flocculation 
images directly as they are of continuous media. This is overcome by transforming the floccula-
tion images into spatial-frequency spectra, and using the magnitude portion of the 2D Fourier 
transform (FT) only. This both “normalizes” the images as well as isolates the length-scale in-
formation. 

This transformation is illustrated with three flocculation images in Figure 6. The top and 
middle panels show the original flocculation images and their corresponding FT magnitude 
spectra on a logarithmic scale. These spectra are suitable for description using the eigenfaces 
method, as their features are always located in the same location. The central peak and cross in 
the magnitude spectra are typical of the FT of an image, and represent characteristics indicative 
of the flocculation quality. The shape of the central peak is related to the flocculation quality as 
it represents the distribution of length scales in the image. The cross is an artifact of the period-
ic boundary conditions imposed by the FT. Although an artifact it is also related to the floccula-
tion quality as images of flocculated material are more likely to have strong differences between 
the top/bottom and left/right edges. This makes for a more prominent cross, which can be seen 
in the central panels of Figure 6. By considering only the magnitude of the FT (discarding the 
phase) some information is intentionally removed. The information retained is visualized in the 
bottom panels, which show images reconstructed from the spectra using random phase infor-
mation. Overall length scales remain true to the originals, but without retaining the fine details, 
sharp edges, or the exact spatial location of the flocs. However, the exact location of the flocs in 
an image is not related to their flocculation quality. 

 

 
 
Figure 6. Example flocculation images, FT magnitude spectra, and reconstruction showing information re-
tained in the FT magnitude spectra. The top and middle panels show the original flocculation images and 
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their corresponding FT magnitude spectra on a logarithmic scale. The bottom panels show the images re-
constructed from the spectra using random phase information. 

2.3 Recognition 
As with the  eigenfaces  method,   flocculation   images  can  be  “recognised”  by   the  magnitude  of  
the coefficients necessary to express them in terms of the basis set. Figure 7 shows the results of 
testing this concept on a batch-mixing experiment where mixing was increased throughout. In 
order to facilitate a direct comparison to the COV, the same data used earlier to demonstrate the 
performance of the COV (Figure 2) was used. Instead of teaching the algorithm to recognise 
human faces by training it with different images of the same people, images from the run were 
divided sequentially into groups of 50 images. Each group therefore represented more mixing 
than the last, and was assigned a number between 0 (raw) and 1 (the most mixing achieved dur-
ing the experiment). Two recognition algorithms, using only the first 5 projection coefficients, 
are shown. The black-points show how each frame would be recognized based on a maximum 
likelihood classifier, while the red points show the likelihood-weighted average of all groups. 
Although there is a noise band due to image variation, sensitivity to mixing using both methods 
is retained almost right to the end of the experiment. This is much better than the COV which 
was insensitive and could not distinguish beyond approximately frame 550 (Figure 2). 
 

 
 
Figure 7. Degree of mixing recognized in each frame using the proposed algorithm on the same data pre-
sented in Figure 2. Images from the run were divided sequentially into groups of 50 images. Each group 
represented more mixing than the previous, and was assigned a number between 0 (raw) and 1 (the most 
mixing achieved during the experiment). Two methods of recognition are shown: maximum likelihood 
(ML) and the likelihood weighted average (LWA), both using only the first five “eigenface” coefficients. 
 

 
The same method can be applied to entire experimental programs; we show the results here 

for a total of 5610 images from 129 experiments employing both batch mixing (21) and dynam-
ic inline mixing (108). Both experiment types used FFT from two different sources diluted to 
solids contents between 20 and 35 wt.%. For each experiment samples were used to manually 
classify the degree of mixing and rate it on a scale of 1 (undermixed) to 4 (overmixed). The al-
gorithm was then trained to recognize the degree of mixing in images based on just the first 5 
projection coefficients of the FT magnitude spectra. Figure 8 shows histograms for the degree 
of mixing recognized in individual images from each of the four mixing ratings, with the maxi-
mum likelihood in light gray and the likelihood weighted average in red. Recognizability is 
good for images from experiments with a mixing class of 1 or 4, which also tend to be more 
easily distinguishable for a human, with ~ 75 % scored correctly. However the individual imag-
es from experiments with a mixing class of 2 or 3, which are more difficult to recognize due to 
image-to-image variations, are often misclassified and have a large spread in scores between the 
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different mixing classes. While no recognition scheme can make up for image-to-image varia-
tions that cause some images to look like a different class, this can be overcome by averaging 
the signal if (on the whole) there is some universality between experiments. To this end 
Figure 9 shows the results of averaging the mixing score assigned to each image for the dura-
tion of every experiment. Ten images (two seconds of data) were available for each batch ex-
periment, and 50 images (10 seconds of data) were used for the inline mixing experiments. The 
results are much better with generally good separation between the distributions, albeit with 
some overlap. The histograms are skewed towards the center, but this is to be expected since 
there were no classes assigned values below 1 or above 4. It would not be possible, for example, 
to have the distributions for mixing class 1 or 4 centered on their nominal mixing class unless 
every image was correctly evaluated. Additionally, there is uncertainty in determining the “ac-
tual” mixing class; the boundaries between the classes can be indistinct even with such a coarse 
scale. 
 

 
 
Figure 8. Histograms showing the results of using both maximum likelihood (ML) and likelihood weighted 
average (LWA) classification to recognize and score the degree of mixing for each of the 5610 images 
from two experimental programs,  divided  by  “known”  mixing  class  of  the  experiment. 

 

 
 
Figure 9. Histograms built from the data used in Figure 8, but with the averaged value of all image scores 
from each of the 129 experiments. 

3 CONCLUSION 

The proposed new image analysis algorithm succeeds at overcoming the two major limitations 
associated with the image COV – it demonstrates good sensitivity even at high degrees of mix-
ing, and universality between different feed materials and apparatus types (FFT from two dif-
ferent sources diluted to a variety of solids contents, and batch and dynamic inline mixing appa-
ratus). The method, however, requires a training set of data. 

An additional consideration is that there is a significant noise band due to variations in the 
images, and results can be greatly improved by averaging over many images. A device similar 
to the PVM, but with less resolution, may be acceptable and could image a larger field of view, 
essentially increasing the data rate and decreasing the amount of time needed for averaging. 

Although promising, only laboratory-scale testing of this algorithm has been performed to 
date. Further evaluation across a broader range of process conditions and materials, as well as 
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real-world control tests, would provide valuable insight into how such an algorithm might per-
form in a commercial application. Plans for such tests are underway. 

4 REFERENCES 

Alberta   Energy   Regulator   2016.   Alberta’s   tailings   management   framework.   https://www.aer.ca/about-
aer/spotlight-on/alberta-tailings-managment-framework 

Bara, B.; Yuan, S.; Siman, R. & Gomez, C. 2015. Oil sands fine tailings flocculation using dynamic 
mixing. U.S.  Patent 20130075340, Canadian Patent CA2789678 C.  

Belhumeur, P.; Hespanha, J. & Kriegman, D. 1997. Eigenfaces vs. Fisherfaces: Recognition Using Class 
Specific Linear Projection. IEEE Transactions on Pattern Analysis and Machine Intelligence, July: 
711-720 

Masliyah, J.; Czernecki, I. & Xu, Z. (eds.). 2013. Handbook on theory and practice of bitumen recovery 
from Athabasca oil sands, vol. I: Theoretical basis: 51-127. Edmonton: Kingsley Knowledge 
Publishing. 

Matthews, J. 2013. Tailings management. In Czernecki, I.; Masliyah, J.; Xu Z. & M. Dabros (eds.), 
Handbook on theory and practice of bitumen recovery from Athabasca oil sands, vol. II: industrial 
practice: 291-319. Edmonton: Kingsley Knowledge Publishing. 

Mikula, R.; Bara, B.; Lorentz, J. & Lahaie, R. 2016. Method of Monitoring and Controlling Dewatering of 
Oil Sands Tailings. US Patent 20160100135. 

Sirovich L. & Kirby M. 1987. Low-dimensional procedure for the characterization of human faces. 
Journal of the Optical Society of America 4(3): 519-524. 

Turk, M. & Pentland A. 1991. Eigenfaces for Recognition. Journal of Cognititive Neuroscience 3(1): 71-
86. 

913

Proceedings Tailings and Mine Waste 2016  |  Keystone, Colorado, USA  |  October 2-5, 2016



914

Imaging & Spatial Analysis & New Technologies



1 INTRODUCTION 

Tailings impoundments and other structures designed to store and contain byproducts of mining 
operations frequently represent the most significant environmental liability associated with 
mining projects. A tailings dam is typically an earth-fill embankment dam construction, which 
is often raised several times over the lifetime of the mining operations as the impoundment fills 
with a mixture of tailings and water.  The dam construction material can consist of the tailings 
material, depending on grain size, and soil. Tailings dams rank as some of the largest engi-
neered structures in the country, are designed to provide permanent containment, hence will 
remain long after mine operations cease, and much of the waste is toxic.  On average there is 
one major tailings impoundment failure each year throughout the world, with numerous more 
minor failures.  In addition, the material in these impoundments has potential for damage to the 
surrounding environment either by release of elevated concentrations of contaminants, includ-
ing toxic metals, or by acid drainage. These releases can occur through seepage through the 
earthen dam structure, leaks in underlying synthetic or clay liners, or through geological struc-
tures such as faults and paleochannels underlying the impoundment. 

Monitoring these structures, for both structural integrity and seepage and movement of con-
taminants to the local groundwater, often involves installing a suite of monitoring wells.  These 
are typically installed within the tailings dam structure and downstream of impoundments to 
monitor water levels and chemistry over time, to detect and monitor any contaminant signa-
tures. Due to the scale of many of the tailings impoundments the monitoring wells are typically 
installed in strategic locations and are not able to capture a complete picture relating to contam-
inant movement. In many cases, seepage is often detected daylighting at the surface down-
stream of the impoundment without triggering any responses in the monitoring well network. 

Geophysical Characterization and Monitoring of Tailings 
Impoundments 

Nigel Crook, Shawn Calendine, Kyle Rucker, & Chris Baldyga 
hydroGEOPHYSICS, Inc., Tucson, AZ, USA 

ABSTRACT: Tailings impoundments frequently represent the most significant environmen-
tal liability associated with mining projects, both during the operational and decommissioning 
phases of a project.  Water management is one key aspect in the design of tailings facilities, and 
considers the surficial water flow, seepage, and controlling the potential movement of contami-
nants into the surrounding groundwater.  There are a number of methods to monitor and control 
seepage and contaminant movements, including installing monitoring wells, injecting grout cur-
tains or constructing cut-off trenches.  This requires a good understanding of the subsurface, 
groundwater flow, and/or the seepage source to be effective and where geophysical methods 
can provide added value in the planning or operational phases.  We present a case study from a 
multi-technique survey of a tailings facility at a mine site within the western US.  In this case 
study geophysical methods were deployed to improve the understanding of the basin-scale 
groundwater flow, define the potential source of the contaminants, and identify preferential 
flow paths for follow up remedial actions. 
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This can often reflect the complex and preferential nature of contaminant flow pathways in the 
subsurface, or just the large distances between monitoring wells. 

Geophysical methods are well suited to characterizing and monitoring tailings dams and 
seepage from impoundments. They are a cost-efficient tool, and can provide high resolution, 
continuous  information  across  the  large  spatial  scales  associated  with  many  of  today’s  tailings  
impoundments. They are minimally invasive and can be deployed across tailings dams without 
impacting the integrity of the structure. Many geophysical methods can be repeated over time 
providing an ongoing assessment of contaminant plume evolution, integrity of dam, or monitor 
remediation efforts. We present a multi-technique case study from a mine site within the west-
ern USA, conducted downstream of the tailings impoundment. The survey involved a large 
scale gravity survey to assess controls on groundwater flow and an electrical resistivity survey 
to characterize contaminants associated with the tailings impoundment. The gravity method is 
well suited to basin scale surveys, providing information on the basin structure that can control 
the groundwater flow downstream of the impoundment. Electrical resistivity is highly sensitive 
to the moisture content of the materials being imaged, hence is well suited to characterizing 
seepage. In addition, many of the contaminants associated with tailings impoundments are elec-
trical conductive compared to typical uncontaminated sediments and groundwater at mine sites. 

2 METHODS 

2.1 Gravity 
Gravity is measured as acceleration due to gravitational pull, or gravitational force per unit 
mass. Measurements of gravity are presented in units of milliGals (abbreviated mGal), which 
are 10-3 Gal (1 Gal = 1 centimeter per second per second = 10-2 meters per second per second). 
The  Earth’s  nominal  gravity  is  980  Gal  =  980,000  mGal.   

Gravity surveying is a geophysical method that aids in determining the depth to bedrock, 
overall basin geometry within and surrounding a site, and relative lateral changes in bedrock 
densities. Lateral differences in gravitational attraction are caused by contrasting densities of 
geologic media, such as alluvium versus bedrock, along with other external influences; these 
external influences are accounted for in numerical processing after data acquisition is complete. 
The information gained from the survey determines relative changes in bedrock character over 
a defined investigation area. Gravity surveying can also define the locations of fault zones pro-
vided there is a lateral change in density across the fault escarpment. Generally speaking, in-
flection points in gravity profiles are usually located directly above a fault. Qualitatively speak-
ing, a sharp high frequency anomaly is indicative of a shallow body causing the anomaly versus 
a low frequency anomaly which is a good indication of a deeply buried body. Due to the wide 
range in the density of alluvial layers and materials, gravity is not the preferred method for de-
tecting alluvial heterogeneities (i.e. sands versus clay units). The gravity method is optimal, 
however, for finding density contrasts between alluvium and bedrock where they exist. 

By acquiring numerous gravity measurements within a study area at discrete locations, a con-
toured gravitational map can be developed. The map is used to determine the location of thick, 
lower density alluvial deposits versus higher density and shallow bedrock. Acquired field data 
are processed and typically presented in both plan and modeled cross-sectional plots. 
In  many  areas  that  are  “exploratory”  in  nature,  geologic  data,  and  in  particular  density data 

are not always available,  resulting  in  potentially  “non-unique”  solutions. In other words, several 
plausible geologic models can be constructed to fit the observed gravity data. However, the cur-
rent study benefitted from knowledge of the depth to bedrock within two borings in the study 
area, as well as bedrock outcrops where rock samples were collected to test for bedrock density. 
This information was used to constrain the gravity model estimates of the depth to bedrock. 

Gravity data were acquired over a five day period in March, 2015 (Fig. 1). A total of 128 
new gravity stations were established during this time period. In addition, data from a number 
of historical regional gravity surveys outside of the effective tailings impoundment survey area 
were incorporated during processing to provide regional gravity information and to constrain 
the modeled solutions. 

A local base station point proximal to the base of the tailings dam was established at a con-
venient location that was used throughout the survey. Gravity readings were taken at the begin-
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ning, middle and end of the day at the local base station to compensate for internal instrument 
drift. The instrumental drift is typically very small (on the order of 0.1 mGal per month) and a 
major reason for the base station reoccupations is a check to ensure that non-linear jumps do 
not occur due to shocks or excessive vibrations while transporting the meter between stations. 
The absolute gravity for any particular station is obtained after removing the tide correction, 
meter drift, and referencing the difference to a previously known base station. 

2.2 Electrical Resistivity 
Electrical resistivity is a volumetric property that describes the resistance of electrical current 
flow within a medium (Rucker et al. 2011, Telford et al. 1990). Direct electrical current is 
propagated in rocks and minerals by electronic or electrolytic means. Electronic conduction oc-
curs in minerals where free electrons are available, such as the electrical current flow through 
metal. Electrolytic conduction, on the other hand, relies on the dissociation of ionic species 
within a pore space. With electrolytic conduction, the movement of electrons varies with the 
mobility, concentration, and the degree of dissociation of the ions. 

Mechanistically, the resistivity method uses electric current (I) that is transmitted into the 
earth through one pair of electrodes (transmitting dipole) that are in contact with the soil. The 
resultant voltage potential (V) is then measured across another pair of electrodes (receiving di-
pole). Numerous electrodes can be deployed along a transect (which may be anywhere from 
feet to miles in length), or within a grid. Figure 2 shows examples of electrode layouts for sur-
veying. The figure shows transects with a variety of array types (Schlumberger and Wenner). A 
complete set of measurements occurs when each electrode (or adjacent electrode pair) passes 
current, while all other adjacent electrode pairs are utilized for voltage measurements. Modern 
equipment automatically switches the transmitting and receiving electrode pairs through a sin-
gle multi-core cable connection. Rucker et al. (2009) describe in more detail the methodology 
for efficiently conducting an electrical resistivity survey. 

The modern application of the resistivity method uses numerical modeling and inversion 
theory to estimate the electrical resistivity distribution in the subsurface given the known quan-
tities of electrical current, measured voltage, and electrode positions. A common resistivity in-
version method incorporated in commercially available codes is the regularized least squares 
optimization method (Sasaki 1989, Loke, et al. 2003). The objective function within the opti-
mization aims to minimize the difference between measured and modeled potentials (subject to 
certain constraints, such as the type and degree of spatial smoothing or regularization), and the 
optimization is conducted iteratively due to the nonlinear nature of the model that describes the 
potential distribution. The relationship between the subsurface resistivity () and the measured 
voltage is given by the following equation (from Dey and Morrison 1979): 

 

         1 , ,
, ,

  

           

   
s s s

IV x y z x x y y z z
x y z U

          (1) 
 
where I is the current applied over an elemental volume U specified at a point (xs, ys, zs) by 

the Dirac delta function. 
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Figure 1. Gravity survey layout and Residual Bouguer Anomaly Map overlaid on aerial image of the survey area. White dots indicate acquired gravity stations, with the 
black lines indicating extracted profiles used for the gravity modeling. 
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Equation (1) is solved many times over the volume of the earth by iteratively updating the 
resistivity model values using either the L2-norm smoothness-constrained least squares method, 
which aims to minimize the square of the misfit between the measured and modeled data (de 
Groot-Hedlin & Constable 1990, Ellis & Oldenburg 1994): 

 
  1

T T T T
i i i i i i i iJ J W W r J g W Wr                         (2) 

 
or the L1-norm that minimizes the sum of the absolute value of the misfit: 
 

  1
T T T T
i d i i m i i d i i m iJ R J W R W r J R g W R Wr                     (3) 

 
where g is the data misfit vector containing the difference between the measured and mod-

eled data, J is the Jacobian matrix of partial derivatives, W is a roughness filter, Rd and Rm are 
the weighting matrices to equate model misfit and model roughness, ri is the change in model 
parameters for the ith iteration, ri is the model parameters for the previous iteration, and i = the 
damping factor. 

Data were collected along Lines 1 through 3 using a 20 foot electrode spacing on a cable 
with 252 electrodes to achieve the depth of investigation of approximately 800 feet required for 
the study.  The required coverage along each line was achieved by advancing the cable by 42 
electrodes (820 feet) for each data collection, and merging all the data once the total linear cov-
erage was reached.   

We tested two electrode configurations during the initial startup phase of the survey; namely 
the Schlumberger and Wenner configurations respectively (Fig. 2).  The electrode configura-
tions are simply different geometries between the injection current electrodes and voltage 
measurement electrodes, which provides different sensitivities and resolution depending on the 
survey targets, environment, etc.  For further details on the electrode configuration, see Binley 
and Kemna (2005).  In general, the Wenner electrode configuration typically provides an im-
proved signal to noise ratio, while the Schlumberger electrode configuration provides improved 
resolution, compared to the other configurations.  The electrode configuration testing deter-
mined that the Wenner configuration provided a significant improvement in data quality, with 
little or no loss in resolution.  This improvement was observed during both the raw data editing 
and inversion modeling, when compared to the Schlumberger electrode configuration.  It was 
therefore decided to proceed with the Wenner electrode configuration for the survey. 

 
 

Figure 2. The Electrode Configurations Tested in the Electrical Resistivity Characterization Survey. 
 
 
Electrical resistivity data were acquired over a 14 day period over March and April, 2015. 

Figure 3 displays the general locations of the survey layout, overlaid onto an aerial photograph. 
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Figure 3. Electrical resistivity line layout. 
 
 

3 RESULTS AND DISCUSSION 

3.1 Gravity 
The acquired gravity data were subject to a number of reduction and processing steps to pro-

duce the Residual Bouguer Anomaly (RBA) map presented in Figure 1. To determine relative 
depth-to-bedrock estimations, two-dimensional gravity modeling is required (Figures 4 and 5).  
The modeled profiles were developed using the following steps:  

 The profiles were oriented to cross major gravity responses as orthogonally as 
possible (two-dimensional gravity modeling software must assume an infinite strike 
length of the modeled body in the third dimension), 
 The contoured gravity responses along the chosen profile were extracted from the 

RBA grids, 
 Elevation data from DEMs and gravity stations were used to develop a topograph-

ic surface, 
 The topography and gravity data were imported into the modeling package GM-

SYS, 
 A minimum vertex polygonal model is generated, and with the assigned densities a 

theoretical curve is calculated and compared to the field data. Adjustments are made to 
the vertices of the model until a reasonable fit is found between the theoretical and 
field data while still using a geologically plausible model. The results were analyzed 
and revised as necessary. 
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Figure 4. Gravity modeling results for the profile B-B’  extracted  from  the  residual  Bouguer  anomaly map. 

 
 
In Figure 4, the upper pane represents the measured and calculated gravity response along 

profile B-B’. The lower pane represents the resulting modeled geologic section. All gravity 
models for this project were chosen to begin and end on competent bedrock. 

In general, material densities were assumed to be: 
Alluvium – 2.17 g/cc 
Bedrock  – 2.67 g/cc  

The densities used in the models were arrived at by measuring the density of field samples 
collected from limestone outcropping on both the west and east side of the basin, as well as 
from the welded tuffs. Alluvial densities are much more difficult to estimate and can be a large 
source of uncertainty in the modeled depths to bedrock. Fortunately in this project there is some 
bedrock control that was used to reduce uncertainty in the estimate of alluvial density. Different 
alluvial densities were used in gravity model B-B’  to  determine  which  one  provided  a  plausible  
model in the vicinity of WCC-G3, which intercepted bedrock at 375 feet below ground surface 
(bgs). It was found that a density of 2.17 g/cc provided a reasonable model that honored the 
bedrock control point and provided plausible bedrock topography in the vicinity of the well.   

The following interpretations are based upon the gravitational trends evident in the RBA 
map, the modeled gravity profile results, and correlation with geologic information. General 
observations of the focused RBA values in Figure 1 are called out in text boxes on the figures 
themselves to help emphasize those features. The general trends typically observed in a faulted 
valley are apparent here with reddish hues over the limestone outcrops and deep purple hues 
where the overlying alluvium deposits are thickest. However, there are several nuances to this 
dataset that may have some impact on groundwater movement. The first interesting observation 
is the decrease in gravity from the tailings impoundment southward to profile D-D’. The mini-
mum to maximum gravity change for the dataset is 0 mGal (indicating bedrock outcrop) to -7.5 
mGal (indicating the deepest part of the basin) to provide a frame of reference. At the toe of the 
tailings dam, corresponding to the center of profile A-A’,  the  RBA  gravity  response  is  about  -
7.5 mGal and at the center of profile D-D’  transect  (which  is about 6500 feet to the south) the 
gravity response is about -5 mGal. This difference equates to a rise in bedrock elevation of ap-
proximately 500 feet from A-A’  to  D-D’, with a maximum depth to bedrock of approximately 
1,150 feet below ground surface (bgs) at D-D’,  and  a  maximum  depth  of  approximately  1,700  
feet to bedrock at cross-section A-A’.  This  saddle-like feature could cause groundwater to con-
verge in the basin, and limit lateral excursions of groundwater flow. 
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Figure 5. Elevation of bedrock map with aerial imagery as underlay. 
 
 
Secondly, the other prominent feature in the data is the gravity high observed towards the 

southwest, labeled in Figure 1 as  “Shallow  Bedrock”. This response appears corroborated by 
the presence of the outcropping limestone to the south of this feature. The nature of the bedrock 
topography pinches the axis of the valley significantly, creating a funnel like structure rather 
than a broad opening into the basin to the south. The flow through the "pinched" outlet to the 
basin is constrained by the narrowing of the basin, provided the hydraulic conductivity of the 
underlying bedrock is lower than the basin fill. 

Other features of interest are the gravity gradients flanking the sides of the valley. To the 
west the gradients are less steep than those observed in the east where the fault zone has been 
inferred. This is a typical response observed in the Basin and Range province where tilted half 
grabens show steep gravity gradients towards the east with slightly more relaxed gradients to-
wards the west. The inferred location of the fault zone is posted as a hatched area and appears 
to mimic the gradients of the gravity data. The gravity data, as supported by the electrical resis-
tivity data (discussed below) have been used to place this fault zone in the plan view figures. 

On Figure 1 there are two red arrows pointing to a subtle increase in gravity that is referred 
to as a bedrock ridge. It is a subtle feature in these figures, but one that could have an influence 
on groundwater flow, which is why it is identified in the data set. 

3.2 Electrical Resistivity 
The electrical resistivity data were edited to remove noisy and erroneous measurements and 

the RES2DINVx64 software (Geotomo, Inc.) was used for inverting individual lines in two di-
mensions. The inverse model results for Lines 1 through 3 are presented in Figures 6 and 7. The 
three lines are presented together for ease of comparison, with the east-west offset representing 
the variation in starting locations. Each line is separated by approximately 2400 feet in the 
north-south direction. Common color contouring scales are used for all of the lines to highlight 
any features that may be indicative of faults and provide the ability to compare intensity of tar-
gets from line to line. Electrically conductive (low resistivity) subsurface regions are represent-
ed by cool hues (blue to purple) and electrically resistive regions are represented by warm hues 
(orange to red). 
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Figure 5. Model Resistivity Results.  The Interpreted Groundwater Level is Highlighted in Yellow. 
 
 

Figure 6. Model Resistivity Results. The Interpreted Fault Locations are Highlighted in Orange and the 
Gravity Interpreted Bedrock Interface is show as a Red line. The Region Potentially Associated with the 
Layered Limestone and Mudstone Bedrock is Highlighted with a White Hatched Pattern (A number of 
features discussed in the text are highlighted, (a), (b), & (c,) for ease of identification). 
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The model results from the three lines appear to share a number of common features, includ-
ing a generalized two-layer structure with a more resistive upper layer overlying a more con-
ductive lower layer. The eastern sides of the profiles are more conductive than the western 
sides of the profiles. In addition, the profiles suggest heterogeneous alluvium in the upper 400 
feet. A number of features associated with the survey objectives are investigated, including 
groundwater level, geology and structural features, groundwater sulfate distribution, and addi-
tional near-surface features of interest. 

Figure 5 displays the model results from the three electrical resistivity lines with existing 
monitoring well information projected onto the closest line. The well information provides the 
total depth of each monitoring well, the screened interval of the well, and the most recent 
groundwater level measurement. From the available well data, the hydraulic gradient appears to 
be towards the south-west. The groundwater level appears to correlate well to the interface with 
the more conductive underlying layer in the model results, with the cooler hues (darker blues 
and purples) representing the saturated zone.  An average log resistivity value of 1.87, taken 
from projection of monitoring well MW-G4 which was located 16 feet to the north of Line 2, 
was used to project an inferred groundwater level across the three profiles. 

Drilling logs from the monitoring wells, with the exception of well WCC-G3, indicate that 
mixed alluvial material extends to the drilled depth of each well. The majority of the monitor-
ing wells extend to, or beyond, the imaging depth of the modeled electrical resistivity results, 
indicating that the majority of the three lines represent alluvium. The drillers logs indicate some 
variation in composition and grain size with depth and laterally across the area. These varia-
tions could explain the range in resistivity observed in the unsaturated zone, above the inter-
preted groundwater level in Figure 5, with warmer hues (orange to red) reflecting regions with 
increased gravel content, sand rich regions possibly represented by the yellow hues, and in-
creasing clay content represented by the deeper olive and light blue hues. This is a simplistic 
view of the subsurface, and additional factors will contribute to the resistivity value of a partic-
ular area in the unsaturated zone, including soil moisture, pore water ionic composition, and 
degree of compaction. 
The  driller’s  log  for  monitoring  well  WCC-G3 indicates bedrock is reached at a depth of 340 

feet, or approximately 6339 feet elevation. Some 50 feet of sandstone is noted overlying lay-
ered limestone and mudstone, which extends to the total drilled depth of this well at 530 feet, or 
approximately 6149 feet elevation. Comparing this to the model resistivity results from Line 2 
where the monitoring well is projected (approximately 525 feet to the north), the bedrock inter-
face correlates well to the very conductive feature observed between 9000 and 9500 feet along 
the line, extending from around 6350 feet elevation to the depth limit of the model in this loca-
tion.  Since  the  driller’s  logs  and  existing  outcrops  indicate  that  bedrock  is  shallower  towards  to  
the east, these conductive regions on the eastern end of the three lines are potentially repre-
sentative of the limestone and mudstone bedrock residing east of the interpreted fault zone. 

A conductive, near vertical, linear subsurface feature in Line 1 (Figure 6), observed at ap-
proximately 9000 feet along the line, corresponds well to what we expect for a fault structure in 
the model resistivity results. This feature could be representative of a fault within the fault 
zone.  Similar subsurface features are present in Lines 2 and 3, at approximately 7250 and 6200 
feet along each line respectively, and have been interpreted as fault structure locations (Figure 
6). The potential fault trend observed in the RBA gravity contour results supports this feature 
being a fault structure. Based on the conceptual geological model there could be multiple faults 
running through this fault zone. Resistivity imaging may not be able to identify all of these in-
dividual fault structures due to differences in structure, fault gouge composition or moisture 
content, or resolution of the resistivity technique. A square bracket is used to delineate this in-
terpreted fault zone on the cross-sections, and is also shown on the plan views of the study area 
(refer to Figures 7 and 8). 

In addition to the groundwater level measurements, the mine routinely measures groundwater 
electrical conductivity from the wells in the area and water samples are analyzed for dissolved 
sulfate and TDS. The dissolved sulfate concentrations from the most recent sampling data indi-
cate elevated concentrations of sulfate are measured in groundwater collected from well WCC-
G7 and slightly elevated concentrations (above background) are measured in monitoring well 
WCC-G1. The remainder of the monitoring wells display dissolved sulfate concentrations be-
tween approximately 13 and 37 ppm, which is the range of sulfate in alluvial groundwater up 
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gradient of the tailings impoundment. Comparing the sulfate concentrations to the model resis-
tivity results, Line 1 is observed to have more conductive contours around the groundwater lev-
el in the location of monitoring well WCC-G7, with increasing resistivity (decreasing conduc-
tivity) towards monitoring wells WCC-G5 and WCC-G6. In Line 2, at the groundwater level, 
more resistive contour values are observed around monitoring wells WCC-G1, MW-G4, and 
MW-G5. Based on this relationship, with increasing conductivity denoting increased sulfate 
levels in the groundwater, to the east of monitoring well WCC-G7, there is another increase in 
conductivity observed between approximately 8000 and 8500 feet along Line 1. This is also lo-
cated near the elevation of the water table and could denote the potential presence of dissolved 
sulfate concentration within this region. 

A number of electrically conductive features associated with the location of the main wash 
were observed along each line, all labeled as (b) in Figure 7. The resistivity values of these fea-
tures varies, most with ranges that could potentially indicate an increase in soil moisture or in-
creasing clay content associated with the drainage. It is interesting to note that the subsurface 
regions beneath the wash in each line appear more conductive than the surrounding area, ex-
tending down to the groundwater level. This is especially apparent in Line 1, and could indicate 
some connectivity to the underlying groundwater along these lines assuming an increase in soil 
moisture is causing the increase in conductivity. There are a number of similar vertical electri-
cally conductive regions away from the main stem of the wash along Lines 1 and 2. The resis-
tivity values associated with the majority of these features could potentially be explained as re-
gions with increased soil moisture or clay content. Two of these features, labelled (a) and (b), 
display more electrically conductive values making them more apparent in the profiles. The 
feature in Line 1 (labeled as (c) in Figure 7) is more conductive in the near-surface, at an eleva-
tion of 6520 feet, and extends down to the groundwater level at approximately 5940 feet eleva-
tion. This could potentially represent a region of elevated soil moisture associated with re-
charge through a coarser grained channel unit, such as channel gravels. Recently constructed 
monitoring well WCC-G6 does not show elevated dissolved sulfate concentrations in the 
groundwater at this location. The second of these features (along Line 2 and labeled as (a) in 
Figure 7) extends from an elevation of approximately 6600 feet down to the groundwater level 
at approximately 6250 feet elevation. The conductivity of this feature appears to increase with 
depth towards the west; this could potentially represent a region of elevated soil moisture asso-
ciated with recharge through a coarser grained gravel-channel unit.  However, the lowest resis-
tivity values at an elevation of 6320 feet, just above the groundwater level, are similar to what 
might be expected for elevated sulfate concentrations in groundwater. 

4 CONCLUSIONS 

A detailed geophysical survey was conducted downstream of the tailings impoundment to de-
lineate the extent of alluvial sediments, and increased electrical conductivity potentially at-
tributable to elevated sulfate concentrations in these sediments, to help site additional wells. 
The survey consisted of 128 gravity station measurements and three electrical resistivity lines 
spaced approximately 2500 feet apart and covering an area south of the downstream toe of the 
tailings dam. 

The gravity and model resistivity results display a number of features that have been dis-
cussed in previous sections which aid delineation of potentially elevated sulfate concentrations 
in the subsurface. Removal of the regional gradient to form the RBA map revealed the deepest 
portion of the basin to be located near the tailings dam. Heading south the bedrock elevation 
increases significantly between gravity profiles C-C’  and  D-D’.  In  addition  to  the  general  trend  
of bedrock being closer to the surface near D-D’  there is also a funneling effect where the axis 
for groundwater movement is confined to a much smaller lateral extent than previously pre-
sumed prior to the gravity survey. 

From the electrical resistivity results the groundwater level appears as a relatively sharp in-
terface (steep gradient) in the resistivity contours between the resistive upper layer (above the 
water table) and a more conductive underlying layer (below the water table).  The resistivity 
contours agree with the hydraulic gradient towards the south-west, which is consistent with the 
groundwater levels measured in the monitoring wells in the area. The majority of the highly 
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conductive features on the eastern edges of the three lines appear to represent layered limestone 
and mudstone bedrock units that outcrop and are faulted closer to the ground surface on the 
east. Groundwater monitoring results show elevated sulfate concentrations in monitoring wells 
WCC-G7 and WCC-G1, compared to the average background values. Comparison to the model 
resistivity results in the location of monitoring well WCC-G7 indicates a decrease in resistivity 
at the groundwater level. However, away from the monitoring wells it is very difficult to sepa-
rate responses associated with elevated sulfate concentrations and natural bedrock material, as 
it appears the resistivity range of both is very similar in this case. A number of additional sub-
surface investigations were proposed to confirm these observations. 

A number of near-surface highly conductive features of interest have been identified, whose 
resistivity values indicate they have potential to be related to sulfate migration through the un-
saturated zone along Line 1. These features appear to be isolated, and may be related to shallow 
water movement through remnant channel features within the alluvial material.  In addition, 
several conductive features of interest were identified which appear to display some connectivi-
ty between the near-surface and the underlying groundwater.  These were located between ap-
proximately 2910 and 3180 feet along Line 1 and 6310 and 6825 feet along Line 2.  The feature 
in Line 2 is noteworthy as the resistivity values just above the interpreted groundwater level 
suggest either a mound of groundwater or elevated sulfate in groundwater perched above the 
water table in this location. Again it was proposed that an investigative well be located in this 
feature to verify the sulfate concentration.  It should be noted that these near-surface features 
could also be explained by an increase in clay or fines content in these regions and it is difficult 
to be certain without additional sampling or surveying. 
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1 INTRODUCTION  

Elimination of tailings dam failures and tailings stewardship were major themes of the Tailings 
and Mine Waste 2015 conference. Tailings storage facilities (TSF) play a critical role in mine 
operations and, without restricting the output of processing facilities, should provide sufficient 
capacity to receive and store tailings and recover and/or store water to be recycled to the process 
operations. Furthermore, the TSF must be designed and operated to minimize the risks associated 
with storing large quantities of mine waste. Development and implementation of a rigorous Op-
eration, Maintenance, and Surveillance manual is a key component of tailings stewardship and a 
mandatory tool for managing risk. 

Surveillance is the feedback mechanism by which operations and maintenance are assessed 
against the facility design, performance, and safety criteria. As noted in the Mining Association 
of  Canada’s manual development guide (2011): 

Regular review of surveillance information can provide an early indica-
tion of performance trends that, although within specification, warrant fur-

ther evaluation or action.  

Surveillance typically includes systems of visual inspection and instrumentation. Collected data 
is compared to predicted behavior and normal operating parameters. Monitoring frequencies vary 
from real-time to annually and are used to develop a continuous record of the TSF performance 
and analyze trends through time.  

Long-term Surveillance of Tailings Storage Facilities using 
Multispectral Satellite Imagery 

Benjamin Schmidt & Matt Malgesini 
Golder Associates Inc., Lakewood, CO, USA 

Vanessa Vallis 
Golder Associates Ltd., Calgary, Alberta, Canada 

ABSTRACT: Continuous monitoring is an integral component of safely managing tailings stor-
age facilities and other critical mine infrastructure. Remote sensing provides for rapid, large-scale, 
on-demand mapping and imagery. In addition, historic data is globally available. Especially with 
routine monitoring, this provides owners, engineers, and stakeholders with valuable insights into 
facility operations and conditions. Multispectral imagery and radar data are available at a range 
of spatial and temporal resolutions. These data can be used to produce basic imagery or analyzed 
further for feature mapping, topographic survey, and displacement monitoring. In this paper, a 
variety of data products and example costs will be presented. Typical analyses that can be per-
formed to enhance the usefulness of the data will also be summarized. The delineation of water 
features using visible and infrared imagery data will be presented as a detailed example. 
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Remote sensing can complement or supplement ground-based visual observations of dam con-
struction, water management facilities, tailings deposition patterns and volumes, and even high-
resolution displacement monitoring. With satellite platforms, remote sensing can be implemented 
with little burden on site operators and can be tailored to specific site needs for temporal (fre-
quency) and geometric (spatial) resolution. In the context of tailings stewardship, remote sensing 
can also provide a level of independence in the monitoring program and true third-party data 
collection. Ownership and physical access is generally not required. 

2 BACKGROUND 

Remote sensing, in a general context, involves observation without making direct physical con-
tact. Typically however, the terminology is used to refer to aerial observations from platforms 
such as unmanned aerial systems (commonly referred to as drones), aircraft, balloon, or space-
craft. Remotely sensed data is classified according to four resolution categories: 

Spatial/Geometric – the physical dimensions, or ground sample distance (GSD), rep-
resented by each pixel in the recorded data and can range from millimeters to kilometers; 

Spectral – the range and bandwidth of wavelengths of light recorded by the sensor, 
including visible, infrared, and microwave; 

Radiometric – the sensitivity or minimum recordable difference of the sensor e.g., 256 
levels of brightness for an 8-bit system 

Temporal – the frequency with which observations can be repeated and/or an area re-
visited for subsequent sampling, which can range from seconds or minutes (e.g., for stereo 
photography) to years or decades 

Many modern remote sensing techniques and technologies were originally developed for military 
and intelligence purposes or weather monitoring. As sensor technology advances, the quality of 
the remotely sensed data improves. Remote sensing is widely used for a variety of governmental, 
research, and civilian uses including: 

Defense       Intelligence      Emergency Response 
Oceanography     Agriculture      Biology 
Cartography      Topography      Geography 
Bathymetry      Geology       Hydrology 
Meteorology      Forestry       Wildfire management 

Satellite-based remote sensing can be used for all of these purposes. With the popularization of 
internet-based mapping services like Google Maps, Apple Maps, and Bing Maps, access to high-
resolution, remotely sensed satellite imagery has become familiar and commonplace. Although 
interpretation and analysis still requires scientific or engineering expertise, the internet has greatly 
facilitated access to satellite data and a growing number of commercial satellite operators can 
provide up-to-date, on demand data at a variety of resolutions and costs. For new data acquisition, 
satellite remote sensing data requires little (e.g., establishment of ground control) to no direct 
access to a site or use of limited site resources.   

An obvious limitation of the use of satellites is that clear skies are generally required (e.g., with 
cloud cover, an optical  sensor would only see the top of the cloud layers) and satellites with fixed 
orbital patterns and observation scenarios may fail to collect usable data when making a scheduled 
pass over an area of interest. In addition, some platforms have a scheduling hierarchy under which 
a government agency or other high-priority user request supersedes those of others entities, re-
sulting in delayed or deferred data collection. A recent improvement has been the deployment of 
satellite constellations which enable frequent revisit times and sensor redundancy to reduce the 
risk of a discontinuous observation record. 

3 SATELLITE PLATFORMS 

3.1 Technology Overview 
In this paper, two general classes of satellite-based remote sensing data will be discussed: satellite 
imagery and satellite radar data. Both have applications to tailings and mine waste management.  
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Early satellite imagery was captured on film and had to be physically recovered after ejecting 
from the satellite or when the satellite deorbited. Modern optical imagery satellites contain digital 
sensors similar to but of higher resolution (spatial, spectral, and radiometric) than consumer digital 
cameras. The current highest resolution visible spectrum satellite imagery, captured by Digital-
Globe,  Inc’s  WorldView-3 satellite has a spatial resolution of 31 cm per pixel. Data above the 
visible and near-infrared spectra is typically captured at a lower spatial resolution. As they meas-
ure the amount of reflected or naturally emitted electromagnetic energy, these are passive moni-
toring systems. 

Radar satellites actively illuminate the ground surface with emitted microwaves that are re-
flected and recorded by the satellite antenna. The amplitude and phase of the returned signal can 
be used to produce imagery using the amplitude data and also to make very high-resolution dis-
tance measurements using the phase data. If the distance between the antenna and ground surface 
is not an integer multiple of the wavelength of the signal, the sinusoid of the received signal will 
be slightly offset from that of the transmitted signal. By comparing the phase data in two radar 
images measured at different times, shifts in the recorded phase can be analyzed record move-
ments with magnitudes similar to the wavelength of the signal. For X-band radar the wavelength 
is 25 to 37.5 mm. Synthetic aperture radar systems can also image   the  earth’s  surface   in  high  
resolution through thick cloud cover.  

3.2 Public and Private Providers 
Satellite imagery can be obtained from a number of public and private data providers. Major pub-
lic providers include the United States Geological Survey, the National Oceanic and Atmospheric 
Administration and the European Space Agency. Commercial satellite imagery is available at 
finer spatial resolutions and can be purchased from a number of companies and resellers, including 
Golder Associates. Commonly used high resolution commercial satellite data are obtained from 
Digital Globe, Airbus Space and Defense, and Planet Labs. General specifications of satellites 
commonly used for monitoring and change detection programs are presented in Table 1. 

Of the sensors described in Table 1, some are better suited than others for mapping, analysis, 
survey, or monitoring. Sensors should be selected based on the spectral and spatial resolution, as 
well as revisit time, cost and specialized capabilities. Studies that aim to incorporate historical 
observations may benefit from the extensive image libraries available from Landsat or ASTER. 
Frequent and long-term monitoring studies may benefit from the use of imagery from a sensor 
with a frequent revisit schedule. The size of the image footprint (analysis extent) and cost are also 
important considerations. Regional scale monitoring may benefit from using fewer medium to 
coarse resolution images, thereby decreasing the image analysis labor effort. Free satellite imagery 
is currently available from Landsat, Sentinel-1, Sentinel-2, and ASTER sensors. 

The cost of archival satellite imagery (i.e., imagery acquired at a prior date and not at the spe-
cific request of the purchaser) varies greatly as it is influenced by many factors including: age, 
number of spectral bands, processing-level, geographic region, and the number of licensed end-
users. Tasking new imagery will cost more than purchasing existing archival imagery, but allows 
the user to specify the acquisition timeframe, view angles, and a revisit schedule. A major ad-
vantage of purchasing archival imagery is that the image date is known and the amount of cloud 
cover can be checked before purchasing. However, many operators offer a cloud uplift fee to limit 
cloud cover from a specific area of interest when tasking new acquisitions. 

For a theoretical 100 km2 analysis area, high resolution (spatial and spectral) imagery typically 
costs several thousands of dollars with minimal processing, where medium and coarse resolution 
imagery may cost hundreds of dollars from private providers or be available at no cost from public 
providers. At Tailings and Mine Waste 2015, the authors presented a case history of using high-
resolution imagery from WorldView-2 and WorldView-3 to produce a highly-detailed 23 km2 
survey of a tailings storage facility. The cost of this survey in 2015, including 100 km2 of imagery 
that covered the entire mine site, was on the order of $12,000.  
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Table 1. Overview of Satellite Sensors. 

Sensor Spectral Bands* Spatial 
Resolution 

Revisit 
Time 

Worldview-3 

Panchromatic 
Visible (5 bands) 
Red-edge 
NIR (2 bands) 
SWIR (8 bands) 
CAVIS (12 bands) 

31 cm 
1.24 m 
1.24 m 
1.24 m 
3.7 m 
30 m 

1 d @ 1m GSD 
4.5 d @ 0.5 m GSD 

Worldview-2 

Panchromatic 
Visible (5 bands) 
Red-edge 
NIR (2 bands) 

50 cm 
2 m 
2 m 
2 m 

1 d @ 1m GSD 
3.7 d @ 0.5 m GSD 

Pléiades 1 & 2 
Panchromatic 
Visible (3 bands) 
Near infrared (NIR) 

50 cm  
2 m 
2 m 

Daily 

SPOT 6 & 7 
Panchromatic 
Visible (3 bands) 
Near infrared (NIR) 

0.5 m 
6 m 
6 m 

Daily 

RapidEye 
Visible (3 bands) 
Red-edge 
Near infrared (NIR) 

5 m 
5 m 
5 m 

Daily 

Sentinel-1 C-SAR 
5 m x 5m 
5 m x 20 m 
20 m x 40 m 

12 days 

Sentinel- 2 

Visible (3 bands) 
Red-edge (4 bands) 
NIR 
SWIR (2 bands) 
CAVIS (3 bands) 

10 m 
20 m 
10 m 
20 m 
60 m 

5 days 

Landsat 8 See Table 2 16 days 

ASTER 
VNIR (3 bands) 
SWIR (6 bands) 
Thermal (4 bands) 

15 m 
30 m 
90 m 

16 days 

*NIR = near infrared, SWIR = short wave infrared, and CAVIS = clouds, aerosols, vapor, ice and snow. 

3.3 Recommended Data Uses 
Remotely sensed imagery can be used for tailings monitoring through a variety of applications. 
The simplest image data, such as a natural color, red/green/blue (RGB) image can be used to 
visually assess, to map changes, and to conduct simple comparisons of pixel values between im-
age dates. Imagery for visual interpretation and mapping often require the simplest data prepro-
cessing, provided the data has been orthorectified to remove geometric distortions (e.g. so that 
measured distances in the image represent measured distances on the ground) and it co-registers 
with comparative image data. RGB imagery can be classified to represent meaningful features, 
however additional multispectral bands may be required reduce errors.  

Multispectral imagery (i.e., including wavelengths beyond the visible spectrum) is well suited 
to tailings monitoring due to the additional data bands that are helpful for discriminating between 
waste rock, sediment, and water. These images can be used to compare classification values, pixel 
values, band ratio values, or index values (as defined later in this paper) to quantify changes. The 
accuracy of observed change will be affected by the image processing undertaken to correct for 
satellite errors, atmospheric effects and differences in scene illumination. Additionally, some im-
age analysis techniques are not well suited for general monitoring applications as they are based 
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on statistics that are likely to be variable over time, which may result in the identification of false 
changes (e.g. Principal components analysis). 

In addition to measuring difference in pixel values and their derivatives, it is possible track 
changes in elevation in a TSF over time. This is typically done by creating and comparing digital 
surface models from stereopairs of optical imagery acquired on different dates. Depending on the 
resolution of the stereopairs and the processing technique it is possible to measure changes in 
elevation as small as +/- 0.3 meters, which can be a useful as-built survey technique. As described 
by Schmidt et al. (2015), comparison of elevation models from multiple dates enables the calcu-
lation of height differentials, volume loss/gain (e.g., pit production, stockpile management, tail-
ings deposition volumes), and changes in surface gradient and profile over time (e.g., tailings 
beach slopes).  

If very accurate changes in elevation are needed, radar imagery can be used to measure surface 
deformation or changes in elevation between the analyzed dates at centimeter scales. Statistical 
techniques have been developed to improve the displacement measurement resolution further to 
track movement rates at the sub-centimeter level using persistent-scatter interferometry as de-
scribed by Ferretti et al (2000). The ability to measure centimeter-scale movements has direct 
relevance to the large scale monitoring of surface movements on tailings dams and waste dumps 
to monitor slope stability. Although the accuracy can be affected by atmospheric conditions (that 
slightly change the speed of light and thus induce a phase shift), satellite positioning errors (pro-
ducing a stereoscopic effect that can be corrected using a source DEM), and ground surface con-
ditions (e.g., surface moisture, dust, and other factors that change reflectance properties), many of 
these can be corrected with statistical or mathematical techniques and hardware radar reflectors. 

4 MULTISPECTRAL IMAGERY 

4.1 Color and False Color Imagery 
Satellite imagery recorded from the visible light spectrum can be used to develop color or grey-
scale images of ground surface (or the top of clouds) that simulates what the human eye would 
see. An example of individual red, green, and blue band data from the Landsat 8 satellite recorded 
on February 11, 2016, for the Peñasquito Mine in Zacatecas, Mexico, is shown below as Figure 1. 
A pan-sharpened color composite image is also shown in Figure 1. This image is produced by 
combining the individual color bands into an RGB image and colorizing the higher resolution 
panchromatic image. The band data was downloaded at no charge and without user restrictions 
from http://earthexplorer.usgs.gov within 24 hours of acquisition. Landsat 8 carries optical and 
thermal sensors that collect 11 spectral bands of data at spatial resolutions of 15 to 100 m, as 
summarized in Table 2. 

 
 

Table 2. Landsat 8 Data Bands (USGS 2013a). _____________________________________________________________________________ 
Spectral Band     Wavelength    Resolution  
         µm       m _____________________________________________________________________________ 
Band 1 – coastal/aerosol 0.43-0.45     30 
Band 2 – blue     0.45-0.51     30 
Band 3 – green    0.53-0.59     30 
Band 4 – red     0.64-0.67     30 
Band 5 – near IR    0.85-0.88     30 
Band 6 – SWIR 1   1.57-1.65     30 
Band 7 – SWIR 2   2.11-2.29     30 
Band 8 – panchromatic 0.50-0.68     15 
Band 9 – cirrus    1.36-1.38     30 
Band 10 – TIRS 1   10.60-11.19    100 
Band 11 – TIRS 2   11.50-12.51    100 _____________________________________________________________________________ 
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Band 2 - Blue (30 m GSD)         Band 3 – Green (30 m GSD) 

   
Band 4 – Red (30 m GSD)          Band 8 – Panchromatic (15 m GSD) 

 
Pan-Sharpened, Natural Color, RGB Image (15 m GSD) 
Figure 1. Raw Image Band Data and Natural Color Image of the Peñasquito Mine on February 11, 2016 
(Data provided by USGS/NASA Landsat). 

 
False color images can be used to highlight specific features in the image. Substituting shortwave 
infrared (band 6), near infrared (band 5), and red (band 4) for the red, green, and blue produces a 
false color image that exaggerates vegetation  and  water  surfaces  as  shown  in  Figure  2.  This  “6-5-
4”   image   is   automatically generated and published by the United States Geological Survey 
(USGS) on the internet at http://landsatlook.usgs.gov. Through this portal, the full archive of 
Landsat 8 imagery as well as previous Landsat missions dating back to 1972 are accessible. Hun-
dreds of combinations of bands can be used to produce false color images and highlight specific 
features. The traditional  “5-4-3” color infrared (CIR) highlights healthy vegetation in red based 
on the reflectance of infrared light by chlorophyll. An example of natural color and color infrared 
imagery for the Minntac Mine in Mountain Iron, Minnesota, on July 4, 2015 is shown below as 
Figure 3.  

 

  
Pan-Sharpened, False Color, 6-5-4 Image  
Figure 2. False Color Image of the Peñasquito Mine on February 11, 2016 
(Data provided by USGS/NASA Landsat)  
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Pan-Sharpened, Natural Color, 4-3-2 Image     Pan-Sharpened, CIR, 5-4-3 Image 
Figure 3. Natural and Color Infrared Images of the Minntac Mine on July 4, 2015 
(Data provided by USGS/NASA Landsat). 

4.2 Numerical Analysis and Automatic Feature Extraction 
Monitoring using multitemporal and multispectral imagery can involve the comparison of pixel 
values or mapped features in several different ways. Thresholding can be used to identify regions 
with a specific range of pixels values in a given band (e.g., setting a particular range of green pixel 
values to represent vegetation). This is a rapid but often imprecise method to isolate areas of 
interest. Nevertheless this can be helpful to rapidly discern patterns and to determine which bands 
will give the best separability. Dividing the pixel values of one band by another results in a band 
ratio image that can enhance contrast of features. This can be particularly useful if particular fea-
tures of interest are highly reflective in certain bands.  

Alternatively, spectral indices have been developed to map many different land cover types 
including surface water and moisture. An index of particular relevance to the mapping of water 
within tailings ponds is the normalized difference water index (NDWI) as defined by Equation 1. 
The NDWI suppresses bright features in the near infrared image (e.g. vegetation) and increases 
the reflectance of dark objects in the green band (water). The NDWI will yield a dark landscape 
due to the high infrared reflectance of vegetation and soil and bright waterbodies due to the com-
paratively low infrared reflectance of water (McFeeters, 1996). 

 

NIRGREEN

NIRGREEN
NDWI




  (1) 

 
In urban environments or areas with built-up features it may be advantageous to apply the modi-
fied normalized water index (MNDWI) and defined by Equation 2. This index substitutes the mid 
infrared band for the near infrared band in order to suppress built-up features, soil and vegetation 
while enhancing water (Xu, 2006).  

 

MIRGREEN

MIRGREEN
MNDWI




  (2) 

 
Examples of each index using the May 17, 2016, Landsat data of the Peñasquito Mine are pre-
sented below as Figure 4. In the NDWI image, the shallow standing water and saturated tailings 
at the surface of the tailings beach is highlighted in blue due by selectively colorizing pixel values 
above a threshold brightness; area can be estimated based on the GSD. In the MNDWI image, the 
sensitivity for delineating these features has been enhanced, and the wetted surface of the heap 
leach located northeast  of  the  TSF  is  also  highlighted  blue.  The  cutoff  thresholds  between  “wet”  
and   “dry”   surfaces   is   typically   based on local site experience but can also be estimated from 
known spectral responses of the various materials expected to be within the analyzed imagery. 
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Band 5 – Near IR             Band 7 – Short Wave Infrared 

   
NDWI Image              MNDWI Image 
Figure 4. NIR and SWIR Images and NDWI and MNDWI of the Peñasquito Mine, May 17, 2016 
(Data provided by USGS/NASA Landsat). 

5 LONG TERM MONITORING 

The longevity of public satellite imagery sources like the Landsat program provides for monitor-
ing of mine facilities over long time scales. This same concept can be applied using high resolution 
commercial imagery as part of a monthly, quarterly, or annual monitoring program, with fre-
quency selected depending on the cost benefits. This data can be used to monitor total facility 
area, water storage, and waste storage. Many online platforms, including those mentioned else-
where this paper, exist that provide ready access to historic data. Google Inc. has processed 1984-
2012 data from the Landsat program to provide global, annual snapshots using 30-m resolution 
imagery (2015). This data is publically accessible at https://earthengine.google.com/timelapse/. 
An example of the 28-year dataset of the Minntac Mine is shown in Figures 5-7. This progression 
clearly shows the development of the TSF through time, construction and filling of tailings cells, 
and migration of the reclaim pond. 

 

   
1984           1985           1986 
Figure 5. Minntac Mine 1984 – 1996 by Google (2015) 
(Data provided by USGS/NASA Landsat). 
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1987           1988           1989 

   
1990           1991           1992 

   
1993           1994           1995 

   
1996           1997           1998 

   
1999           2000           2001 
Figure 6. Minntac Mine 1987 – 2001 by Google (2015) 
(Data provided by USGS/NASA Landsat). 
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2002           2003           2004 

   
2005           2006           2007 

   
2008           2009           2010 

   
2011           2012           
Figure 7. Minntac Mine 2002 – 2012 by Google (2015) 
(Data provided by USGS/NASA Landsat). 

6 CONCLUSIONS 

As discussed throughout this paper, remote sensing using multispectral satellite imagery and radar 
data provides a useful tool for monitoring the long-term performance of the TSF. The imagery 
can be used to produce a general overview of tailings deposition and water management, but also 
for more analytical purposes such as measuring the area of land and water features, detailed ele-
vation mapping, and high-resolution displacement monitoring. A long term monitoring program 
can be established and high-resolution commercial satellite operators tasked with recurring data 
collection. Conversely, more than 30 years of moderate resolution data is readily available for 
historical review of facility performance with ongoing data collections to the present. As these 
remote methods do not rely on physical access, or even ownership, the provide owners, operators, 
engineers, and third-parties with access to data that would otherwise be difficult or impossible to 
obtain. 
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1 EXECUTIVE SUMMARY 

Although the basic concepts of electrocoagulation (EC) have been known for nearly 100 years, it 
was not until the past few years that the technology became commercially viable for large scale, 
high flow rate applications.  Through innovations in electric power management, electrode geom-
etry, in-line real-time sensor monitoring and integrated control, EC now provides an innovative 
and cost-effective approach to the treatment of water impacted with colloidal solids, emulsified 
oils, heavy metals, and other undesirable constituents.  As a work horse technology for the re-
moval of total suspended solids and heavy metals, EC is an ideal treatment option for the mining 
industry and has significant operational advantages when compared to traditional coagulation 
technology. 

EC has been effectively used to treat mine wastewater from various mine sites in the United 
States, Africa, Australia, and Canada.  Pollutants effectively removed from the wastewater 
streams by EC included: arsenic, antimony, aluminum, iron, manganese, cadmium, copper, chro-
mium, nickel, zinc, silica, total suspended solids (TSS), fats, oils, and grease (FOG), total petro-
leum hydrocarbons (TPH), turbidity, and other contaminants.   

The focus of this presentation will review the treatment processes and results from three differ-
ent mine impacted waters.  The primary contaminants of concern in these waters were cadmium 
(Cd), copper (Cu), lead (Pb) and zinc (Zn).  Toxicity testing results will also be presented.  The 
three impacted mine waters includes underground mine dewatering, tailings stormwater runoff 
and smelter environmental cleanup water.  Capital and operational estimates will also be presented 
for a full scale plant. 

Electrocoagulation Treatment of Heavy Metals from Mine 
Impacted Water 

B. Denney Eames, P.E.
Water Tectonics, Inc. Everett, Washington 

Jacob Aylesworth,EIT 
Water Tectonics, Inc. Everett, Washington 

ABSTRACT: A presentation of pilot data from three different sites with mine impacted 
wastewaters.  The primary contaminants were cadmium, copper, lead and zinc, with some waters 
also containing arsenic, antimony, and thallium.  The waters sources came from three different 
mine activities; 

• Underground mine dewatering
• Tailings stormwater runoff
• Smelter environmental cleanup water

Contaminate removal data will be presented along with bio-toxicity testing results.  CAPEX and 
OPEX estimates for the full scale system will also be compared to other onsite chemical treatment 
operations.  
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2 FUNDAMENTAL OF ELECTROCOAGULATION 

Coagulation is one of the most important physiochemical reactions used in water treatment. The 
precipitation of ions (heavy metals) and colloids (organic and inorganic) are mostly held in solu-
tion by electrical surface charges. These colloids can be destabilized and coagulated by balancing 
these surface charges through chemical or electrical methods. Typically, the coagulant is added 
in the form of suitable chemical substances.  Ferric chloride [FeCl3] is a coagulant that is widely 
used in mine impacted water for treatment.  The ferric chloride dissociates in water and the iron 
forms a coagulant as ferric hydroxide [Fe(OH)3].  The stoichiometry below shows how ferric 
chloride dissociates in water and forms the coagulant ferric hydroxide.   

 
Fe(Cl)3 (aq) + 3H2O (l) Ù Fe(OH)3 (s) + 3Cl-

 (aq) + 3H+
(aq)         (1) 

 
The remaining chloride anion is left in solution and is balanced out with a hydrogen molecule left 
over from the split of the water molecule.  This water chemistry consumes alkalinity and reduces 
pH in the treated fluid.  It also increases the dissolved chloride concentrations in the treated efflu-
ent. 

The mechanism of coagulation has been the subject of continual review. It is generally accepted 
that coagulation is driven primarily by a reduction of the net surface charge to a point where the 
colloidal particles, previously stabilized by electrostatic repulsion, can approach close enough for 
van der Waals forces to hold them together and allow aggregation. The reduction of the surface 
charge is a consequence of the decrease of the repulsive potential of the electrical double layer by 
the presence of an electrolyte having an opposite charge.  

EC offers an alternative to the use of metal salts, polymers or polyelectrolyte additions for 
breaking stable emulsions and suspensions. Electrocoagulation causes coagulation by introducing 
highly-charged polymeric metal hydroxide species. These ionic metal species neutralize the elec-
trostatic charges on suspended solids and oil droplets to facilitate agglomeration or coagulation 
and resultant separation from the aqueous phase. The treatment prompts the precipitation of many 
metals and salts. 

In the EC process, the coagulant is generated in situ by electrolytic oxidation of an appropriate 
anode material. In this process, charged ionic species (metals or other contaminants) are removed 
from wastewater by allowing them to react with an ion having an opposite charge, or with floc of 
metallic hydroxides generated within the effluent.  This reaction enjoys several advantages in 
water treatment as mentioned by Benefield, Judkins, and Weand: 

Chemical coagulation has been used for decades to destabilize suspensions and to effect pre-
cipitation of soluble metals species, as well as other inorganic species from aqueous streams, 
thereby permitting their removal through sedimentation or filtration. Alum, lime and/or pol-
ymers have been the chemical coagulants used. These processes, however, tend to generate 
large volumes of sludge with high bound water content that can be slow to filter and difficult 
to dewater. These treatment processes also tend to increase the total dissolved solids (TDS) 
content of the effluent, making it unacceptable for reuse within industrial applications. (1982) 

 
Similar findings are expressed by Tchobanoglous and Burton: 

 
Although the electrocoagulation mechanism resembles chemical coagulation in that the cati-
onic species are responsible for the neutralization of surface charges, the characteristics of the 
electrocoagulated flock differ dramatically from those generated by chemical coagulation. An 
electrocoagulated flock tends to contain less bound water, is more shear resistant and is more 
readily filterable. (1991) 

 
The EC treatment process is shown conceptually in Figure 1.  Direct current (DC) is applied to a 
anode in a water bath/stream.  As the electrons pass from the cathode to the anode, two simulta-
neous reactions occur.  Water (H2O) is split at the cathode forming H2 (gas) and OH-

(aqueous) at the 
cathode.  Metal (Me+) is released through electrolytic oxidation at the anode.  If Iron (Fe) is used 
the Fe2

+ will quickly oxidize to Fe3
+ dependent on the water characteristics such as pH, oxidation-

reduction potential (ORP), dissolved oxygen (DO), and others.  The coagulant metal (Me+) and 
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hydroxide (OH-) are suddenly above saturation and combine to form an insoluble polar molecule.  
These polar molecules attract and retain other contaminants in the water through agglomeration 
and co-precipitation, causing a stable floc to form.  This flocculation (“floc maturation”) process 
can be encouraged by physiochemical adjustments such as pH, temperature, and flow rates/resi-
dency times.  The overall stoichiometry of this reaction is shown below. 

 
4Fe (s) + 10H2O (l) + O2 (g)  Ù  4Fe(OH)3 (s) + 4H2 (g)           (2) 

 
Dependent on the floc characteristics of size and density, a portion of the small amount of hydro-
gen gas formed at the cathode attaches to the floc providing lift and can form a stable surface floc.  
Floc particles with higher density settle to form a sludge layer (dependent on the fluid hydraulic 
characteristics).  Figure 1 is a conceptual diagram of these processes. 

 
 

 
Figure 1. Electrocoagulation Process Diagram 

One of the main advantages of the reaction stems from the geometry in-which the metal salt and 
the hydroxide are released on the fluid.  The hydroxide released on the cathode and the metal 
released on the anode are commonly less than ¼ of an inch structurally apart, however, on a mo-
lecular scale, they are thousands of molecules apart.  This arrangement creates a localized high 
pH environment on the surface of the cathode and promotes precipitation of heavy metals at pH 
levels much lower than observed in chemical precipitation reactions.  Furthermore, the electrical 
potential between the negatively charged hydroxide and the positively charged metal create an 
environment where contaminants and other heavy metals are easily entrained and agglomerated 
in the floc that forms as the iron and hydroxide molecules come together.  The EC geometry and 
electrical potential explains why EC is able to create electro-chemical reactions at lower pH levels 
and dosage concentrations when compared to chemical based reactions. 
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In contrast to formulated chemical additives, this electro-chemical reaction introduces the metal 
salt into the water stream without adding the associated anion, consuming alkalinity and/or reduc-
ing pH.  As a result, most EC treated waters have effluent at the same or slightly elevated pH, 
with the same or slightly lower total dissolved solids (TDS) concentration.   

3 PROJECT BACKGROUND 

In the fall of 2014, at the request of a North American based mining company, Water-
Tectonics (the Company) was contracted to perform treatability testing on eight different 
water sources derived/associated with various mining operations. The current chemical 
precipitation process used to treat the water was struggling to consistently meet the dis-
charge goals for some of the heavy metals and toxicity. 

The treatability testing focused on the reduction of cadmium (Cd), copper (Cu), lead 
(Pb) and zinc (Zn).  In addition, the treated water needed to pass toxicity testing using the 
water flea (Ceriodaphnia Dubia) and the fathead minnow (Pimephales Promelas).  The 
process was developed and optimized in the lab.  In the spring of 2015, the mining com-
pany contracted the company to perform three pilot demonstration projects showing effi-
cacy of the EC process.  The results from these three process verifications are presented 
below. 

4 PROCESS DESCRIPTION 

The key components of the process consisted of a water source (pond/tank), the EC system, pipe 
flocculator, weir tank, ultrafiltration (UF) skid, backflush tank and the discharge location. The 
target flow rate for each pilot was set between 100 to 300 gpm. The control system monitored and 
controlled the flow rate into the EC system, flow rate into the UF system, and Metal (Me+) dosage 
by the EC system.  The process flow diagram below shows these components. 
 
 

 
Figure 2. Pilot Process Flow Diagram 
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Control of the Me+ dosage was accomplished by controlling the flow of electrons (current) thru 
cell, and the flow rate of the water thru the cell.  The applied current density, the cell gap distance 
and the conductance of the water in the cell are the factors that control the required electrical 
potential for the EC reaction.  The power required for the reaction is the product of this potential 
(voltage) and the electron flow (current).   

A submersible pump was used to move the water from the source/pond through the EC system, 
pipe flocculator, into the weir tank. The EC system designed into a 20’ connex containing nine 
cells and have been plumbed with reverse return flow to maintain hydraulic equivalence. The 
number of cells required for was based on the application and optimal dosage based on flow rate 
between 100 and 300 gpm.  Once the flow rate and dosage rates were entered into the main control 
screen by the operator, the system automatically dosed the required amount of iron. A pH probe 
integrated into the process controls was used to monitor and enable the system to automatically 
adjust the pH as water flows through the system. pH adjustment was not required for the under-
ground mining or the tailings stormwater runoff sites.  pH adjustment was required for the smelter 
environmental cleanup site due to the use of acidic solutions in the decontamination process.  The 
pH data for each site is presented below.  Following EC, the floc developed as water passed 
through a pipe flocculator. The pipe flocculator increased the particle collisions between the floc 
particles to agglomerate them into a larger denser floc. Residence time and particle collisions have 
been found to affect floc characteristics such as cohesiveness, size and settling time. The water 
entered the weir tank where a series of baffled walls captured the light floc at the surface and 
allowed the heavy floc to settle.  

Water from the weir tank overflowed and flooded the suction of the centrifugal UF feed pump. 
The UF system included hollow fiber polyacrylonitrile (PAN) membranes with an absolute filtra-
tion pore size of 0.04 microns. Filtered water was automatically diverted to either the backflush 
tank or discharged through the final water quality management system of the EC connex. The UF 
would automatically backflush, using a designated centrifugal backflush pump, based on a volu-
metric totalizer.  The backflush volume was set at 5% of in the influent volume. The EC water 
quality management system monitored in real-time the final discharge water for turbidity and pH 
parameters before the water was discharged.  If the parameters were out of range, the automated 
system recirculated the water back to the source.  
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5 PROJECT DATA 

The analytical data collected during the pilot are presented in the tables below.  Samples were 
collected on a daily basis with one influent (INF) being collected at the source pump and one 
effluent (EFF) sample being collected on the UF discharge.  The average data has been presented 
along with the calculated percent reduction.  The standard deviation is shown for each data set 
along with the maximum and minimum values.   

In addition, toxicity tests were performed for each site.  The testing was performed by an ac-
credited laboratory using the NELAC standards.  The toxicity summary for each site is quoted 
from each lab report.  Chronic toxicity testing was performed for the underground dewatering site 
and the tailings stormwater runoff site.  Acute toxicity testing was performed at the smelter envi-
ronmental cleanup site. 

All effluent parameters set by the mine were below the effluent target levels during the pilot 
demonstrations.  The toxicity testing results showed that the effluent meet the requirements for 
surface discharge.   

 
 

Table 1. Underground Mine Dewatering 
Analytical 
Parameters 

Average  
ᣗ݃/ܮ 

Standard Deviation 
ଗg/L 

Max/Min  
ଗg/L 

Influent Effluent % Reduction Influent Effluent Influent Effluent 
Cd 2.1 0.54 74.5% 0.54 0.44 3.7/1.4 1.7/0.14 
Cu  22 1.7 92.6% 3.5 1.3 32/16 6.3/0.10 
Pb 105 1.4 98.6% 15 1.1 141/60 5.4/0.55 
Zn 531 70 86.9% 73 62 660/390 244/10 
pH 8.1 8.1 0.0% 0.2 0.2 8.3/7.9 8.3/7.9 

# of Samples 27 27  

Total Treated Volume: 2,628,600 gallons 
 
 

Underground Mine Dewatering - Chronic Toxicity Testing Results: 
The Ceriodaphnia dubia survival rates were 100 in the control. The Ceriodaphnia in the 
control produced an average of 20.9 young over the seven-day exposure period. Percent 
coefficient of variation (CV) values for Ceriodaphnia dubia control survival and repro-
duction was 0.00 and 13.99. Control data met or exceeded all criteria set out by EPA for 
test acceptance. 

The No Observed Effect Concentration (NOEC) for Ceriodaphnia dubia was 100% for 
Survival and 62.5% for Reproduction. The tests were run using an upstream against ef-
fluent concentrations of 6.25%, 12.5%, 25%, 62.5%, and 100%. The effluent sampled on 
5-18-15, 5-20-15, and 5-22-15 exhibited acceptable chronic toxicity in Ceriodaphnia du-
bia during the exposure periods as described in EPA 821-R-02-013. 
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Table 2. Tailings Stormwater Runoff 
Analytical  
Parameters 

Average  
ଗg/L 

Standard Deviation 
ଗg/L 

Max/Min  
ଗg/L 

Influent Effluent % Reduction Influent Effluent Influent Effluent 
Cd 0.44 0.20 55.5% 0.33 0.15 1.3/0.13 0.61/0.03 
Cu 4.4 1.6 64.3% 1.6 0.29 9.3/2.8 2.1/1.1 
Pb 27 0.48 98.2% 14 0.40 58/12 2.3/0.18 
Zn 130 14 89.1% 32 6.9 242/104 37/5.6 
pH 8.0 8.0 0.0% 0.2 0.2 8.2/7.8 8.2/7.8 

# of Samples 23 23  

Total Treated Volume: 1,930,200 gallons 

 
 

Tailings Storm Water Runoff - Chronic Toxicity Testing Results: 
The Ceriodaphnia dubia survival rates were 100% in the control. The Ceriodaphnia in the 
control produced an average of 20.6 young over the seven-day exposure period. Percent CV 
values for Ceriodaphnia dubia control survival and reproduction was 0.00 and 12.37. Control 
data met or exceeded all criteria set out for test acceptance. 

The No Observed Effect Concentration (NOEC) for Ceriodaphnia dubia was 100% for 
Survival and 100% for Reproduction. The tests were run using an upstream against effluent 
concentrations of 6.25%, 12.5%, 25%, 62.5%, and 100%. The effluent sampled on 7-13-15, 
7-15-15, and 7-17-15 exhibited acceptable chronic EPA 821-R-02-013 toxicity in Cerio-
daphnia dubia during the exposure periods as described in EPA method. 

 
 

Table 3. Smelter Environmental Cleanup Water 
Analytical 
Parameters 

Average  
ଗg/L 

Standard Deviation 
ଗg/L 

Max/Min  
ଗg/L 

 Influent Effluent % Reduction Influent Effluent Influent Effluent 

Cd 2,654 12 99.5% 1,755 9.1 7,107/864 34/6 
Cu 216 3.8 98.2% 211 1.0 772/34 6/3 
Pb 39,932 37 99.9% 40,594 27 147,959/3,341 105/6 
Zn 10,472 36 99.7% 5,465 17 22,981/2,212 58/15 
pH 7.6 8.6 -13.1% 0.3 0.3 7.9/7.3 8.9/8.3 
# of Samples 10 10  

Total Treated Volume: 375,900 gallons 
 
 

Smelter Environmental Cleanup Water - Acute Toxicity Testing Results: 
Acute toxicity testing was performed on duplicate samples of effluent discharge. Acute tox-
icity, as defined by significant mortality for at least one of two aquatic test species during a 
48 hour period of exposure, was not detected in Ceriodaphnia exposed to the 100% allowable 
effluent concentration (AEC), and was not detected in fathead minnows exposed to the 100% 
effluent. The LC50 for the Ceriodaphnia was >100% and >100% for the Pimephales. The 
test species utilized in this test were the water flea, Ceriodaphnia dubia and the fathead min-
now, Pimephales promelas. 
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6 CAPITAL AND OPERATING COST DATA 

Based on the results of the three demonstrations, the mine requested that the Company estimate 
the cost to design and construct a 6,000 gpm treatment plant.  The operational costs were also 
estimated based on the data provided during the pilot demonstrations.  Tables 4 and 5 present this 
data. 
 
 
Table 4. Capital Costs for a 6,000 gpm Water Treatment Plant 

Capital Cost Item Cost 
Engineering  $425,000  
Process Equipment  $8,624,000 
Facility, Infrastructure & Installation  $2,493,000  
Management, Supervision & Commissioning  $357,000  
  
Total $11,899,000 

 
 
Table 5. Operational Costs for a 6,000 gpm EC Water Treatment Plant 

Operational Cost Item $/1000 gallon Annual Cost* 
Consumables (EC Cells, UF Membranes, Misc.) $1.252 $3,255,200  
Power ($0.70/KWH) $0.272 $707,200  
Operations Labor  $0.162 $421,200  
   
Total $1.686 $4,383,600  

*Estimated annual cost based on treating 2.6 billion gallons per year. 
 
 

The mine operates chemical precipitation water treatment plants at facilities with similar influent 
water quality.  The treatment process uses chemical precipitation, ballasted settling and media 
filtration.  A review of the capital and operating costs for these plants show a similar power and 
operation cost on a volumetric basis.  The consumable costs however are significantly lower for 
the chemical water treatment plant.  Further review shows that the majority of the consumable 
costs is associated with the machining and labor for the EC plates.  The plates are round cut cre-
ating waste materials and have four holes that need to be drilled.  The capital costs on a similarly 
sized water treatment plant using a chemical process was also estimated.  The results are shown 
in Table 6. 

 
Table 6. Operational Costs for a 6,000 gpm Chemical Water Treatment Plant * 

Capital Cost range was estimated at $10,300,000 to $15,700,000 
Operational Cost Item $/1000 gallon Annual Cost* 
Consumables (Chemicals, Filters, Misc.) $0.879  $2,285,400  
Power ($0.07/kWh) $0.215  $559,000  
Operations Labor $0.162  $421,200  
   
Total $1.256  $3,265,600  

*Estimated annual cost based on treating 2.6 billion gallons per year. 
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7 CONCLUSION 

The analytical data collected during the pilot demonstrated that an electrocoagulation process can consist-
ently remove heavy metals from the wastewater stream to meet strict discharge standards.  In addition, the 
treated water passed all aquatic toxicity testing regulations and was found to be non-toxic based on the 
toxicity testing parameters.   

Additional advantages for the electrocoagulation process is reduced sludge production, and improved 
dewatering, however, these parameters were not considered during this study because the mine considers 
the tailings storage facility capacity sufficient for the life cycle of either process treatment plant.  Where 
the economics of sludge handling are significant, these should be considered. 

The capital costs for an electrocoagulation water treatment plant were equivalent to the cost of a simi-
lar sized chemical treatment plant.  The operational costs for the electrocoagulation plant was 34% higher 
than the operational cost for a chemical coagulation plant.  The majority of the cost difference was in the 
electrocoagulation cell plates.   

The key take away from this study was that electrocoagulation treatment performance was superior but 
at this time chemical treatment is more cost effective.  The cell design, machining and assembly can be 
easily optimize to improve economics as this process moves into larger flow applications and with these 
changes economics can approach chemical treatment.  The future of electrocoagulation is based in this 
new cell design efficiency, regulations that key on aquatic toxicity, lower required metals discharge, re-
duced sludge generation and automated operations that favor and electrical based design. 
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This is the twentieth annual Tailings and 
Mine Waste Conference which is being 
hosted by Colorado State University of Fort 
Collins, Colorado and now alternating odd 
years with the University of Alberta and the 
University of British Columbia. The purpose 
of these conferences is to provide a forum 
for discussion and establishment of dialogue 
among all people in the mining industry and 
environmental community regarding tailings 
and mine waste. 

This year’s conference includes papers which 
present state-of-the-art on mine and mill 
tailings and mine waste, as well as current 
and future issues facing the mining and 
environmental communities. Matters dealing 
with technical capabilities and developments, 
design and operations of tailings, and 
environmental concerns are discussed.
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