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Preface
This proceedings includes 51 state-of-the-art papers. These papers address the important 
issues faced by the mining industry today and will provide a record of the discussions at the 
conference that will remain of value for many years.

The organizing committee wishes to thank all who have contributed to this year’s conference 
including authors, presenters, keynote speakers, short course providers, sponsors, and 
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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!Table 1:  Conference proceedings details, 1978 to 2013 

 
Year% Title% Date%and%Location% Pages% Papers% Publisher%

1978! Uranium!Mill!Tailings!Management!
Fort!Collins,!CO.,!!
November!20!?!21! 172! 11!

Geotechnical!Engineering!Program,!!
Colorado!State!University!

1978! Uranium!Mill!Tailings!Management,!
Volume!II!

Fort!Collins,!CO.,!!
November!20!?!21! 126! 9! Geotechnical!Engineering!Program,!!

Colorado!State!University!

1979! Uranium!Mill!Tailings!Management!
Fort!Collins,!CO.,!!
November!19!?!20! 308! 26!

Geotechnical!Engineering!Program,!!
Colorado!State!University!

1980! Uranium!Mill!Tailings!Management! Fort!Collins,!CO.,!!
November!24!?!25! 573! 30! Geotechnical!Engineering!Program,!

!Colorado!State!University!

1981! Uranium!Mill!Tailings!Management! Fort!Collins,!CO.,!!
October!26!?!27!

727! 43! Geotechnical!Engineering!Program,!!
Colorado!State!University!

1982! Uranium!Mill!Tailings!Management! Fort!Collins,!CO,!!
December!9!?!10! 556! 38! Geotechnical!Engineering!Program,!

!Colorado!State!University!

1984! Management!of!Uranium!Tailings,!Low?
Level!Waste!and!Hazardous!Waste!

Fort!Collins,!CO,!!
February!1!to!3!

670! 66! Geotechnical!Engineering!Program,!
!Colorado!State!University!

1985!
Management!of!Uranium!Tailings,!Low?
Level!Waste!and!Hazardous!Waste,!
Volume!I!

Fort!Collins,!CO,!!
February!6!to!8!

252! 60! Geotechnical!Engineering!Program,!!
Colorado!State!University!

1985!
Management!of!Uranium!Tailings,!Low?
Level!Waste!and!Hazardous!Waste,!
Volume!II!

Fort!Collins,!CO,!
February!6!to!8!

334! 34! Geotechnical!Engineering!Program,!!
Colorado!State!University!

1986! Geotechnical!and!Geohydrological!
Aspects!of!Waste!Management!

Fort!Collins,!CO,!!
February!5!to!7!

558! 55! A.A.!Balkema,!Rotterdam!

1987!
Geotechnical!and!Geohydrological!
Aspects!of!Waste!Management!

Fort!Collins,!CO,!!
February!1!to!6! 312! 26! Lewis!Publishers,!Inc.!

1994! Tailings!and!Mine!Waste!‘94! Fort!Collins,!CO,!!
January!19!to!21! 259! 27! A.A.!Balkema,!Rotterdam!

1995! Tailings!and!Mine!Waste!‘95!
Fort!Collins,!CO,!!
January!17!to!20! 131! 14! A.A.!Balkema,!Rotterdam!

1996! Tailings!and!Mine!Waste!‘96! Fort!Collins,!CO,!!
January!16!to!19! 664! 69! A.A.!Balkema,!Rotterdam!

1997! Tailings!and!Mine!Waste!‘97! Fort!Collins,!CO,!!
January!13!to!17!

788! 83! A.A.!Balkema,!Rotterdam!

1998! Tailings!and!Mine!Waste!‘98! Fort!Collins,!CO,!
January!26!to!28! 968! 99! A.A.!Balkema,!Rotterdam!

1999! Tailings!and!Mine!Waste!‘99! Fort!Collins,!CO,!!
January!24!to!27!

808! 88! A.A.!Balkema,!Rotterdam!

2000! Tailings!and!Mine!Waste!‘00! Fort!Collins,!CO,!!
January!23!to!26! 566! 61! A.A.!Balkema,!Rotterdam!

2001! Tailings!and!Mine!Waste!‘01! Fort!Collins,!CO,!!
January!16!to!19!

472! 52! A.A.!Balkema,!Rotterdam!

2002! Tailings!and!Mine!Waste!‘02!
Fort!Collins,!CO,!
January!27!to!30! 520! 64! A.A.!Balkema,!Rotterdam!

2003! Tailings!and!Mine!Waste!‘03! Vail,!CO,!!
October!12!to!15!

526! 63! A.A.!Balkema,!Lisse!

2004! Tailings!and!Mine!Waste!‘04!
Vail,!CO,!
!October!10!to!13! 428! 48! A.A.!Balkema,!Leiden!

2008! Tailings!and!Mine!Waste!‘08! Vail,!CO,!!
October!19!to!22!

449! 41! Taylor!and!Francis!Group,!London!

2009! Tailings!and!Mine!Waste!‘09!
Banff,!Alberta,!!
November!1!to!4! 901! 79!

University!of!Alberta!Geotechnical!
Center,!University!of!Alberta!

2010! Tailings!and!Mine!Waste!‘10! Vail,!CO,!!
October!17!to!20! 471! 46! Taylor!and!Francis!Group,!London!

2011! Tailings!and!Mine!Waste!‘11!
Vancouver,!British!
Columbia!
November!6!to!9!

861! 72! University!of!British!Columbia!
Available!on?line:!!https://circle.ubc.ca/!

2012! Tailings!and!Mine!Waste!‘12!
Keystone,!CO,!!
October!14!to!17! 666! 58! University!of!British!Columbia!

2013! Tailings!and!Mine!Waste!‘13! Banff,!Alberta!
November!3!to!6!

663! 64! University!of!Alberta!Geotechnical!
Center,!University!of!Alberta!
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1 INTRODUCTION 

Geotechnical instrumentation monitoring of soil slopes often involves hourly, daily, or weekly 
data collection intervals to track gradual stress changes or deformation. This is driven through 
an understanding of potential failure modes as well as the availability of personnel and re-
sources to collect the data. Collected data is often reviewed and evaluated monthly or quarterly 
to track performance and evaluate trends. In situations where a soil slope is more susceptible to 
sudden “brittle” failures and a corresponding event is anticipated to have more subtle precur-
sors, it becomes particularly necessary to re-evaluate this approach, particularly in environ-
ments where site access or construction activities are required adjacent to or within areas with 
sensitive stability. Near real-time monitoring incorporates a substantial reduction in data collec-
tion intervals, yielding a more comprehensive data set, allowing early warning of slope failure. 
Each point of collected data provides a snapshot of performance, and as the time between is de-
creased, the likelihood of missing or overlooking a subtle precursor event is reduced. Under-
standing the geomechanical behavior of a soil slope provides a significant benefit to overall pro-
ject safety and long-term performance, as well as in the determination of on-going maintenance 
requirements. 

2 FACILITY DESCRIPTION 

The Deilmann Tailings Management Facility (DTMF) at Cameco’s Key Lake Operation 
(KLO) in northern Saskatchewan was an open pit uranium mine that was converted to a tailings 
management facility. This facility has been the repository for tailings since 1996. The west wall 

Geotechnical instrumentation and monitoring for pit slope 
stabilization and remediation 

T. Meyer & D. Hrubes 
DOWL HKM, Montrose, Colorado, USA 

C. Salewich 
Cameco Corporation, Saskatoon, Saskatchewan, Canada 

The Deilmann Tailings Management Facility at Cameco’s Key Lake Operation in northern Sas-
katchewan was an open pit uranium mine that was converted to a tailings management facility 
and began exhibiting pit slope sloughing. A slope remediation design was completed for a long-
term stable configuration based on geotechnical analyses. A composite geotechnical instrumen-
tation monitoring program was developed and implemented for use prior to, during, and after 
slope remediation construction. Due to inaccessibility of the pit wall slopes, it was not feasible 
to utilize conventional methods of slope movement monitoring. Selected instrumentation in-
cluded groundwater level sensors, vibrating wire piezometers, and two ground-based movement 
and survey radar units. The system was configured to provide monitoring of groundwater levels 
behind the slope, pore water pressure within the slope, and physical slope deformation, using 
near real-time monitoring methods. The system also incorporated automated early warning 
alarms at pre-determined thresholds.  
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is comprised of approximately 70m of glacial outwash sand, generally consisting of interlayered 
clean sands of various sizes with some silty layers, overlying sandstone bedrock. A zone of var-
iable 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. In order to provide a 
water cover for the placed tailings, pit dewatering activities were reduced and flooding of the 
DTMF began in 1998. Saturation of the outwash sand resulted in pit slope sloughing in mid-
2001, as seen in Figure 1, which was an ongoing issue until water elevations were stabilized in 
2008 through the careful management of dewatering wells around the perimeter of the DTMF. 
The failure mechanism was identified as structural collapse of the loose outwash sands upon re-
saturation, followed by flow liquefaction. A slope remediation design was developed to stabilize 
the pit wall, based on geotechnical analyses, incorporating slope excavation from established 
safety setbacks behind the pit crest. Subsequently, a geotechnical instrumentation monitoring 
program was developed and implemented for use prior to, during, and after slope remediation 
construction activities to track the performance of the DTMF slopes and provide early warning 
of slope instability. Slope remediation activities began on the DTMF west wall in the spring of 
2012 and were successfully completed ahead of schedule in the fall of 2013. 

 
 

  
 
Figure 1. Pit Slope Sloughing Example. 

3 GEOTECHNICAL ANALYSIS OVERVIEW 

Existing conditions and design alternatives were evaluated through geotechnical analyses of the 
DTMF west wall. This included field investigations, evaluating earthquake and vibration in-
duced liquefaction potential, finite element stress modeling, and limit equilibrium modeling to 
determine construction and long-term safety setbacks for the facility. Using available historic 
slope failure interpretations, a back-analysis was performed on the existing slope to refine mate-
rial properties for design evaluation. Construction conditions were modeled and analyzed at var-
ious stages, based on the excavation plan and a predetermined fixed DTMF pond elevation of 
497masl. A design factor of safety of 1.3 was utilized to determine safety setback locations for 
use during construction activities and for final long-term stability. Construction conditions were 
modeled for both local and global stability due to the proximity of personnel and equipment to 
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the DTMF pond. Final slope conditions were also modeled and analyzed to determine the stabil-
ity of the remediated slope condition, based on a projected DTMF pond flood-back elevation of 
510masl.  

4 SLOPE REMEDIATION APPROACH 

The DTMF WWSE Project was designed to utilize a descending bench and slice excavation 
method to flatten slopes to a stable configuration through removal and relocation of approxi-
mately 2.4 million cubic meters of glacial outwash sand. Excavation of the outwash sand origi-
nated at the top of the west wall slope and progressed downwards toward the DTMF pond sur-
face with the removal of each bench. Material was then transported to predetermined deposition 
areas outside the zone of influence for the facility. A rock fill toe buttress was also installed at 
the toe of the excavated slope to mitigate the formation of potential stress zones during the co-
ordinated flood-back of the facility. Excavation and rock fill placement activities were per-
formed via excavator and haul truck from behind established safety setbacks determined through 
the geotechnical analyses performed to support the project. Figures 2 and 3 display a section of 
the original (pre-construction) and remediated (post-construction) west wall slope. 

 
 

 
 
Figure 2. Original DTMF West Wall Slope (West End). 
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Figure 3. Remediated DTMF West Wall Slope (West End). 

5 MONITORING SYSTEM DESIGN 

The purpose of instrumentation monitoring is to maintain and improve safety by providing in-
formation to evaluate slope performance and warn of changes that could endanger personnel or 
compromise the facility. The DTMF monitoring system also served to verify the validity of the 
assumptions made during the design process and to allow monitoring of possible unexpected 
conditions in the event they arose. 

5.1 Slope Considerations 
The failure mechanism for the DTMF west wall was determined to be structural collapse of the 
loose outwash sands upon re-saturation followed by flow liquefaction. Loose sand may be fairly 
strong and stable at its natural water content but may experience a radical decrease in volume 
upon wetting.  This may have first been recognized by Terzaghi (1956) and was later researched 
by Morgenstern (1994). Potential causes of slope failure included the following: 

� Rising DTMF pond surface elevations; 
� Rising groundwater elevations behind slope face; 
� Excessive stormwater ponding behind slope crest; 
� Increasing pore water pressures within the slope; and 
� Strong ground vibrations on or adjacent to the slope. 

Available historic slope failure interpretations identified that the DTMF west wall was more 
susceptible to brittle failures with an anticipated short duration. Figure 4 presents a postulated 
scenario of pore pressure and deformation trends in a soil slope. For a fine-grained (low perme-
ability) material such as silt or clay, excess pore pressures (above hydrostatic) would tend to 
build slowly over time due to changes in loading or phreatic levels. Excess pore pressure trends 
can be monitored and correlated with measured slope deformation in order to determine the per-
formance of the slope over time. Due to the relatively high permeability of the DTMF outwash 
sand, excess pore pressures that may build up would dissipate more quickly and not necessarily 
be associated with deformation. Internal stress redistribution from over-stressed areas to more 
competent adjacent areas could also occur. If the adjacent areas then become over-stressed, fur-
ther “shedding” of stress may occur. Alternatively, the excess pore pressure could manifest in a 
sudden, brittle slope failure or minor slough near the slope toe, depending on the stress magni-
tude, material stress state, and size of the affected area. Therefore, it was critical during the pro-
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ject that early warning signs potentially occurring as small pore pressure “spikes” were recog-
nized as they may be precursors to a slope failure event. These spikes may not have exceeded 
the established threshold values for the project, ultimately requiring a frequent manual review of 
data to identify their occurrence. It was postulated that the magnitude and/or frequency of these 
spikes could provide some insight into the performance of the slope and would therefore be use-
ful in evaluating the severity of pore pressure threshold value exceedances that could occur. 

Based on a simple one-dimensional pore pressure dissipation model, it was estimated that 
pore pressure spikes in the DTMF outwash sand would dissipate over a time span of several 
minutes to approximately 20 minutes depending on the material permeability, homogeneity, and 
location and extent of the stressed area. For example, assuming a point located 1 meter below 
the sand surface and under 2 meters of water, the time to dissipate 50 percent of excess pore 
pressure equaling 5 kPa would be approximately 9 minutes for fine to medium sand. Given this 
estimated timeframe for excess pore pressure generation, applicable instrumentation was deter-
mined to require a monitoring sample frequency less than approximately 5 minutes in order to 
reasonably ensure capture of pore pressure spikes prior to significant dissipation. 

 
 

 
 
Figure 4. Postulated Scenario of Pore Pressure and Deformation Trends. 

5.2 Conventional Monitoring Instrumentation Limitations 
The original west wall slope stretched approximately 1500 meters laterally and up to 41 meters 
vertically in places between the DTMF pond surface and the existing crest. The average original 
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pit slope angle was roughly 1.5H:1V, resulting in a slope face area of nearly 104,000 square me-
ters. Various instrumentation options were considered to provide data acquisition relative to 
physical slope movement; as well as identified precursors, such as pore pressure and groundwa-
ter increases. Many of the conventional methods, such as survey prisms and inclinometers, were 
found to have limited application to the project. This was in part due to the slope access re-
quirements for installation; poor data point spacing, resulting in a limited or inadequate data set; 
and a prolonged frequency for data collection, processing, and interpretation. As the method for 
slope mitigation involved excavation of the west wall slope, instrumentation physically installed 
on the slope would have quickly been removed anyway, becoming obsolete and irreplaceable in 
a very short timeframe. 

5.3 Selected Monitoring System 
Due to the unstable nature and inaccessibility of the pit wall slopes, coupled with the goal of a 
near real-time data collection and analysis interval, it was not feasible to utilize conventional 
methods of slope movement monitoring, such as survey prisms and inclinometers. Selected in-
strumentation included groundwater level transducers installed in monitoring wells behind the 
slope crest, numerous vibrating wire piezometers (VWPs) near the toe of the slope, and two 
ground-based movement and survey radar system (MSRs). 

The composite monitoring system worked within the defined site limitations and was config-
ured to provide primary monitoring of both pore water pressure and physical slope deformation, 
using near real-time monitoring methods. The system also incorporated automated alarms at pre-
determined thresholds to provide early warning to operations and construction personnel. A plan 
view of the DTMF monitoring system instrumentation that was implemented is presented in 
Figure 5. 

 
 

 
 
Figure 5. DTMF Monitoring System Instrumentation. 
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5.3.1 Groundwater Level Transducers  
Groundwater level transducers were installed in previously drilled monitoring wells behind the 
DTMF slope crest, outside the planned remediation area, and configured to collect groundwater 
level readings at hourly intervals. The primary function of this instrumentation was to record 
groundwater elevation trends behind the slope face, as gradients away from the DTMF pond 
were considered to be optimal for slope stability. Fluctuations in groundwater elevations were 
expected to occur slowly and require less frequent monitoring. Daily manual groundwater eleva-
tion measurements were also taken at the monitoring wells as a routine check, with additional 
supplemental measurements taken during influential events. This data was compared to daily 
DTMF pond surface water elevations to identify any correlating trends and possible develop-
ment of adverse gradients. Figure 6 presents example data collected during the 2013 construc-
tion season, which was obtained from the daily pond and groundwater readings. 

It was determined that the water elevation within the DTMF should be maintained at approx-
imately 496.5masl during construction. As illustrated by the “DTMF EL” trend line shown on 
Figure 6, this was successfully performed through the careful management of the dewatering 
wells around the perimeter of the DTMF. Groundwater elevations at the actual monitoring well 
locations were more susceptible to variance than the pond due to their proximity to dewatering 
wells. Increases in precipitation infiltration also had influencing effects. Changes in pumping 
rates and routine maintenance activities were correlated with data events, such as the short dura-
tion spikes in groundwater elevation observed at many of the wells. 

 
 

 
 
Figure 6. Example Pond and Groundwater Data (2013). 

 

5.3.2 Vibrating Wire Piezometers  
Thirty-five separate push-in style VWPs were installed and activated at the toe of the DTMF 

west wall slope during successive phases in 2010 and 2011. VWPs were spaced at roughly 30 
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meter intervals, using a modified CPT rig. Access to the toe area was limited and only possible 
from the pond via barge, which functioned as a working platform of the CPT rig. Backup in-
struments were installed adjacent to each active VWP in 2012 to provide system redundancy 
and a viable replacement if malfunctioning instruments were identified during operations. None 
of the active VWPs incurred damage during installation; however, five of the VWPs installed in 
2010 and four installed in 2011have since malfunctioned and required replacement. Malfunc-
tioning of the instruments was linked to lightning strikes and power surges through the local 
grid, as well as natural attrition of the VWP hardware (primarily the internal temperature ther-
mistor). VWPs were hardwired into three relay stations for wireless communication to an on-site 
base station for data collection and internet upload. Collected data include pore pressure and 
temperature readings at each installation location, which were corrected for atmospheric pres-
sure using an on-site barometer. One-minute collection intervals were implemented for these in-
struments, as rapid pore pressure spikes associated with outwash sand consolidation and move-
ment were possible at the slope toe. Figure 7 displays one of the VWPs utilized and Figure 8 
presents example data obtained through the on-site monitoring system during the 2013 construc-
tion season. 

Threshold values for the VWPs were developed based on the accuracy of the instruments and 
the historic water levels the slopes had experienced which resulted in sloughing. It was calculat-
ed that an effective stress increase of approximately 8 kPa (~1.15 psi) could indicate the poten-
tial for slope sloughing. This threshold value was therefore assigned a “Critical” designation and 
warranted the evacuation of the DTMF in-pit work areas if triggered by the monitoring system. 
Additionally, a reduced threshold value of 5 kPa (~0.73 psi) was developed based on an approx-
imate factor of safety of over 1.5 and was assigned a “Geotechnical” designation for the purpose 
of notifying monitoring personnel prior to a potential sloughing event, when precursors might 
be observed. Thresholds were implemented and adjusted above mean “static” levels for the 
VWPs, derived from data throughout the course of the project. 

Pore pressure readings obtained by the VWPs were fairly consistent throughout construction, 
with larger scale variations being attributed to seasonal influences, such as snowmelt. Shorter 
duration variations, such as those seen between 6/6 and 6/16 on Figure 8, were correlated with 
increases in precipitation; changes in pumping rates within the dewatering system; and routine 
maintenance activities on the dewatering wells. A small number of pore pressure jumps and 
drops were observed throughout construction, as seen prior to 5/4 on Figure 8, which varied in 
severity. These events were correlated to local weather events, such as lightning strikes and 
power surges through the local grid, which appeared to cause minor strain on the internal com-
ponents of the VWPs. In the majority of these instances, VWPs would exhibit a jump or drop in 
pore pressure and then redefine a baseline within a new range, where it would resume function-
ing properly. In more severe instances, a VWP would malfunction entirely and require replace-
ment with its adjacent backup, installed as a method of system redundancy. While no pore pres-
sure spikes were observed and attributed to slope deformation, spikes did occur occasionally 
within the data, as seen after 6/23 on Figure 8. A review of data in these instances would typi-
cally identify the cause to be errant temperature readings obtained by the VWP over a single 
collection interval. Pore pressures for the VWPs are calculated using temperature integrated 
equations to automatically correct for temperature effects, which would result in erroneous pore 
pressure spike when a bad temperature reading was obtained. 

 
 

 
 
Figure 7. Vibrating Wire Piezometer. 
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Figure 8. Example Pore Pressure Data (2013). 

 

5.3.3 Movement and Survey Radar Units  
Two separate ground-based MSRs were installed on opposite sides of the DTMF facility to pro-
vide full and overlapping coverage of the entire west wall slope. As mentioned earlier, the origi-
nal slope face area was estimated at nearly 104,000 square meters. The approximate scan dis-
tances for the MSRs ranged from 700 meters to 1300 meters, resulting in a data point spacing or 
coverage interval ranging from 3 meters to less than 6 meters. This type of point spacing and 
corresponding slope coverage would realistically have been unachievable through conventional 
slope surveying methods. Data collected by the MSRs included total slope movement, as well as 
a calculated rate of movement. Scan and data return rates were within an approximate range of 1 
to 4 minutes, depending on the size and distance of the area being scanned. Figure 9 displays 
one of the MSRs utilized and Figure 10 presents example data obtained through the on-site 
monitoring system during the 2013 construction season. 

The MSR units were able to measure both relative range (total movement, mm) and cumula-
tive rate (rate of movement, mm/hr). During construction, it was observed that the surfaces of 
the west wall slopes were susceptible to surficial sediment transport due to environmental im-
pacts such as wind and rain. Snow accumulation and deterioration also had an impact on the rep-
resentation of the slope face during early spring and late fall. As these influencing factors only 
occurred on the surface of the slopes, it was not necessarily a geotechnical stability concern, but 
did create challenges when monitoring slope movement at the face. Based on observed data, as 
well as recommendations from other mines using similar units, it was determined that develop-
ing thresholds for the cumulative rate of slope movement was a more appropriate means of 
evaluating slope performance. This allowed for the monitoring team to filter out many of the 
ongoing environmental impacts affecting only the surface of the slope, while also evaluating 
movement associated with larger potential failures. This method provided an adequate solution 
to dealing with surficial changes in the slopes, as they occurred very slowly and could be fil-
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tered out using the cumulative rate thresholds. Based on a large amount of sample data collected 
prior to and during the construction seasons, it was determined that cumulative rate threshold 
levels of 7 mm/hr and 10 mm/hr should be applied within the on-site automated alert systems. 
The threshold value of 7 mm/hr was assigned a “Geotechnical” designation and signified a low-
er level of movement warranting the attention of the Resident Geotechnical Engineer. The 
threshold value of 10 mm/hr was assigned a “Critical” designation and signified a higher level 
of movement that could potentially correlate with an impending failure, requiring immediate 
evacuation of the DTMF in-pit work areas. These threshold values were assessed throughout the 
duration of construction to confirm their adequacy as additional experience was gained. 

 
 

 
 
Figure 9. Slope Monitoring Radar Unit. 

 
 

 
 
Figure 10. Example Relative Range Data (2013). 

5.4 Construction Configurations 
In the years leading up to construction for the WWSE Project, data obtained from the composite 
monitoring system was collected hourly and evaluated remotely on a monthly basis to identify 
trends and track operational slope performance. Moving into construction, it was determined 
that data should be collected and reviewed in near real-time, to the extent possible through 
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available technologies. The safety considerations for personnel and equipment on the slope war-
ranted the additional level of diligence to ensure worker safety. This was accomplished in part 
by hardwiring key components of the data collection system into onsite monitoring computers, 
as opposed to utilizing conventional remote monitoring. As an additional means of facilitating 
this level of monitoring, an on-site DTMF monitoring and dispatch office was implemented 
overlooking the project area, with a complete view of the entire west wall slope. This office was 
configured to house the bulk of the monitoring system hardware, as well as additional computers 
necessary for streaming the near real-time data feeds. The office was manned at all times during 
construction by a trained Resident Geotechnical Engineer (RGE) familiar with the monitoring 
system and predetermined response protocols. Configuring the monitoring system in this man-
ner allowed for data collection and analysis at 1 minute intervals for the VWPs and within an 
approximate range of 1 to 4 minutes for the MSRs. 

In order to supplement the monitoring system, daily visual inspections were also performed 
by the RGE at the start of each day and throughout the project. Visual inspections focused main-
ly on the following items: soil tension cracks, surficial erosion, seepage on the slope face, and 
excess ponding (both behind crest and within the excavation cut). Any one of these items could 
have been an identifier of slope movement or a contributing factor to slope failure and would 
have warranted further geotechnical analysis. Daily tailgate meetings were held between the 
project team and contractor in the mornings, prior to the start of construction, to discuss any ge-
otechnical items of note and coordinate or redirect activities as necessary. A comprehensive 
monitoring plan was developed for the project, summarizing the monitoring system configura-
tion and thresholds, defining personnel roles and responsibilities, and providing critical response 
protocols. Key documents associated with the slope monitoring for the project were included as 
the following attachments to the monitoring plan: 

� Slope monitoring decision flowchart; 
� Most current iteration of pore pressure thresholds; 
� Visual inspection procedures and forms; 
� VWP system monitoring computer configurations; 
� Alarm review form and signoff; 
� Monitoring event review form and signoff; and 
� Evacuation procedures and protocol. 

The slope monitoring decision flowchart was developed as a decision-making tool to outline 
and provide consistent response protocols during anticipated events relative to slope stability. 
Key categories and events which were covered in the flowchart included the following: 

� Observations made during visual inspections; 
� Fluctuations in pond and/or groundwater elevations; 
� Issues with the dewatering systems, such as planned or unplanned shutdowns; 
� Issues with any of the monitoring system components, such as a loss of data connec-

tion; and 
� Triggering of any monitoring system alarms. 

The RGE was tasked with understanding the monitoring plan and attachments, as well as fol-
lowing the slope monitoring decision flowchart and implementing the necessary response proto-
col. Methods of communication between the project team and contractor included radios, an au-
dio and visual siren/strobe combination, and automated text message and email alerts to 
monitoring personnel. Predetermined safe gathering or “muster” points were defined and com-
municated daily to personnel in the event of a work area evacuation. Work area evacuation drills 
were performed at irregular intervals to evaluate contractor response times and familiarize the 
project team with the safety and monitoring expectations for the project. 

Part of the ongoing challenge with construction is developing a culture and understanding of 
safety. To help facilitate this, a project-specific safety and monitoring orientation was created to 
familiarize all project personnel with the monitoring system, alarm event response protocols, 
and the expectations from the project team. All project personnel were required to attend as part 
of their overall site and project orientation upon arrival to site. 
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6 CONCLUSION 

The slope remediation design developed for the Deilmann Tailings Management Facility at 
Cameco’s Key Lake Operation required excavation and rock fill placement activities adjacent to 
an unstable slope with a history of failures. While these activities were performed behind estab-
lished safety setbacks, determined through significant geotechnical analyses, a robust instrumen-
tation monitoring system and program was necessary to ensure the safety of personnel and 
equipment and verify the validity of the assumptions made during the design process. The un-
stable nature and inaccessibility of the pit wall slopes created challenges for conventional meth-
ods of slope movement monitoring, such as survey prisms and inclinometers. As such, alterna-
tive instrumentation was selected to provide the required data, while also allowing for site-
specific installation methods. The system ultimately involved a combination of groundwater 
pressure transducers behind the slope crest, 35 vibrating wire piezometers near the toe of the 
slope, and two ground-based movement and survey radar systems providing full coverage of the 
slope face. The composite monitoring system was able to provide near real-time data for pore 
water pressure, temperature, total slope movement, and calculated rate of slope movement. The 
system also incorporated automated alarms at pre-determined thresholds, to provide early warn-
ing to operations and construction personnel. A comprehensive monitoring plan was developed, 
summarizing the monitoring system configuration and thresholds, defining personnel roles and 
responsibilities, and providing critical response protocols. 

Near real-time monitoring is warranted in scenarios where active construction is required to 
take place adjacent to sensitive slopes or structures. As available technologies continue to de-
velop and progress, the ability to identify and diagnose failure events improves and becomes a 
useful tool for geotechnical professionals and mining operations. The monitoring system and 
culture of safety implemented for the WWSE project were essential to its successful completion, 
without incident and well ahead of schedule. 
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1 INTRODUCTION 
1.1 Background 
In the hard-rock mining industry, the sand and silt-sized crushed ore particles from which the 
desired metals have been extracted via flotation processing are commonly pumped as a slurry 
waste product to a tailings storage facility (TSF) for permanent disposal. In the relatively flat, 
low to moderate seismicity and semi-arid conditions of Western Australia, these TSFs are often 
paddock-style impoundments that employ tailings borrowed from the proximal beach zone to 
raise the perimeter embankment in an upstream manner, such that successive wall raises are 
founded entirely on previously deposited tailings. To ensure satisfactory geotechnical perfor-
mance as the TSF increases in height, upstream construction methodology relies on the devel-
opment of a relatively wide, drained foundation of coarser tailings underlying the inwardly-
advancing embankment. Operational requirements normally include multiple-point spigot dis-
charge, organized and scheduled to ensure the subaerial deposition and hydraulic sorting of rel-
atively thin layers of fresh tailings. Within the proximal or beach-above-water zone, the coarser 
tailings sands should be exposed to sufficiently high evaporative conditions such that adequate 
drying and consolidation is achieved between successive cycles of new tailings deposition. 

Assessment and management of infiltration at a reactivated 
tailings storage facility 

M.A.B. Shelbourn 
Barrick Gold Corporation, Salt Lake City, U.S.A. 

P.J. Chapman 
Golder Associates Pty Ltd, Perth, Australia 

ABSTRACT: After a twelve-year fallow period, a 23 meter high, upstream-raised paddock-
style tailings impoundment in the semi-arid environment of the Western Australian Goldfields 
was recently reactivated, and will continue to receive new tailings to an anticipated final height 
of 44 meters. Recommissioning design considerations included assessing the affects of prefer-
ential lateral seepage towards the outer embankment slope and evaluating potential monitoring 
and management controls for such a condition. Advanced modeling was conducted to estimate 
operational and longer-term (draindown) seepage and pore pressure conditions. Field studies, 
including infiltration testing, piezometer installations and piezocone soundings, were carried 
out to help calibrate the model. The potential need for seepage management control during the 
renewed operating phase was addressed during the pre-reactivation earthworks by construction 
of engineered outlet pipes around the impoundment perimeter. Subject to the results of piezom-
eter monitoring and seepage observations, the outlet pipes could be connected to an internal 
drainage system built during the initial stages of renewed operation to draw down a developing 
phreatic surface. This paper presents the results of the seepage modeling, in situ and laboratory 
testing and performance monitoring to date. In one of the two cells that comprise the facility, 
sufficient preferential lateral infiltration occurred to necessitate completion of the internal 
drains, whereas within the other cell there appeared to have been sufficient vertical infiltration 
to preclude the development of an elevated phreatic surface. 
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Under usual life of mine operations, a tailings impoundment is continuously raised from its 
starter facility configuration to final height with no significant disruption in service life. For the 
upstream-raised TSF example, normal operation thus implies a continuous cycle of active tail-
ings deposition, fallow period and wall raise construction, which can be cell to cell if the over-
all facility is organized with internal dividing walls. During typical fallow and wall raise inter-
vals, and subject to climatic conditions, bottom drainage efficacy and other factors, saturation 
levels greater than the fully-drained case in the coarser tailings beach zone may persist, a cen-
tral decant pond of some nominal and variable size can remain, and the degree of consolidation 
of the central zone of saturated fine tailings or slimes will often be minor compared to its antic-
ipated long-term (i.e. post-operational) state. In the subsequent tailings deposition interval, 
seepage gradients and pore pressure conditions in the proximal beach zone of the upstream-
raised TSF may be expected to rebound somewhat, but remain (ideally) strongly downward 
with pore pressures below hydrostatic to near zero. Saturation levels, critical to the assessment 
of predicted facility performance under shear (Martin and McRoberts, 1999), would also be ex-
pected to recover from their fallow and wall raise interval values (Chapman & Williams, 2014). 

In some instances, enhanced phreatic surface and seepage management control features are 
required. Venter et al. (1999) describe a progressively-raised, vertical elevated drain system de-
veloped for a hybrid daywall deposition scheme at a platinum mine’s tailings impoundment in 
South Africa. The elevated drain system was designed to help maintain a low phreatic surface 
to ensure adequate geotechnical stability and to prevent seepage water flux through the perime-
ter embankment. Golder (2005) describes a vertical seepage interception drain for an upstream-
raised TSF at a nickel mine in Western Australia, also designed to maintain the phreatic surface 
below a maximum-acceptable level for adequate geotechnical stability. 

Once decommissioned and prepared for closure, complete desaturation (draindown) and con-
solidation to long-term equilibrium conditions within the TSF is underway. An additional con-
sideration in the Western Australian Goldfields operations is the hypersaline groundwater 
commonly extracted for process and thus tailings transport use. Net evaporative rates are signif-
icantly reduced by even moderate salinity, thus delaying the development of consolidation and 
shear strength with depth (Seneviratne et al., 1996) and the salt layer or crust developed on the 
exposed tailings over the long term can impede water flow (Qiu and Sego, 1999), which may be 
a consideration for final cover design. Should the facility be recommissioned at some time in its 
post-closure period, as was the case for the subject TSF described in this paper, design consid-
erations would include estimation of preferential horizontal to vertical seepage infiltration asso-
ciated with the new tailings slurry deposition and evaluation of related geotechnical effects. 

1.2 TSF design and operation history 
As summarized by Chapman and Shelbourn (2014), the subject TSF in the Western Australian 
Goldfields was first constructed to store tailings generated from the reprocessing of historic 
gold tailings deposits, and hence its original source material was variable in nature.  The TSF 
operated from June 1989 to the completion of the tailings reprocessing program in September 
1999. Relatively little geotechnical instrumentation data and other monitoring or performance 
information were available from the ten-year operational period. 

 During its original operation, the TSF received an estimated 57 Mt of tailings solids and 
reached a final, maximum perimeter crest height of about 23 m above original ground and an 
elevation of about RL 355 m. The 270 ha footprint TSF was originally designed with three rec-
tangular cells, each having two concrete gravity decant towers. Prior to original commissioning, 
additional internal dividing walls were constructed, resulting in six evenly-sized and essentially 
square cells with central gravity decants. Underdrain systems were reportedly installed in the 
foundation of each cell around the decant towers, as well as along the internal (upstream) toe of 
the west and south sections of the perimeter starter embankment. Natural ground fall in the area 
is from northeast to southwest, at about 0.7% over the TSF footprint. A system of shallow 
pumping bores located primarily around the external (downstream) toe of the west and south 
sections of the embankment assisted with the recovery of seepage water. 

Site investigation and design work to support reactivation of the TSF began in 2008, as part 
of an effort to increase overall tailings storage capacity required for a proposed open pit expan-
sion at the mine. Under the recommissioning plan, the TSF was to receive some 62 Mt of new 
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tailings solids over an eight-year operating life and would be raised in an upstream manner to a 
final perimeter crest elevation of RL 376.5 m, or about 44 m maximum crest height in the 
southwest corner. The upper facility surface would be reconfigured to two rectangular cells, 
each about 109 ha in area (at RL 356.5 m) and each provided with new, centrally-located con-
crete pump-off decant towers. The existing gravity drain towers and foundation-level outlet 
pipes were to be permanently sealed by a grout backfilling program. 

Recommissioning design considerations included the potential for preferential lateral infiltra-
tion of bleed water from renewed tailings slurry deposition towards the outer embankment 
slope, with the associated concern of developing an elevated phreatic surface that could result 
in seepage, internal erosion and instability. Seepage modeling, infiltration testing, tailings sam-
pling and laboratory testing, in situ investigation work and geotechnical instrumentation instal-
lation for performance monitoring were undertaken. The results of the pre-commissioning de-
sign analyses effected the decision to install the initial infrastructure for a seepage control 
system, the subsequent completion of which in the west cell was prompted by review of moni-
toring data. 

In late October 2011, the west cell of the recommissioned TSF began receiving a portion of 
the flotation gold tailings stream previously reporting to other impoundments at the mine. Ac-
tive tailings discharge was transferred to the prepared east cell in May 2012, while the west cell 
entered its fallow and wall raise intervals. To date (June 2014), the west cell has completed two 
cycles of active tailings deposition, fallow period and wall raise construction while the east cell 
is currently receiving its second deposition cycle of new tailings. 

2 SEEPAGE MODEL DEVELOPMENT 
2.1 Objectives 
Two-dimensional, finite element seepage analysis modeling (SEEP/W v. 7.15) was completed 
to support the recommissioning design, with the intent of assessing: 

x the phreatic surface and thus saturation within the new tailings during deposition and 
post-closure; 

x the need for a drainage system to manage phreatic surface development and/or preferen-
tial horizontal seepage toward the perimeter embankment associated with the new tail-
ings deposition; 

x anticipated downward seepage flux through the existing tailings and into the groundwater 
system during new tailings deposition and post-closure; 

x requirements for seepage management, through a combined system of pumping bores and 
a proposed new seepage control trench around the west and south external toe of the 
TSF, to control groundwater mounding outside the TSF footprint; and 

x draindown time within the impoundment after end of new tailings deposition, including 
the effect of large rainfall events post-closure. 

The results of the advanced seepage analyses as they pertain to the estimated components of 
horizontal and vertical seepage flux and phreatic surface development in the new tailings are 
discussed in more detail below. Three distinct seepage modeling efforts were completed: the in-
itial seepage model development completed in May 2010 to support the recommissioning de-
sign; the first seepage model calibration completed in July 2013 to assess the need for an ele-
vated drain in the east cell; and the second seepage model calibration completed in October 
2013 to assess the need for an elevated drain in the west cell. All modeling included assess-
ments of estimated downward seepage flux control on groundwater mounding and long-term 
draindown, the details of which are outside the scope of this paper. 

2.2 Geometry and material zoning 
The initial seepage model section comprised six geological units and four tailings units. The 
geological units from depth upward that are inferred to underlie the TSF comprise fine-grained, 
fresh to weathered sedimentary bedrock of very low permeability; an alluvial sand aquifer (the 
impoundment lies within a known Tertiary paleochannel system, which are common features in 
the Western Australia Goldfields); a dense, low permeability Tertiary clay that acts as a confin-
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ing unit; high permeability ferricrete in the central and downgradient (southwest) end of the 
model; moderate to low permeability ferricrete in the upgradient end of the model; and a mod-
erate to high permeability ferruginous zone representing the variable clayey and silty to sand 
and gravel alluvial deposits exposed at ground surface. 

The existing tailings were generated by reprocessing of tailings deposits of uncertain provi-
dence and age, whereas the new tailings would be derived from the processing of fresh ore from 
the open pit expansion. Slightly different hydraulic and geotechnical properties were thus antic-
ipated for the two materials, and accommodated for in the seepage model. For completeness, the 
existing and new tailings units were each further separated as hydraulically placed and com-
pacted, the latter material representing the borrowed, placed and compacted coarse sands used 
to construct the embankment wall raises and internal dividing wall. 

The initial seepage model geometry and zoning around the TSF are shown in Figure 1. To 
avoid boundary effects, the model extended 1900 m upgradient and 3100 m downgradient of the 
TSF footprint (i.e. from 0.0 to 7.2 on the distance scale as shown). 

 

Figure 1. TSF seepage model geometry and zoning for the recommissioning design. 

Tailings heterogeneity effects (i.e. variable layering of coarse and fine materials due to hy-
draulic sorting in subaerial deposition) on draindown performance were assessed using one-
dimensional (column) seepage models developed from the two-dimensional section described 
above. For the homogeneous case, no adjustments to internal geometry boundaries or hydraulic 
parameters were made; for the heterogeneous case, the existing and new hydraulically placed 
units were reconfigured to incorporate alternating layers of fine (0.1 m thick) and coarse (0.5 m 
thick) tailings. The assigned thicknesses were based on piezocone (CPTu) data obtained in 
2009. Breaks within the fine tailings units were incorporated to simulate the non-continuous na-
ture of such deposits. 

The column seepage modeling results indicated a minor difference in predicted draindown 
performance between the heterogeneous anisotropic and the homogeneous anisotropic models, 
suggesting that the increased model complexity and potential for computational errors out-
weighed any perceived benefit in refining the seepage results. A homogeneous anisotropic ap-
proach was therefore selected for the initial two-dimensional seepage analyses. 

2.3 Laboratory and in situ testing programs 
As part of the recommissioning design work, samples of the existing tailings were collected at 
2.0 m and 5.5 m depths in one of the former cells, from locations at the proximal beach, mid-
way to, and adjacent the central decant tower (distal). A representative sample of the new whole 
tailings was obtained from the mill and samples were also collected from the proximal beach 
zones of the other active tailings impoundments at the mine. Comparative laboratory testing in-
cluded determination of particle size distribution (PSD), specific gravity, moisture content, dry 
density and Atterberg limits. Drying curve testing to help characterize soil water characteristic 
curve (SWCC) behavior was completed on tube samples taken from the proximal beach (coarse 
tailings) and distal (fine tailings) zones of the subject TSF, as well as on a sample of coarse tail-
ings from one of the active impoundments. Laboratory consolidation testing of tailings samples 
from the active impoundments had been completed several years earlier, the results of which 
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were considered valid for the new tailings to be deposited in the existing TSF. 
Results of the index property analyses of samples collected at moderate depths from the re-

spective proximal zones suggested that the existing tailings had a greater fine-grained content 
(fraction less than 0.074 mm particle size) than the new tailings. The inferred finer content of 
the existing tailings was further corroborated by results from annual laboratory PSD analyses of 
samples from the active impoundments, and is consistent with the existing tailings having been 
reprocessed and also likely oxidized to a greater extent than the new tailings. 

Comparison of the laboratory SWCC testing results (drying curve) of the proximal tailings 
samples from the existing and active TSFs indicated that, consistent with the PSD data, the ex-
isting tailings had a greater air entry value �ȥa) and generally greater matric suction values in 
the unsaturated phase for comparable volumetric water content �șw) values than did the new 
tailings. 

Single-cylinder infiltrometer testing was carried out at representative proximal and distal lo-
cations in the subject TSF as well as one of the active impoundments, following the method of 
Bouwer et al. (1999). Hypersaline water was used in the tests to mimic the anticipated tailings 
transport fluid, and a polyethylene ring of greater wall thickness but lesser mass was employed 
in place of the metal ring for the distal test in the active facility, as the metal ring was unstable 
when inserted in the soft tailings to the maximum recommended depth. The estimated saturated 
hydraulic conductivity (ksat) value for the existing (subject TSF) proximal tailings was 8.3ྶ10-9 
m/s, while a ksat of 4.4ྶ10-9 m/s was calculated for the existing distal tailings. By comparison, 
the estimated ksat ranges for the new (active impoundment) proximal and distal tailings were 
4.8ྶ10-8 m/s to 3.0ྶ10-7 m/s and 1.1ྶ10-8 m/s to 8.7ྶ10-8 m/s, respectively. The ksat values for 
the existing tailings were estimated to be one to two orders of magnitude less than those of the 
new tailings, consistent with the respective SWCC and PSD data. 

Field and laboratory testing completed at the active impoundments indicated that typical rep-
resentative values of initial settled dry density and consolidated dry density for the new tailings 
were 1.2 t/m3 and 1.6 t/m3, respectively. The expelled or consolidation water associated with 
this density change was incorporated in the seepage modeling. 

CPTu data collected in 2009 and again in 2011, prior to TSF reactivation, indicated a phreat-
ic surface in the existing tailings at about 5 m to 8 m above inferred natural ground level. The 
tailings were characterized as predominantly silty sand to sandy silt, loose to medium dense and 
interbedded. Horizontal saturated hydraulic conductivity (kh,sat) values ranging from 1.0ྶ10-8 
m/s to 1.0ྶ10-7 m/s were derived from dissipation testing. 

2.4 Hydraulic parameters 
The estimated kh,sat, saturated hydraulic conductivity ratio (kh,sat/kv,sat) and saturated șw parame-
ters selected for use in the initial seepage analyses are summarized in Table 1. 

Table 1. Estimated hydraulic parameters used in initial seepage analyses. 
Material kh,sat (m/s) kh,sat/kv,sat Saturated șw 
New tailings 4.6ྶ10-8 0.10 0.45 
New compacted tailings 4.6ྶ10-9 0.10 0.36 
Existing tailings 4.2ྶ10-8 0.16 0.43 
Existing compacted tailings 6.6ྶ10-9 0.10 0.39 
Ferruginous zone 1.0ྶ10-5 0.10 0.10 
Ferricrete (moderate permeability) 4.6ྶ10-5 0.10 0.10 
Ferricrete (high permeability) 1.0ྶ10-4 0.10 0.10 
Tertiary clay 1.2ྶ10-6 0.10 0.50 
Alluvial sand 1.0ྶ10-4 1.0 0.35 
Sedimentary bedrock 1.0ྶ10-8 1.0 0.05 
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2.5 Boundary conditions and calibration 
Constant head boundary conditions at the edges of the initial seepage model were estimated us-
ing nearby, historic groundwater monitoring well information. The first stage of modeling did 
not incorporate a tailings impoundment, and was intended to represent regional groundwater in-
flow and discharge conditions at a sufficient distance from the TSF so as not to be influenced 
by seepage mounding associated with tailings deposition. 

The second and third modeling stages represented the original ten-year operation and subse-
quent draindown, respectively, of the subject TSF. The second-stage seepage model considered 
a single cell with a central decant pond kept at 12% of the deposition area, considered to be a 
reasonable approximation based on available information from the June 1989 to September 
1999 operating period. A total head versus time function was used to simulate the increasing 
decant pond elevation over time, and constant total flux boundary conditions were assigned to 
model nodes within the tailings to simulate downward consolidation seepage flux. The constant 
total flux boundary conditions with seepage quantity reviews remained throughout the third-
stage model of the September 1999 to October 2011 fallow period. The intent of the third mod-
eling stage was to calibrate the draindown of the existing, reprocessed tailings to available pie-
zometer monitoring data from mid to late 2011, thus providing a framework for the reactivated 
tailings deposition seepage model. 

The fourth seepage modeling stage represented the reactivated operational phase of the sub-
ject TSF and comprised two cells with alternating deposition and fallow cycles. The constant 
head boundary conditions used to represent the decant pond (set to 10% of the cell area, the tar-
get size during operations) during the active deposition cycle were removed to simulate the fal-
low period (including upstream raise construction time) while active deposition was being mod-
eled in the adjacent cell. Constant total flux boundary conditions were assigned to model nodes 
at the base of each successive tailings layer to simulate downward consolidation seepage flux. 
Twenty-eight successive transient state models were produced to represent alternating deposi-
tion and fallow periods over the forecast eight-year operating life, incorporating the projected 
tailings distribution between the two cells and the design 1.5 m embankment crest raises. Ele-
vated toe drains were incorporated in various seepage model runs as nodes assigned zero head 
boundary conditions to help assess the need for and efficacy of the drains in controlling phreatic 
surface development. 

Based on numerous observations and analyses of similar tailings materials and facilities in 
the area, the base case for consolidation water distribution modeling in the reactivated TSF was 
25% to seepage flux and 75% to the decant pond and evaporation. The alternative case consid-
ered for the fourth stage modeling was 50% to seepage flux and 50% to the decant pond and 
evaporation. The alternative case was considered the worst scenario, in that it invoked signifi-
cantly greater consolidation water contribution to downward and/or lateral seepage. 

Though not presented in further detail in this paper, the fifth modeling stage represented the 
long term draindown of the subject TSF and was used to evaluate dissipation scenarios for 
seepage mounding associated with reactivation of the impoundment. 

2.6 Two-dimensional seepage modeling results 
The estimated phreatic surface that would be developed at the end of the reactivated operational 
phase as generated by the fourth seepage modeling stage is presented in Figure 2.  
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Figure 2. Estimated phreatic surface developed after completion of reactivated tailings deposition. 

The results indicated preferential lateral flow for the estimated hydraulic parameters used in 
the seepage analysis. However, the seepage modeling results were found to be sensitive to the 
estimated kh,sat (new and existLQJ�WDLOLQJV��PRGHUDWH�HIIHFW��DQG�șw (new tailings, significant ef-
fect). For example, a small increase in the kh,sat for the existing tailings resulted in a stronger in-
filtration profile and less lateral movement of the phreatic surface. All other parameter ranges 
considered had a limited effect on the computed seepage fluxes. 

3 SEEPAGE MANAGEMENT 
3.1 Options 
The seepage modeling results indicated limited to significant potential for development of a 
phreatic surface unacceptably close to the embankment walls at and above the interface be-
tween the existing and new tailings, subject to the value of sensitive hydraulic parameters such 
as kh,sat and șw. Operational controls such as maintaining the central decant pond at the design 
aerial extent during the deposition period were also recognized as key factors in phreatic sur-
face control. The recognized potential consequences of compromised phreatic surface control 
near the upstream-raised embankment included seepage through the walls generating piping 
erosion, reduced geotechnical slope stability, increased liquefaction susceptibility, difficulty in 
encountering drained coarse tailings for wall raise construction, and increased final draindown 
time and deferred closure. As considerable differences in predicted hydraulic performance re-
sulted from relatively small changes in the sensitive seepage model parameters (e.g. within half 
an order of magnitude for kh,sat), the potential requirement for an engineered seepage manage-
ment control was recognized. 

Options for phreatic surface and seepage management control were considered during the ini-
tial recommissioning design work, and included construction of an elevated toe drain or series 
of elevated toe drains, construction of a full underdrain system on the prepared existing tailings 
surface, reshaping the TSF basin, installation of a partial liner to underlie each decant pond, 
construction of perimeter drainage blanket, routing seepage through the embankment (referred 
to as a leaky wall) and installing dewatering boreholes. With the exception of the boreholes, all 
options required some to complete initial capital expenditure prior to TSF reactivation. Based 
on a detailed evaluation of estimated relative costs, performance, advantages and disadvantages, 
construction of an elevated toe drain or a full underdrain system were seen as preferred tech-
nical solutions, inasmuch as these control methods were more likely to remain efficient over the 
operating life, could incorporate gravity discharge and avoided the perception of poor environ-
mental practice that might be associated with controlled seepage through a leaky wall. Howev-
er, both solutions had significant initial capital costs which would only be considered of value if 
the worst case seepage scenario was realized. 
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3.2 Selection and design 
To reduce initial capital costs, a staged construction and monitoring approach was adopted in 
which an outlet system for an elevated toe drain was installed as part of the starter embankment 
construction in each cell, and piezometers were installed to monitor seepage tendencies and 
phreatic surface development during the initial reactivation cycles. Detailed seepage modeling 
that incorporated the elevated toe drain concept verified that the internal perimeter component, 
if required from an assessment of the performance monitoring data, would perform suitably 
even if installed after one or two new tailings deposition and fallow cycles. 

The design of the outlet system component comprised 100 mm diameter, corrugated non-
perforated high-density polyethylene (HDPE) pipes installed in trenches at approximately 300 
m spacing around the subject TSF, resulting in ten outlet penetrations through the starter em-
bankment wall per cell. The non-perforated outlet pipes were designed to drain to collection 
pipes around the TSF outer perimeter, which in turn drained into an existing external drain 
channel from which water could be removed in a controlled manner. The design required that 
the upstream or internal ends of the outlet pipes that extended into the active deposition area be 
capped and maintained above the anticipated beach level, for future recovery during borrow ex-
cavation of coarse tailings for wall raise constructions. The design minimum 0.5% outfall grade 
for the outlet pipes was to be reestablished via trenching to connect the outlet pipe extensions to 
the internal perimeter toe drain system, as part of the first or second wall raise construction pro-
gram. 

The design of the internal perimeter toe drain component comprised 100 mm diameter, cor-
rugated perforated HDPE pipes installed in successive coarse and fine filter zones in a continu-
ous installation parallel to the perimeter embankment alignment. The design allowed for the in-
ternal toe drain component to be installed at the base of the coarse tailings borrow zone for 
either the first of second wall raise. However, if the performance monitoring results for either or 
both cells suggested that no additional phreatic surface or seepage management controls were 
required, the respective perimeter toe drain component would not be installed and instead the 
outlet system component would be plugged, buried and abandoned. Alternatively, if the worst 
case seepage modeling result were realized and validated by monitoring, a sequence of elevated 
toe drains could be developed over the operating life of the reactivated TSF. A typical design 
section for the toe drain system is shown in Figure 3. 

Figure 3. Typical configuration of outlet system and internal perimeter toe drain, if required. 

3.3 Construction 
Construction of the twenty outlet systems was completed in early 2011, as part of the TSF re-
commissioning works. As per design, zones of bentonite-cement slurry were incorporated in the 
trench backfill at the penetrations through the starter embankment wall to reduce the potential 
for seepage along the buried outlet pipe. Fine filter material was placed and compacted down-
stream of the slurry backfill as filter protection in the event of any seepage. Images of a typical 
completed outlet system are shown in Figure 4. 
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Figure 4. Typical trench excavation containing an outlet pipe (left); the upstream inlet, raised to beach level for later access (middle-
left); the re-exposed inlet point during drain construction (middle-right); and the exposed outlet point on the downstream TSF em-
bankment slope (right). 

3.4 Performance monitoring instrumentation 
Two groups of piezometers were installed in the subject TSF prior to reactivation. The first 

group was referred to as the beach infiltration piezometers and comprised pairs of vibrating 
wire piezometers (VWPs) and standpipe piezometers (SPs) installed at surface and at shallow 
depth in the existing tailings beach, about 50 m and 100 m from the existing perimeter em-
bankment. Six locations in each of the two TSF cells, each at relative low points on the existing 
tailings beach, were selected for these installations. The design purpose of the beach infiltration 
piezometers was to indicate whether the free or supernatant water released by the newly depos-
ited tailings preferentially flowed across or seeped down into the existing, unsaturated tailings 
beach.  

The second group, referred to as the wetting front piezometers, was comprised of vertically-
arranged VWPs installed at three sites along one cross-section in each cell. The three sites were 
about 130 m, 300 m and 430 m in from the existing TSF perimeter, with the most distal location 
some 100 m from the central decant tower and near the design maximum operating pond limit. 
At each of the six total sites, four VWP tips were pushed to their design depth in separate but 
closely arranged soundings using CPTu equipment. The VWP tips were located at 1 m below 
the inferred contact between natural ground and overlying existing tailings; at 1 m above the 
natural ground and existing tailings contact; just below the pre-reactivation phreatic surface in 
the existing tailings (approximately 10 m depth below the existing tailings beach surface); and 
above the pre-reactivation phreatic surface (approximately 5 m depth). The design purpose of 
the wetting front piezometers was to provide information about the development over time of 
pore pressure conditions and phreatic surface in the existing tailings resulting from new tailings 
deposition, as well as indicate the degree of hydraulic conductivity between the existing tailings 
and the underlying native foundation soil. The data from the wetting front piezometers were al-
so incorporated in the seepage model calibration, the results of which were used to re-assess 
predicted phreatic surface development over time and guide the decision whether or not to in-
stall the internal perimeter toe drain components. 

The use of alternative technologies including time domain reflectometry and fiber optic pie-
zometers, as well as moisture content sensors or tensiometers (for the shallow installations) was 
considered. However, due to time constraints prior to TSF reactivation and no previous site ex-
perience with the alternate instrumentation, installation of the familiar and readily-available 
VWP transducer tips was selected. Time constraints also precluded installation of SPs alongside 
the pushed-in VWPs in the wetting front group. The VWP cables from both piezometer groups 
were distributed among twelve dataloggers installed around the existing perimeter embankment. 
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4 PERFORMANCE MONITORING AND SEEPAGE MODEL VALIDATION 
4.1 Piezometer and piezocone data 
A mid-August 2012 review of piezometer data collected to that date indicated downward seep-
age at two west cell beach infiltration monitoring locations, preferential lateral seepage at two 
other west cell locations and indeterminate seepage behavior at the other two monitored west 
cell sites. The west cell data incorporated two deposition cycles and an intervening fallow peri-
od. Within the east cell, no clear trends were identified from beach infiltration piezometer data 
review, attributed to fact that only the initial deposition and fallow period cycle had been com-
pleted to date. The idealized differential responses from the beach infiltration piezometer pairs 
installed at surface and shallow depth are shown in Figure 5, along with some of the recorded 
data suggesting respectively downward seepage and preferential lateral seepage behavior. 

Figure 5. Idealized differential responses of surface and shallow depth beach infiltration piezometers to a single tail-
ings deposition cycle (left); recorded data from beach infiltration piezometer pair suggesting infiltration or downward 
seepage (middle) and preferential lateral seepage (right). 

The mid-August 2012 review of the wetting front piezometer data indicated progressive de-
velopment of the phreatic surface towards the cell perimeter in the upper, existing tailings, con-
sistent with horizontal seepage (anisotropy) and likely aided by the operational decant pond be-
ing greater than design (16% of impoundment area versus 10% target) in the initial TSF 
reactivation years. Downward seepage infiltration within the central impoundment areas of each 
cell (i.e. around the respective decant ponds) resulted in an estimated 1 m to 2 m per month ver-
tical development of the phreatic surface during active deposition cycles, with commensurate 
horizontal progression towards the TSF embankment external toe. The inferred phreatic surface 
development along the wetting front piezometer section in the west cell is shown in Figure 6, 
for the period December 2011 to August 2012. 

Figure 6. West cell monitoring cross-section pore pressures and inferred phreatic surface profiles from wetting front 
piezometer data for December 2011 (a), May 2012 (b) and August 2012 (c). 

In late April 2013, a CPTu sounding campaign including numerous dissipation tests was 
completed in the east TSF cell; a similar program was completed in the west cell in late July 
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2013 during a fallow period when the tailings surface could be more readily accessed. Results 
from the east cell work included an estimated kh,sat range of 1.0ྶ10-8 m/s to 1.0ྶ10-7 m/s in the 
existing tailings, consistent with the 2009 and 2011 CPTu estimates, and an inferred phreatic 
surface constrained within the central TSF zone and away from the proximal tailings embank-
ment. In contrast to the east cell, a kh,sat range of 1.0ྶ10-9 m/s to 1.0ྶ10-8 m/s was estimated 
from the west cell CPTu data, and the phreatic surface appeared to be more laterally developed, 
though still not intercepting the external downstream toe of the existing tailings embankment. 

4.2 Revised model calibration 
To help assess internal drainage requirements and predict future performance for the TSF, re-
vised seepage models were developed and calibrated separately for the east and west cells. The 
east cell seepage model section was assigned a north-south orientation through the central de-
cant zone to incorporate better the new piezometer and CPTu information (thus also changing 
internal model geometry to match). The revised seepage model section for the west cell was 
orientated west to east, to incorporate available new calibration information and to intersect 
both TSF decant ponds, as the monitoring data indicated that the east cell decant pond influ-
enced seepage and groundwater conditions beneath the west cell. 

In both models, the new tailings zones were separated as fine (kh,sat = 4.6ྶ10-8 m/s;  kh,sat/kv,sat 
= 0.10; saturated șw = 0.49) and coarse (kh,sat = 4.6ྶ10-8 m/s;  kh,sat/kv,sat = 0.10; saturated șw = 
0.41) materials according to their respective locations. All other hydraulic parameters from the 
initial seepage analysis were maintained for the revised east cell model, noting that with the 
new north-south orientation the foundation did not include an alluvial sand zone. For the re-
vised west cell seepage model, adjustments were made to the inferred kh,sat values for the ferru-
ginous zone and ferricrete (moderate permeability) foundation materials to achieve calibration. 

As with the initial seepage analysis work, sensitivity analyses were undertaken with the re-
vised models. Phreatic surface development and vertical versus lateral seepage conditions for 
the east cell model were more sensitive to estimated kh,sat and VDWXUDWHG�șw values for the new 
tailings and for estimated kh,sat values for the existing tailings than for any other hydraulic pa-
rameters. In contrast and indicative of the influence of the revised hydrological section, phreatic 
surface development for the west cell model was most sensitive to the estimated kh,sat values as-
signed to the upper subsurface units. Upper and lower bound scenarios for decant pond size 
were also considered in the sensitivity analyses, as was an extended fallow period to simulate 
the effect of halving the rate of rise (and thus wall raise construction) as a potential substitute 
for developing internal drainage measures. The results of the seepage analyses were relatively 
insensitive to these parameters. 

The results of the revised, calibrated seepage analyses indicated that over the forecast new 
operating life of the east cell, the phreatic surface would remain sufficiently far from the em-
bankment wall and an internal drainage system would not be required. This conclusion has been 
supported to date by performance monitoring data. However, the revised, calibrated west cell 
seepage modelling results suggested that without intervention a perched phreatic surface would 
develop unacceptably close to the embankment wall during the operating life, consistent with 
the lateral seepage trend observed in initial monitoring data at some locations in the west cell. 

4.3 Internal toe drain completion 
Guided by results of the revised seepage modeling, recent performance monitoring data and the 
2013 CPTu investigations, the mine elected to install an internal perimeter toe drain in the west 
TSF cell as part of its second wall raise campaign, and defer construction of any internal drain-
age measures in the east cell for the present. Recent images from construction of the internal toe 
drain in the west cell are shown in Figure 7. 
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Figure 7. Typical internal perimeter toe drain excavation (left); slot cut in fine filter material (middle-left); slotted 

collection pipe placed on coarse filter material (middle-right); and completion with coarse and fine filter materials 
over the slotted pipe (Right.) 

Once operational, the west cell elevated toe drain efficacy will be assessed by measurement 
of seepage rates reporting to the outlet system as well as influences on the performance moni-
toring instrumentation. The mine has commissioned regular CPTu campaigns at all of its active 
TSFs since start of operations; this continued best-practice will also help evaluate the perfor-
mance of the elevated toe drain in the west cell as well as guide assessment of the potential 
need for one or more additional drains at strategic locations as the TSF is raised. 

5 CONCLUSIONS 
5.1 Advanced seepage modeling 
The initial seepage modeling carried out to support the recommissioning of an upstream- raised, 
paddock-style TSF that had remained fallow for twelve years indicated potential for preferential 
lateral seepage towards the outer embankment slope rather than the vertical infiltration typically 
associated with continuously operated facilities.  The recognized potential consequences of an 
unacceptably-elevated phreatic surface near the embankment included seepage through the 
walls and associated piping erosion, reduced geotechnical slope stability, increased liquefaction 
susceptibility, difficulty in encountering drained coarse tailings for wall raise construction, and 
increased final draindown time and deferred closure. 

Two significant outcomes of the seepage modeling were the relative sensitivity of the esti-
mated phreatic surface location and horizontal to vertical seepage fluxes to a few key hydraulic 
parameters, and the relative insensitivity of the predicted efficacy of the design phreatic surface 
control (the elevated toe drain) to whether it was operational immediately upon TSF recommis-
sioning or within a few years of new tailings deposition. The former outcome suggested that an 
observational approach to phreatic surface and seepage management control would be prefera-
ble, so long as the required performance monitoring components and minimum required engi-
neering controls were in place. The latter outcome underscored the benefit of identifying seep-
age management options that could be expected to perform adequately over the predicted TSF 
operating life (or that could be expanded or replicated for future stages) but could be developed 
over time in the initial new tailings deposition period, subject to performance monitoring re-
sults, thus deferring or potentially reducing initial capital costs. 

The subsequent development of separate seepage models for the east and west TSF cells 
greatly improved calibration to performance monitoring results and assisted in the understand-
ing of the inferred influence of the local groundwater flow from the (upgradient) east cell on the 
west cell, as well as the effect of the slightly different inferred foundation conditions on the hy-
drologic performance of the two cells. Consistent with indications from the performance moni-
toring data and recent CPTu soundings, the results of the revised, calibrated seepage analyses 
for the east cell indicated that the phreatic surface would remain sufficiently far from the em-
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bankment wall and an internal drainage system would not be required, whereas the updated 
west cell seepage analyses predicted the need for an internal drainage system. 
5.2 Performance monitoring 
The beach infiltration VWPs were useful in evaluating the tendency for downward versus lat-
eral seepage in the near surface of the existing tailings as related to new tailings deposition, alt-
hough a considerable number of the original piezometers were found to be malfunctioning with-
in a year of installation. Damage by construction equipment during TSF recommissioning and 
construction of the first wall raise was suggested, despite precautions being taken against such 
losses. The wetting front VWPs have been successful in monitoring the development of the 
phreatic surface in the existing tailings at depth, and recent unpublished data suggest that these 
piezometers, along with scheduled CPTu sounding programs, will be of considerable long-term 
value in understanding porewater pressure behavior in the existing tailings under new tailings 
deposition and for final drawdown. 
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1 INTRODUCTION 
 
The majority of analyses performed by geotechnical engineers are sensitive to the characteriza-
tion of effective stresses within the modelled soil stratum.  Among other parameters and proper-
ties, an accurate characterization of effective stresses is dependent on an accurate characteriza-
tion of pore water pressures within the soil.  

The estimation of existing pore water pressure can be conducted using a variety of methods.  
Finite element seepage modelling can be used; however, the results are dependent on accurate 
input parameters and boundary conditions, which are often estimated and may be inexact.  If 
sufficient piezometer coverage exists, a geotechnical engineer will often interpolate between pi-
ezometers in order to estimate a pore pressure distribution for input to various analyses.   

In soils sufficiently loose or soft enough to allow for advancement of a cone penetrometer, 
Cone Penetration Testing (CPT) is often conducted to assist the engineer in characterizing in-
situ material properties and site conditions.  During a CPT, an electronic cone penetrometer is 
hydraulically pushed into the soil strata at a constant rate.  Measurements are made of the re-
sistance at the tip of the cone, the resistance along the shaft, and the pore pressure is monitored 
with a transducer as the cone is advanced.  These measurements are used with appropriate corre-
lations to estimate various engineering characteristics and in-situ conditions.  

During CPT probe advancement in saturated soils, penetration pore pressures are recorded 
continuously.  However, pore pressures observed as the probe is advancing are normally higher 

A practical method for extrapolating ambient pore pressures from 
incomplete pore pressure dissipation tests conducted in fine 
grained soils  

J. Scheremeta; M.S., E.I.  
Knight Piésold and Co., Denver, Colorado, USA 

ABSTRACT: The estimation of ambient pore water pressures in an existing soil stratum for use 
in developing appropriate pore pressure distributions for input to various geotechnical engineer-
ing analyses often presents the engineer with challenges in locations devoid of sufficient pie-
zometer coverage.  One method of obtaining pore pressure data is by utilizing Pore Pressure 
Dissipation (PPD) testing conducted during cone penetration tests (CPTs).  If the CPT ad-
vancement is paused for a sufficiently long time, the excess pore pressures generated during 
probe advancement decay to ambient levels.  This stabilization of pore pressures can be exceed-
ingly lengthy in actual practice if the existing stratum consists of a very low permeability 
soil.  Often, PPD tests are terminated prior to the test reaching equilibrium which may result in 
misleading inputs to subsequent geotechnical analyses if the data is used without appropriate 
corrections.  Based on equations presented by Mayne (2002) describing the decay of excess 
pore pressure during a pore pressure dissipation test, a technique for predicting ambient pore 
pressures from incomplete PPD data has been developed utilizing the solver function in Mi-
crosoft® Excel, and is presented herein.   
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or lower than the ambient values due to excess pore pressures (positive or negative) due to con-
traction or dilation of the material.  During the course of CPT testing, probe advancement can be 
periodically interrupted to conduct Pore Pressure Dissipation (PPD) tests.  PPD tests allow for 
the measured pore pressures to equilibrate to their ambient values.  These values can then be 
used to develop pore pressure profiles within the material.   

The amount of time required for the excess pore pressures to dissipate to equilibrium in a 
PPD test is dependent on the hydraulic conductivity and consolidation characteristics of the soil.  
The excess pore pressures generated during CPT in a highly permeable soil will dissipate almost 
immediately.  On the other end of the spectrum, the excess pore pressures generated during a 
CPT in a low permeability silt or clay could take several hours or even days to dissipate.  This 
could make the characterization of ambient pore pressure conditions in these types of materials 
using PPD testing extremely time consuming, expensive and impractical.  If the PPD test is ter-
minated prior to reaching equilibrium, this could lead to an incorrect characterization of ambient 
pore pressures if the final pore pressure measurements are incorporated into geotechnical inter-
pretations without appropriately correcting for the fact that the ambient pore pressure has not 
been reached, as some excess pore pressures are still being measured at the incomplete conclu-
sion of the PPD test.       
 
2 PORE PRESSURE DISSIPATION TEST FORMULATION 
 
When a cone penetrometer is advanced in a saturated soil, excess pore pressures are induced due 
to two different mechanisms.  Positive pore pressures immediately develop due to a reduction in 
volume caused by the advancement of the probe itself.  In addition, either positive or negative 
pore pressures are induced due to shearing of the soil.  If the soil is relatively dense, shearing 
will produce a negative pore water pressure response, and if the soil is relatively loose, shearing 
will produce a positive pore water pressure response.  Except in the case of extremely dense 
soils, the positive pore pressures induced by probe advancement will control the initial response.  
This will be observed by a net positive excess pore pressure that will decrease with time during 
a PPD test.    

After the advancement of the probe ceases and the PPD test is commenced, the excess pore 
pressures induced by both mechanisms will begin to dissipate with time.  P.W. Mayne (2002) 
presents an approximate closed form series of equations to describe the excess pore pressures 
due to volumetric and shear strains at any time (ݐ) during a PPD test.  The series of equations 
presented in Mayne (2002) are approximations developed based on a rigorous solution presented 
by Burns and Mayne (1998).   

According to the formulation, the total excess pore water pressures at any time ݐ during a 
PPD test is given by: 
 
            οݑ௧ = (οݑ௩) [1 + 50ܶᇱ]ିଵ + (οݑ௦) [1 + 5000ܶᇱ]ିଵ         (1) 
 
 
where: 
 

             (οݑ௩) = ௩ᇱߪ ቀଶெଷ ቁ ቀ
ைோ
ଶ ቁ

ஃ
ln(ܫோ)                      (2) 

 
 

            (οݑ௦) = ௩ᇱߪ 1 െ ቀைோଶ ቁ
ஃ
൨                       (3) 

 
 
            ܶᇱ = (ܿݐ)/(ܽଶܫோ.ହ

)                           (4) 
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ܯ             =
 ୱ୧୬൫థᇲ൯
ଷିୱ୧୬(థᇱ)                           (5) 

 
ோܫ             = ݔ݁݀݊݅ ݕݐ݅݀݅݃݅ݎ =  ௨                     (6)ܵ/ܩ
 
            Ȧ =   CS/CC                                                                  (7)-1 = ݅ݐܽݎ ݊݅ܽݎݐݏ ܿ݅ݎݐ݁݉ݑ݈ݒ ܿ݅ݐݏ݈ܽ

       

௩ᇱߪ             = ɀ)= ݏݏ݁ݎݐݏ ݁ݒ݅ݐ݂݂ܿ݁݁ ݈ܽܿ݅ݐݎ݁ݒ  כ z) െ                                                                 (8)ݑ

 

and:  

 

ɀ =  ݀݁ݐݏ݁ݐ ܾ݃݊݅݁ ݈݅ݏ ݄݁ݐ ݂ ݐ݄݃݅݁ݓ ݐ݅݊ݑ ݑݐ݅ݏ ݊݅ ݄݁ݐ

ݖ =  ݐݏ݁ݐ ܦܲܲ ݄݁ݐ ݂ ݄ݐ݁݀ ݄݁ݐ
ݑ =  ݁ݎݑݏݏ݁ݎ ݎ݁ݐܽݓ ݁ݎ ݐܾ݊݁݅݉ܽ ݄݁ݐ

G = shear modulus of the soil being tested 

Su = undrained shear strength of the soil being tested 

ܥ =  ݊݅ݐ݈ܽ݀݅ݏ݊ܿ ݈ܽݐ݊ݖ݅ݎ݄ ݂ ݐ݂݂݊݁݅ܿ݅݁ܿ
ܽ =  ݎ݁ݐ݁݉ݎݐ݁݊݁ ݁݊ܿ ݄݁ݐ ݂ ݏݑ݅݀ܽݎ ݄݁ݐ
ܴܥܱ =  ݅ݐܽݎ ݊݅ݐ݈ܽ݀݅ݏ݊ܿݎ݁ݒ

CS = swelling index 

CC = coefficient of compression 

߶ᇱ
=  ݀݁ݐݏ݁ݐ ܾ݃݊݅݁ ݈݅ݏ ݄݁ݐ ݂ ݈݁݃݊ܽ ݊݅ݐܿ݅ݎ݂ ݏݏ݁ݎݐݏ ݁ݒ݅ݐ݂݂ܿ݁݁ ݄݁ݐ

 
It is of note that (οݑ௩) is the initial excess pore pressure induced by the immediate reduc-

tion in volume due to the advancement of the cone penetrometer and (οݑ௦) is the initial ex-
cess pore pressure induced by the shearing response.  (οݑ௩) is always positive because it is 
induced by the immediate volumetric strains caused by advancement of the cone penetrometer.  
Conversely,  (οݑ௦) can be either positive or negative depending on the relative density of 
the in-situ soil.   

A relatively dense soil (with an OCR greater than approximately 2) will exhibit a dilatory re-
sponse to shearing, increasing the volume of the voids on the shearing plane resulting in nega-
tive shearing induced excess pore pressures.  A loose soil (with an OCR less than approximately 
2)  will exhibit a contractive response to shearing, decreasing in volume on the shearing plane 
and resulting in positive shearing induced excess pore pressures.  A soil with an OCR approxi-
mately equal to 2 will exhibit a pore pressure neutral response to shearing.   

The total measured pore pressure at any time (t) during a test is a sum of the ambient pore wa-
ter pressure (u0) and the excess pore pressures due to initial volumetric strains and shear strains 
as follows.   
 
(ݐ)ݑ             = ݑ + οݑ௧                           (9) 
 

It is of note that ݑ is constant, while οݑ௧ will decay with time.  Thus, at t = large, the meas-
ured pore pressure will trend towards the ambient pore pressure.   
 
3 SPREADSHEET EXTRAPOLATION METHOD 
 
When a PPD test is terminated at a t before (ݐ)ݑ ؆  , the mathematical formulation presentedݑ
in Section 2 can be fit to the available data using the solver function in Microsoft Excel and ex-
trapolated to t = large.  The extrapolated curve will asymptotically approach ݑ.   

The first step in setting up a spreadsheet to do this is to designate several cells within the 
spreadsheet that correspond with uncalculated input parameters.  The uncalculated inputs in-
clude the following: ɀ, z, ݑ, G, Su, Ch, a, OCR, Cs, Cc,  and ߶ᇱ

. 
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With adequate laboratory and in-situ materials testing, all of the parameters noted above can 
be obtained or estimated except for the ambient pore water pressure, ݑ.  This level of soil char-
acterization is rarely completed in practice, and as such, many of the uncalculated inputs may be 
unknown.   

Due to the high number of variables, the most practical means of solving Mayne’s formulae is 
to use an approach that results in the best curve-fitting by establishing estimated parameters that 
produce the best correlation between the experimental data and the modelled curve.  Since the 
ultimate goal is to match the available data with a “best fit” curve, allowing for the variation of 
more than one of the above inputs will likely yield a better fit to the partial PPD test data.  After 
the appropriate cells within the spreadsheet are designated, actual values can be entered in if 
they are known.  For unknown values, an initial reasonable assumption should be entered which 
will be varied later to fit the mathematical formulation to the PPD test data.    

The next step is to designate cells which will contain the input parameters that are calculated 
but not time dependent.  These cells should include formulae to calculate the appropriate param-
eters based on the uncalculated inputs noted above.  The non-time dependent calculated values 
include the following: (οݑ௩), (οݑ௦) ܯ, ௩ᇱߪ ோ, Ȧ, andܫ .  These values can be calculated 
using equations 2, 3, 5, 6, 7, and 8 respectively.   

Next, 6 columns should be designated to calculate time-dependent calculated values.  The 
first column should be labeled as time (t).  Time elapsed during the PPD test should be entered 
into this column at the same intervals that measurements were taken during the PPD test.  The 
second column should contain the modified time factor T’, which should be calculated at each 
time interval based on Equation 4.  The third column should contain οݑ௧, or the time dependent 
total excess pore water pressure, which should be calculated at each time interval based on 
Equation 1.  The fourth column should contain the calculated time-dependent total pore water 
pressure (ݐ)ݑ at each time interval, which should be calculated using equation 9.  The fifth col-
umn should contain the measured data from the PPD test at each time interval.  The sixth col-
umn should contain the difference between columns 4 and 5 raised to the power of 2 at each 
time interval. 

Next, a cell should be designated that contains the sum of all the values in column 6.  In order 
to fit the mathematical formulation to the measured PPD test data, the sum of the values in col-
umn 6 needs to be minimized.  This is done using the solver function, which is an add-in for Ex-
cel available directly from Microsoft.  Within the solver dialog box is an input box labeled “Set 
Objective”.  The objective should be set to the cell that contains the sum of the values in column 
6.  The objective should be set to min. The input box labeled “by changing variable cells” can 
contain any number of the unknown uncalculated inputs noted above, and must include ݑ. 

When the solve button is clicked, Excel will attempt to fit the formulation to the measured da-
ta by minimizing the difference between the measured curve and calculated curve, by changing 
the designated variables.  The final value of ݑ after pressing “solve” is the modelled ambient 
pore water pressure value.  The appropriateness of the fit can be inspected by plotting the calcu-
lated time-dependent pore pressure (ݐ)ݑ together with the measured values from the PPD test 
over time.   

If the fit to the field data is deemed unacceptable, or the solver function is unable to find a so-
lution, the following steps can be taken to improve the fit: 
 

1. Modify the initial assumption for the uncalculated input parameters to improve the fit 
manually prior to using the solver function to refine the fit; 

2. Allow for more of the uncalculated input parameters to be variable to generate a bet-
ter fit; and   

3. Eliminate the first few measured PPD test readings from the regression calculations, 
i.e., don’t include their column 6 values in the sum of the squared differences that is 
minimized using the solver function.  Since excess pore pressures often decrease very 
rapidly from a very high value in the first few seconds of a PPD test, including the 
first few readings may create computational complexities for the software.  
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4 VALIDATION OF THE EXTRAPOLATION METHOD 
 
The above method has been utilized by the author in order to extrapolate ambient pore water 
pressure values from PPD tests conducted within a Tailings Storage Facility containing fine-
grained, low permeability tailings.  In general, the PPD tests were allowed to dissipate for ap-
proximately 1 hour before they were terminated due to time constraints.  Data from several of 
the incomplete PPD tests along with appropriate extrapolations developed using the method de-
scribed in Section 3 are shown on Figure 1.  

 
Figure 1. Extrapolations of Incomplete PPD Tests 
Shown With Experimental Test Data   

 
As shown on Figure 1, the extrapolation regressions closely reflect the test data for the PPD 

tests shown, indicating that the method described in Section 3 models the experimental data 
relatively well.  The shapes of the extrapolated curves past the available test data sets appear to 
extend naturally, asymptotically approaching the respective values of ݑ indicating that the ex-
trapolations and calculated values of ݑ are likely appropriate.   

In order to further investigate the appropriateness of the extrapolated curves developed using 
the method described in Section 3, two separate PPD tests that were originally run nearly to 
completion ((ݐ)ݑ ؆ -) were artificially truncated to investigate how closely fits developed usݑ
ing truncated datasets matched the actual data that had been truncated.  

The first PPD test, herein denoted as Test A was originally run to t=3600 seconds.  The 
measured pore water pressure at the conclusion of the test was approximately 25.1 meters of hy-
draulic head.  A curve fit was developed using the full dataset in order to get a baseline fit based 
on the method described in Section 3.  The test data was then truncated to t= 3000 seconds, 
t=2000 seconds, t=1000 seconds, t=500 seconds, and t=250 seconds.  Extrapolations were then 
developed to fit the truncated data sets.  The full set of experimental data is plotted together with 
the extrapolated curve fits developed using the full data set and the various truncated data sets 
on Figure 2.     
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Figure 2. Extrapolations of PPD Test A Developed  
Utilizing Various Truncations of Experimental Data 
 

The  ݑ value from the curve developed using the full data set was estimated to be 21.1 me-
ters of hydraulic head. The ݑ values developed using the truncated data sets were estimated to 
be 21.0, 21.3, 23.2, 21.3, and 20.9 meters of hydraulic head for the extrapolations developed us-
ing t= 3000 seconds, t=2000 seconds, t=1000 seconds, t=500 seconds, and t=250 seconds of ex-
perimental data, respectively.  Aside from the slight variation in the curve developed utilizing 
1000 seconds of experimental data, the extrapolated curves shown on Figure 2 are indistinguish-
able from each other and fit the experimental data exceedingly well.   

The slight difference in the predicted ambient pore pressure when the experimental data is 
truncated after 1000 seconds is due to an inconsistency in the experimental pore pressure decay 
curve that occurs between approximately 600 and 1000 seconds into the test.  It is unknown why 
this small “blip” in the test data occurred.  However, the shape of the decay curve normalized it-
self later in the test.  This issue highlights the importance of obtaining as much experimental da-
ta as time and budget constraints allow in order for the development of the best possible ex-
trapolation.   

A second test run nearly to completion, herein denoted as Test B was originally run to t=950 
seconds. The measured pore water pressure at the conclusion of the test was approximately 9.1 
meters of hydraulic head.  A curve fit was developed using the full experimental dataset in order 
to get a baseline regression.  The test data was then truncated to t= 700 seconds, t=500 seconds, 
t=300 seconds, t=100 seconds, and t=50 seconds of experimental test data.  Extrapolations were 
then developed using the truncated data sets.  The full set of experimental data is plotted togeth-
er with the extrapolated curve fits developed using the full data set and the various truncated da-
ta sets on Figure 3.     
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Figure 3. Extrapolations of PPD Test B Developed  
Utilizing Various Truncations of Experimental Data 
 

The  ݑ value from the curve developed using the full data set was estimated to be 8.8 meters 
of hydraulic head. The ݑ values developed using the truncated data sets were estimated to be 
8.8, 9.0, 8.8, 9.2, and 9.0 meters of hydraulic head for the curves developed using t= 700 sec-
onds, t=500 seconds, t=300 seconds, t=100 seconds, and t=50 seconds, respectively.  The ex-
trapolated curves shown on Figure 3 all model the experimental data very well, and are virtually 
indistinguishable from each other.   

The information presented on Figures 2 and 3 indicates that the extrapolation method present-
ed in Section 3 is capable of predicting ambient pore pressure values and the final shapes of in-
complete PPD curves reasonably well even using a dataset from a PPD test that is truncated well 
before completion of the test.   Nevertheless, the ambient pore pressure values developed using 
this method are only estimates that generally will improve with an increasing duration of the 
test.  Allowing a PPD test to run for as long as practical will smooth out potential experimental 
inconsistencies in the data, and allow for a better estimation of the ambient pore water pressure.  
In general, it is still recommended that PPD tests be run to completion ((ݐ)ݑ ؆ -) when possiݑ
ble.  If time and budget constraints do not allow for PPD tests in a particularly low permeability 
material to be run to completion, the tests should still be run as long as practical, and the method 
described in Section 3 can be used to provide reasonable estimations of ambient pore pressures.       
 
5  CONCLUSIONS 
 
This paper presents a practical method for extrapolating data collected from PPD tests terminat-
ed prior to completion in order to obtain estimates of ambient pore water pressures.  When pore 
PPD tests are run in conjunction with CPTs in fine-grained soils, the amount of time required for 
the PPD test to reach completion can be lengthy.  Often, budget or time constraints require the 
tests to be terminated prior to reaching a condition where 100% of excess pore water pressures 
generated during probe advancement have decayed.  When the tests are terminated early, an ex-
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trapolation of the available test data is required to obtain ambient pore pressures for use in vari-
ous geotechnical analyses.   

The method presented herein utilizes equations presented by P.W. Mayne (2002) in conjunc-
tion with the solver function in Microsoft Excel to extrapolate incomplete PPD test results to 
completion in order to obtain ambient pore water pressure values.  A validation of the model is 
provided using truncated PPD tests that were run nearly to completion to demonstrate the ability 
of the method described herein to predict the shape of the dissipation curves past the point of 
truncation.  The results of the validation exercise indicate that the extrapolation method is capa-
ble of reasonably predicting the shape of PPD curves past the point of extrapolation and ambient 
pore water pressure values even when the curves are truncated well before completion of the 
PPD test, which is defined at the point where ((ݐ)ݑ ؆  ).  It is still recommended that eachݑ
PPD test be allowed to run for as long as possible because in general, more data will allow for 
the development of a more accurate extrapolation curve.   
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1 INTRODUCTION 
 
The Gibraltar Mine is located in south-central British Columbia approximately 18 km (11 mi) 
north of McLeese Lake and 62 km (39 mi) north of Williams Lake (Figure 1).  Gibraltar is an 
open pit copper-molybdenum mine producing approximately 350,000 tonnes of ore and waste 
daily from the Granite Pit by means of conventional mining using truck and shovel methods 
(Taseko Mines Limited).  The mine is in the process of increasing production, and has recently 
commissioned a new crusher and mill to facilitate the expansion.   

Mining activities are currently focused on Phase IV of the Granite Pit.  An additional 
pushback to the Phase V pit wall is planned for the northeast, east and south walls of the Gran-
ite Pit.  Several dumps are currently in use and/or planned south of the open pit to accommodate 
waste rock from Phase IV and V mining, including the proposed 7 Waste Rock Dump (7 Dump) 
located south of the pit (Figure 2). 

 
 
 
 
 
 
 

Performance monitoring of a rock dump on weak foundations for 
optimized mine planning  

H. W. Newcomen & E. Coffin 
BGC Engineering Inc., Kamloops, BC, Canada 

B. Pierce & M. Stevenson  
Gibraltar Mines Ltd., McLeese Lake, BC, Canada 

ABSTRACT: Gibraltar Mines Ltd. plans to construct portions of their proposed 7 Dump on 
silty waste materials extracted from the Granite open pit area during pre-stripping operations 
carried out in the early stages of mining.  The 6 Wrap Dump was successfully constructed on 
materials with similar geotechnical characteristics.  Pore pressures were measured and waste 
dump construction records were utilized to back-analyze the stability of the 6 Wrap Dump dur-
ing construction, allowing strength estimates of the silty waste to be confirmed.  Criteria for 
waste rock placement and dump advancement rates over the underlying silty waste materials 
were then developed from these assessments.  These criteria have been used for future waste 
dump developments in the 7 Dump footprint to refine mine plans, and to allow more accurate 
predictions on the performance and stability of dumps constructed on top of the silty waste ma-
terials. 
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Figure 1. General site location. 

2 BACKGROUND 

Gibraltar Mines Ltd. (Gibraltar) received a permit from the British Columbia Ministry of Ener-
gy Mines and Natural Gas (MEMNG) to construct the proposed 7 Dump south of the Granite 
Pit.  A portion of the dump will be constructed on top of silty waste materials extracted from the 
pit area.  The permit requires that criteria for waste rock placement and dump advance rates 
over the silty waste materials be employed during construction of the 7 Dump.  This approach is 
documented in guidelines produced by the British Columbia Mine Waste Rockpile Research 
Committee (1991).  Dump advance rate criteria would allow more accurate prediction of the 
stability and performance of the 7 Waste Dump and greater confidence for mine planning. 

To assist in developing these criteria for the 7 Dump, piezometers were installed in the foun-
dation of the 6 Wrap Dump, which was constructed on top of similar silty waste materials.  The 
performance of the 6 Wrap Dump and the pore pressures in the foundation were closely moni-
tored during construction, and along with information from geotechnical field investigations 
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and subsequent stability evaluations, were used to refine the designs and mine plans for the 7 
Dump.  

 
Figure 2. 7 Dump and 6 Wrap Dump Location. 

3 SUB-SURFACE CONDITIONS 

Sub-surface conditions in the foundation of the 6 Wrap Dump consist of silty waste fill under-
lain by glacial till and bedrock.  The silty waste is lacustrine in origin, typically soft with abun-
dant organics, and has a characteristic light grey color.  The silty waste observed during the ge-
otechnical investigations of the 7 Dump footprint did not exhibit any obvious bedding or 
varving which would confirm its lacustrine origins; however, the characteristics of these waste 
materials were documented during previous geotechnical investigations of the overburden sed-
iments in the Granite Pit area.  The grain size distribution is variable; the silty waste material is 
generally well graded, with silt contents ranging from 24% to 66%.  Organic materials, includ-
ing roots and stumps, and zones of brown, coarser grained, glacial till mixed in during the exca-
vation process were observed in the silty waste.   

The underlying glacial till is a stiff to very stiff sandy silt to silty sand with some gravel, and 
traces of cobbles and boulders.  The till tends to be slightly moist to moist containing approxi-
mately equal amounts of silt, sand, and gravel.  Glaciofluvial deposits were occasionally ob-
served within the glacial till in coarser grained, well sorted lenses. 

The bedrock consists of granitic tonalites.  The tonalites are generally very competent, medi-
um strong to strong, with a rock mass rating (RMR) ranging from 51 to 64, indicating “fair” to 
“good” rock mass quality.  Thus, the bedrock is not anticipated to play a role in the stability of 
the waste dumps.  

The groundwater level in the glacial till is generally close to the ground surface and, in some 
areas where the silty waste is present, appears to be partially confined by the overlying lower 
permeability waste.  Groundwater discharges were observed at the contact of the silty waste and 
underlying glacial deposits in some downslope areas. 
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4 FIELD PROGRAM AND INSTRUMENTATION 

To monitor pore pressures in the silty waste and underlying glacial till, eight vibrating wire pie-
zometers (VWPs) were installed during the foundation investigation program.  The VWPs were 
placed in test pits and one borehole excavated through the silty waste into the glacial till. VWPs 
were installed in the side of each test pit; one in the glacial till and one in the silty waste. The 
cables extending from the VWPs in the test pits and the borehole were laid carefully in the bot-
tom of trenches and extended to a readout location approximately 200 m (650 ft) away, outside 
of the footprint of the waste dump (Figure 3).  

Cables were protected with selective placement of materials free of cobbles and boulders.  
The excavations with the VWP sensors in them were backfilled with the glacial till on the bot-
tom and the silty waste above and compacted using the excavator bucket to simulate pre-
excavation conditions. The trenches extending to the readout location were backfilled with sand 
from a nearby source.  A data logger was installed at the readout location to record readings 
from the VWPs every 4 hours.  

5 WASTE DUMP CONSTRUCTION AND PERFORMANCE 

Gibraltar operations staff began dumping waste rock over the silty waste as part of the 6 Wrap 
Dump construction on September 25, 2012 and completed the wrap-around lift on November 
27, 2012.  The 6 Wrap Dump was constructed as a single lift approximately 45 m (150 ft) high, 
consistent with the maximum lift height recommended (Figure 3) from previous geotechnical 
assessments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Looking southeast at 6 Wrap Dump. 
 

The dump advance direction was generally to the northwest, sub-parallel to the underlying 
foundation topography.  Lateral dump advance rates during construction of the 6 Wrap Dump 
varied from 1 to 9 m/day (3 to 30 ft/day).  Advance rates were calculated from information pro-
vided by Gibraltar, which uses a GPS based system developed by Wenco to monitor haul truck 
movements at the mine.  Waste rock load dumping locations were tracked on a daily basis to de-
fine the crest of the dump and estimate average dump advance rates.  Frequent surveys of the 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

40



waste dump crest were also carried out by the Gibraltar’s surveyors to confirm the Wenco data.  
The information was used to estimate the vertical loads at various locations within the founda-
tion of the dump, and particularly at the piezometer locations for correlation of pore pressures 
and waste dump height.   

In general, the performance of the waste dump was good during the two month construction 
period.  Minor cracking was observed on the dump platform on November 22, 2012 and waste 
rock placement was halted in the area shortly after the cracks were noticed.  There was no evi-
dence of failure on the dump face or at the toe of the dump.  However, subsequent review of the 
piezometer data indicated that five of the eight piezometers ceased to function over a 24 hour 
period between November 20 and 21, 2012.  Based on the data collected and observations dur-
ing dump construction, it appears that localized failure of the waste dump foundation occurred 
involving the silty waste, resulting in sufficient movement to cause the piezometer cables to 
shear.   

Key dates pertinent to the pore pressure responses, waste dump geometry and associated 
slope stability assessments carried out are shown on Figures 4 and 5.  Figure 4 shows the ap-
proximate location of the waste dump toe relative to the footprint of the silty waste and the pie-
zometers at these dates.    

Figure 4. Site plan detail showing silty waste outline and waste dump toe locations at various dates. 
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Cross-sections B and C (Figure 5) show the estimated profile and associated height of waste 
rock above the VWPs in test pits TP-44 and TP-45, and test pits TP-41 and TP-43 on October 
16 and November 20, respectively.  These two cross-sections were used to correlate pore pres-
sure responses with estimated surcharges from the waste rock on these dates.  The results of 
these correlations, along with pertinent observations and conclusions are discussed below.   
 

Figure 5. Interpreted dump advance sequence along cross-sections B and C. 

6 PORE PRESSURE RESPONSE 

Piezometric pressures were measured at four hour intervals during waste rock placement by 
means of two multichannel data loggers connected to the VWPs installed in the silty waste and 
glacial till.  Data were downloaded on a weekly basis for review and interpretation.  The read-
ings were converted into pressure heads to compare the responses in the silty waste and the un-
derlying glacial till to the estimated height of the waste dump above the piezometers.  Ground 
elevations, piezometer tip locations and hydraulic heads measured by the piezometers are 
shown in Figure 6.  
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Figure 6. Pore pressure response in vibrating wire piezometers. 
 
 

Pore pressures beneath the waste rock dump were calculated as the sum of an initial phreatic 
surface (head=ui) plus a transient excess pore pressure response (ǻX) due to loading from the 
waste rock: 

 (1) 
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where: 

 (2) 
B-bar is a coefficient of pore pressure response to loading, and is defined as “the ratio of the 

change in pore pressure during loading to the change in total vertical stress (ǻıY) due to load-
ing” (Rocscience Inc. 2010).  B-bar can range from 0 to a maximum of 1.0.  B-bar is typically 
lower for coarse-grained, dry, permeable material (e.g. waste rock), and higher for soft, saturat-
ed, low permeability materials (e.g. normally consolidated clays).  The initial pore-water pres-
sure conditions were assumed to be hydrostatic, with total heads coincident with the ground 
surface.  This appears to be a conservative assumption, as the heads were generally below the 
ground surface in the piezometers, with the exception of the one installed in the silty waste in 
TP-41.  

Total heads calculated from the VWP readings were plotted as a function of time to compare 
the increase in heads with significant dates  in the development of the 6 Wrap Dump, including 
days when the dumping rates were at their highest, and days when the waste rock dump was be-
ing advanced over the VWPs (Figure 6).  Dump crests determined from the Wenco data and the 
associated toe locations were used to estimate the thickness of waste rock over the VWPs (Fig-
ure 5) for comparison with pore pressure measurements in the foundation materials.  This data, 
expressed as B-bar, was plotted against waste rock thickness above the VWPs (Figure 7) to il-
lustrate the pore pressure response to dumping. 

Excess pore pressures in the silty waste at TP-44 reached a maximum in mid-October, 2012 
when approximately 15 m (50 ft) of excess pore pressure was recorded under a vertical load of 
approximately 27 m (90 ft) of waste rock (Figure 5).  These heads were equivalent to a calculat-
ed B-bar coefficient of about 0.25.  During the subsequent three week period, the waste dump 
crest was advanced at a rate of approximately 3 m/day (10 ft/day).  It is evident in Figure 6 that 
the excess heads gradually dropped during this time, suggesting that a dump advance rate of 
3m/day (10 ft/day) allowed pore pressures in the foundation to dissipate during waste rock 
placement.     

Excess pore pressures in the silty waste at TP-43 were measured to be approximately 18 m 
(60 ft) on November 20, 2012 (Figure 5) at which point the VWP failed.  During this time the 
waste rock was being advanced at a rates ranging from 6 to 9 m/day (20 to 30 ft/day).  The 
higher dump advance rate was undertaken as a trial to “test” the silty waste under controlled 
conditions to evaluate pore pressure response in the foundation materials with the waste dump 
in a marginally stable condition.  A B-bar value of 0.45 was calculated in the silty waste just 
prior to failure of the VWPs.  It is apparent from Figures 6 and 7 that advance rates greater than 
6 m/day (20 ft/day) caused the pore pressures in the foundation to increase more quickly than 
when the dump face was advanced at 3 m/day (10 ft/day).  

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

44



Figure 7. B-bar estimates as a function of dump thickness. 
 
 

It is also apparent that the excess pore pressures in the foundation of the dump dissipated 
much more slowly than they increased.  In the case of the silty waste in TP-44, the maximum 
excess pressure was reached within three weeks of initial waste rock placement while the time 
to fully dissipate the excess pore pressure took approximately 12 weeks.  This is interpreted as 
an initial response to undrained loading, followed by consolidation draining of the silty waste 
materials.  
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7 STABILITY ANALYSIS 

A slope stability analysis model was developed for the as-built 6 Wrap Dump using the geome-
try of the waste dump on November 20, 2012, the day that the instability occurred, to conduct a 
back-analysis of the silty waste materials.  The strength of the rock fill was assumed to be non-
linear, with the strength envelope developed using information on the average waste rock block 
size, the intact rock strength, and the friction angle of the discontinuities in the rock (Barton and 
Kjaernsli, 1981).  A friction angle of 37° was assigned to the glacial till based on SPT data ac-
quired during geotechnical investigations of the foundation area (Terzaghi, K, Peck, R.B., & 
Mesri, G. (1996)). It was assumed that there was no cohesion in the rock fill, the glacial till and 
the silty waste.  

The stability of the dump was evaluated using Slide (Version 6.0), a two-dimensional limit 
equilibrium slope stability analysis program developed by RocScience.  Critical slip surfaces 
were found using the path search method and the Factor of safety (FOS) of the surfaces were 
calculated using the GLE/Morgenstern-Price method.  A cross-section perpendicular to the 
dump advance direction was used for the stability analysis.   

It was assumed that excess pore pressures were not developed in the waste rock, i.e. that the 
coarse grained nature of these materials allowed them to be free-draining.  Pore pressures 
measured in TP-43 just prior to failure indicated that B-bar values ranging from 0.40 and 0.50 
were appropriate for the silty waste, and were subsequently used to back-analyze the stability of 
the waste dump (i.e. FOS = 1.0).  This resulted in an estimated friction angle for the silty waste 
ranging from 30° to 34°.  These values compare to those measured in the laboratory, with esti-
mated friction angles ranging from 32° to 34°. 

8 SUMMARY AND CONCLUSIONS 

A waste dump advance rate of 3 m/day (10 ft/day) was slow enough to allow pore pressures to 
dissipate and maintain overall stability of the 6 Wrap Dump, with an estimated B-bar value of 
0.25.  Increasing the advance rate resulted in a much higher estimated B-bar value of 0.45 
which appears to have led to local instability of the foundation.  Limit equilibrium stability 
analyses using the pore pressures measured at failure, and assuming a factor of safety of unity, 
confirmed laboratory strength values measured from samples of the silty waste collected during 
geotechnical investigations.  

Dump advance rates over areas covered with silty waste in the footprint of the 7 Dump 
should not exceed 3 m/day (10 ft/day).  Higher dumping rates may be possible if pore pressures 
can be monitored during construction of the waste dump and dump advance directions and rates 
can be quickly modified; however, this would require strict operational guidelines and signifi-
cant efforts prior to constructing the dump which are likely impractical.  In addition, the longev-
ity of the piezometer installations cannot be guaranteed during construction.   

Using a maximum dump advance rate of 3 m/day (10 ft/day), mine planners can use daily 
waste tonnage values to determine the width of the dump face required to avoid exceeding this 
advance rate and modify dump monitoring protocols, as necessary.  If dump instability occurs, 
dumping activities may need to be suspended to allow pore pressures to dissipate to acceptable 
levels.  This could take several days and possibly weeks.  If higher advance rates are required to 
satisfy mine planning needs, alternative dumping areas or modifications to the dump advance 
directions may be necessary.   

The case history presented indicates that a modest amount of instrumentation can allow a 
reasonable understanding of the behavior of a waste dump constructed on soft soils, resulting in 
increased confidence in the procedures for dumping over these materials.   
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The use and abuse of risk analysis 
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ABSTRACT: Widespread adoption of risk analysis in mining applications has encouraged 
efforts to couple it to formal risk acceptability criteria. This requires that both the likelihood and 
consequence components of risk be quantified, the former as numerical probability. Yet the 
difficulties in grafting probabilistic methods onto a qualitative methodological framework may 
not be fully appreciated, particularly in relation to cognitive bias, probability encoding, system 
failure, and duration effects for closure.  For the specific case of tailings dams, risk analysis 
techniques developed for water dams have the potential to address some of these probabilistic 
difficulties, only to replace them with problems in quantifying tailings flow failure runout and 
incorporating multiattribute consequences. These entanglements can best be avoided, and the 
benefits of risk analysis preserved, by viewing it as diagnostic rather than prescriptive in 
character and applying it accordingly.    
 
 
 
1 INTRODUCTION 
 
The use of risk analysis in mining, principally in the form of Failure Modes and Effects Analysis 
(FMEA), began some 25 years ago as an adaptation of methods developed in the nuclear 
industry. Its adoption since then has been transformative, engendering risk-based thinking 
throughout mine operations, planning, and decisionmaking, with the goal of identifying risk 
contributors and reducing their effects. As a vehicle for risk reduction, the success of risk 
analysis has derived from its simplicity and intuitive nature. As a qualitative technique, it is 
accessible to those without formal training, enabling it to capture diverse knowledge. It 
encourages the kind of interdisciplinary interactions necessary for understanding failure 
processes. And most of all, it provides a systematic means for recognizing, prioritizing, and 
acting on risks. The author is persuaded that risk analysis has been responsible for preventing 
failures that would not have otherwise been foreseen, the true measure of its impact. 
 Yet the success of such a powerful technique invariably breeds efforts to embellish it. This 
has come in the form of moves toward coupling risk analysis with formalized criteria for risk 
acceptability. The result is subtle but profound: now, quantification is required. It is no longer 
sufficient to say that one risk is greater than another, it must also be specified by how much. 
With this, emphasis is shifted from reducing risks to determining which risks should be reduced 
and which should not. 
 These changes come at a price. Risk analysis cannot easily preserve its qualitative and 
intuitive nature while at the same time becoming quantitative and precise. And trouble can ensue 
when asking of any technique more than it is meant to deliver. This paper attempts to define the 
boundaries of risk analysis and to explore the implications of stepping beyond them.  
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2 CHARACTERIZATION OF UNCERTAINTY 
 
FMEA has its origins as a tool for understanding large, complex systems, as a precursor to 
quantitative methods (McCormick, 1981). As such, it is ideally suited to mining systems with 
multiple interacting components and failure modes subject to uncertainty. Since adequate 
statistical measures of these uncertainties are seldom if ever available, failure mode likelihood is 
judgmentally assigned and qualitatively scaled according to rank-ordered categories that may be 
numerically designated (I, II, III, etc.) or associated with various descriptors (high, medium, 
low, etc.). Either way, these likelihoods can only be scaled to a particular system, and without an 
absolute basis they cannot be meaningfully transferred among systems. In other words, a “low” 
likelihood for one FMEA will not necessarily mean the same thing for some other.   
 Quantification seeks to overcome this difficulty by assigning an absolute measure of 
likelihood as a numerical probability statement. Just how this takes place is the subject of a great 
deal of research in the cognitive and behavioral sciences too broad to treat here. But out of it has 
come an entirely new field of behavioral economics, with Nobel prizewinner Daniel Kahneman 
its chief progenitor, that has much to say about probabilistic quantification in risk analysis.  The 
results of one study are particularly illuminating (Fischhoff, et al., 1977). In it, three groups of 
subjects were asked general knowledge questions and were also asked to estimate the 
correctness of their answers, shown in Figure 1 as the probability their answers were wrong. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Estimated and actual error probabilities (Vick, 2002)  
 
 
Two important observations emerge. First, the subjects had little or no cognitive discrimination 
among small probability values. Whether they thought their probability of error was 1:100, 
1:1,000,000, or anything in between, their actual error frequency was almost the same. In effect, 
very low assigned probabilities had no unique meaning. This highlights the cognitive problem 
most often associated with national debt: very large numbers outside ordinary experienceʊEXW�
DOVR�YHU\�VPDOO�RQHVʊOLH quite literally beyond human comprehension.  
 Second, the experimental subjects exhibited classic symptoms of overconfidence bias, the 
most pervasive and refractory cognitive problem. Simply put, they were more sure of their 
estimates than they should have been. When they thought there was only a 1:1,000,000 chance 
of being wrong, their actual error frequency was almost 1:10. The subjects were well calibrated, 
with their estimated frequencies corresponding to actual ones, only within a very limited range. 
Instead, overconfidence bias produces assigned probabilities at both ends of the probability scale 
that are more extreme than they should be.  
 Engineers often protest that their facility with numbers produces a kind of natural immunity 
to overconfidence bias, and this too has been put to the test. At an MIT symposium, seven 
expert geotechnical engineers were asked to predict the height at failure for a test fill constructed 
on soft clay. Along with their best estimate, they were also asked for their 50% confidence 
interval around this value. Their predictions on Figure 2 were then compared to the outcome. 
 
 
 
 

0.1 

0.01 
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Figure 2. Predicted test fill failure heights and 50% confidence limits (Hynes and Vanmarke, 1976) 
 
 
If these geotechnical engineers as a group had been well calibrated, half of their 50% confidence 
ranges would have encompassed the actual failure height. None did. Even (or especially) 
recognized experts were overly confident in their methods, assumptions, and analyses. Nor are 
engineers singularly afflicted. Physicians who were “completely certain” of their diagnoses 
turned out to be wrong 40% of the time (Kahneman, 2011). 
 The cognitive underpinnings of these and other effects are treated in depth by Kahneman 
(2011), while Vick (2002) frames them in engineering context. But in brief, the main 
implications of cognitive factors for risk analysis are twofold. First, overconfidence bias 
systematically produces failure probabilities that are too low, with greater deviation as the 
values decrease. Second, overconfidence persists despite subject-matter expertise, so that the 
best technical expert will not necessarily produce the best probability estimates.  
 
 
3 PROBLEMS OF QUANTIFICATION IN FMEA 
 
To illustrate how these biases can operate, Figure 3 shows the familiar FMEA risk matrix for a 
published example, in this case a closure cover. The 25 identified failure modes were distributed 
as shown across three regions of risk acceptability designated Intolerable, ALARP (As Low as 
Reasonably Practical, or provisionally acceptable), and Acceptable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Example FMEA risk matrix for closure cover. Symbols represent individual failure modes. 

actual height 
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In tandem with these formalized risk acceptability criteria, the likelihood categories in Table 1 
were defined over the respective bounding ranges of numerical probability. 
 
 
Table 1. Likelihood categories for example FMEA  

Category Probability range 
Not Likely (NL) < 0.001 
Low (L) 0.001 – 0.01 
Moderate (M) 0.01 – 0.1 
High  0.1 – 0.5 
Expected  > 0.5 

 
 

3.1 Probability encoding 
 
Considerable research has been conducted on the numerical meanings that people associate with 
everyday expressions of likelihood, as summarized by Vick (2002). A meta-analysis of a 
number of such studies produced the verbal to numerical transformations in Table 2.  
 
Table 2. Probability equivalents for selected verbal expressions (Reagan, et al., 1989) 

Expression Probability range 
Unlikely (U) 0.10 – 0.20 
Low chance (LC) 0.15 – 0.25 
Medium chance (MC) 0.50 – 0.55 
High chance 0.80 – 0.85 
Very probable 0.75 – 0.90 

 
 
The expressions in Table 2 are selected to match as closely as possible the FMEA category 
designations in Table 1, and the corresponding probability ranges can be conveniently compared 
in graphic form on Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Comparison of verbal/numerical transformations from example FMEA and in common usage  
(U = unlikely, L = low chance, MC = medium chance). 
 
 
Expressions associated with probabilities greater than 0.5 are not shown because these values 
are not sufficiently extreme to be outside the well-calibrated range. But for lesser likelihoods, 
Figure 4 shows that the probabilities assigned to designations in the FMEA are much lower than 
the corresponding numerical equivalents adopted in everyday use and dominated by 
overconfidence bias as shown previously on Figure 1. So the first problem with probabilistic 
quantification, at least in this example, is that it structurally embeds this bias into the procedure 
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itself: the FMEA systematically requires probabilities to be much lower than the assessor would 
infer from the same terminology. 
 Alternatively, other encoding conventions relate assigned probabilities to the frequency with 
which an event is observed in the available database. Of course, if applicable databases existed, 
failure statistics could be used directly without recourse to encoding conventions. Moreover, 
relating probabilities to observed frequencies for rare events introduces insensitivity to sample 
size, another strong cognitive bias toward believing that small samples closely represent the 
population from which they are drawn (Kahneman, 2011). In any case, since these conventions 
incorporate probabilities as low as 0.0001, they too procedurally embed overconfidence bias 
with much the same result. 
 
3.2 System failure   
Another and unrelated problem is that the risk acceptability criteria do not address the system as 
a whole, implicitly assuming that if all failure mode risks are acceptable then the risk associated 
with the overall system is acceptable as well. However, because most mining facilities generally 
do not incorporate redundancies, they constitute series-type systems where the occurrence of 
one failure mode is sufficient to cause the entire system to fail. Hence from the probability 
axioms, the likelihood of system failure must sum likelihoods over all failure modes.  
 The effect is easily seen from the modified risk matrix in Figure 5. Suppose that mitigation is 
undertaken to reduce all failure modes in the original FMEA of Figure 3 to “low” likelihood. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. FMEA for modified closure cover design. Symbols represent failure modes after mitigation. 
 
 
All failure modes now lie within the Acceptable or provisionally acceptable (ALARP) region, so 
risk mitigation might be presumed adequate on this basis. Yet despite “low” individual 
probabilities of 0.01 to 0.001 for the 21 failure modes in this category, the overall probability of 
cover failure is 0.21 to 0.021ʊ “high” to “moderate” DFFRUGLQJ�WR�7DEOH��ʊsimply due to the 
number of failure modes that are operative. 
 
3.3 Closure  
 As suggested by the preceding example, closure criteria have received much recent attention, 
often in the context of risk. Among the key questions are: (1) over what time frame or 
performance period should the closure design be effective? (2) how effective should it be, as 
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determined by its failure probability over the period specified? and (3) what should be the return 
period for design events in addressing (1) and (2)?  
 Especially in relation to closure, many if not most events of interest are temporally stochastic: 
repeatable occurrences whose uncertainties reside in the time domain. These include natural 
hazards (erosion, floods, earthquakes, landslides) and other recurring events (freeze/thaw, 
drought), and it is often convenient to express the corresponding likelihoods on an annual basis 
that remains unchanged from year to year. In general, for any occurrence subject to repeated 
trials of constant probability, the binomial theorem specifies that: 
  

 
where p is the cumulative probability of at least one occurrence over n trials and pi is the 
probability of occurrence in any given trial.  The binomial theorem provides insight into the 
questions posed above. A number of proposals have been advanced in relation to the first 
question regarding closure time frames. One is that the performance period be 1000 years to the 
extent reasonably achievable, or at any rate 200 years, following precedent of the UMTRA 
Project for uranium tailings remediation in the 1980s.  
 For illustration, suppose that each of the 25 failure modes in the example FMEA of Figure 3 
is reduced to a failure probability of 0.0001/yr, a 10,000-yr average recurrence interval 
sometimes associated with the PMF and MCE. For the 1000 yr performance period, n in Eq. 1 
becomes 25 x 1000 = 25,000, and the system failure probability p over this period is 0.92. 
Similarly, the performance period of 200 years results in p of 0.39. 
 Continuing with a somewhat less demanding case, consider a system with only five failure 
modes, each with a higher annual probability of 0.001. System failure probability over 1000 
years is now 0.99, and 0.63 over 200 years. These illustrations are summarized in Table 3. Note 
that the values in each case represent a lower bound because constant annual failure mode 
probabilities do not reflect physical deterioration or cumulative damage over time. 
  
 
Table 3. System failure probabilities for various performance periods  
number of  
failure modes 

annual  
probability 

performance period (yrs) 
200 1000 

25 0.0001 0.39 0.92 
5 0.001 0.63 0.99 
 
 
With regard to the second question posed at the beginning of this section, Table 3 shows that 
neither of the cases illustrated is effective over either performance period, judging from system 
failure probabilities that drop below 50/50 in only one case and even then not by much. The 
third question is shown to be essentially irrelevant. Regardless of the return period selected for 
design events, the cumulative failure probability will approach 1.0 for typical numbers of failure 
modes and durations.  
 This has major implications. For closure conditions, the likelihood component of risk 
becomes unimportant and only the consequence component matters. The two-dimensional 
matrices of Figures 3 and 5 collapse to one dimension. This counterintuitive result for closure 
differs so markedly from operating conditions that it bears repeating. In general, reducing failure 
likelihood during closureʊthrough more stringent GHVLJQ� FULWHULD� RU� RWKHUZLVHʊdoes not 
materially reduce risk, simply because there are too many opportunities for too many things to 
go wrong. In a statistical sense, all it can do is to push failure farther out in time. System failure 
must be accepted as inevitable, leaving reduction of failure consequences as the only effective 
strategy for risk reduction during closure.  
 
 
 

=  1 െ (1 െ   )
 

(1) 
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4 PROBABILISTIC RISK ANALYSIS FOR TAILINGS DAMS 
 
Probabilistic risk analysis, or PRA, is the fully-quantified version of risk-based techniques. 
Ordinarily too complex to be applied to entire systems, PRA is usually applied to a small subset 
of failure modes or system components screened out from FMEA. PRA, most commonly in the 
form of event trees, has been successfully applied to safety assessment of conventional water 
dams, making its application to tailings dams correspondingly attractive.   
 An advantage of PRA over FMEA techniques is its ability to decompose complex failure 
sequences into their component events. Rather than requiring that failure mode likelihood be 
determined at a highly aggregated level, decomposition allows each link in the failure chain to 
be evaluated individually. Also, probabilities can be manipulated in observance of formal 
axioms and theorems, avoiding inconsistencies associated with FMEA. And finally, coupling 
PRA with risk acceptance criteria developed specifically for dam safety provides a comprehen-
sive and prescriptive rule-based methodology for determining a dam’s safety status. However, 
transferring these techniques to tailings dams involves more than simple substitution. 
 
4.1 Probability encoding  
In principle, decomposition of failure sequences allows the individual event probabilities to be 
less extreme and therefore less subject to overconfidence bias (Vick, 2002). But in practice, 
verbal-numerical transformations often assign probabilities as low as 0.001 (“virtually 
impossible”) and as high as 0.999 (“virtually certain”), with alternative encoding conventions 
adopting even more extreme values. The net result is much the same as described in Section 3.1. 
Overconfidence bias in individual event probabilities is not reduced and may even be increased 
in the final result when several such overly extreme values are mathematically aggregated.  
 
4.2 Dam breach modeling  
Used for evaluating the consequence component of risk, dam breach analyses constitute an 
integral part of PRA for conventional water dams. Hydraulic modeling to determine downstream 
inundated area in the event of conventional dam failure is technically advanced and routinely 
applied. By contrast, tailings flow failure runout is poorly understood due to factors that include 
the volume of tailings released; tailings dam breach parameters; modeling assumptions and 
methods; and governing tailings properties and their measurement. A recent survey of practice 
for tailings dam breach modeling concluded that our ability to conduct accurate and realistic 
dam break analyses is limited (Clemente et al., 2012). Thus, except where the extent of 
inundation may be obvious by inspection, a fundamental component of quantitative risk analysis 
is lacking for tailings dams.  
 
4.3 Consequence attributes  
PRA for conventional water dams has for the most part been developed by and for governmental 
or quasi-governmental agencies charged with protecting public safety. Risk, and therefore the 
consequences of dam failure, are correspondingly defined in terms of loss of life. It goes without 
saying that life safety is of paramount importance for tailings dams as well; indeed tailings 
inundation can have even greater lethality (Graham, 1999).  But the consequences of these 
failures are multidimensional, and a tailings dam that has low risk for loss of life does not 
necessarily enjoy the same standing for other consequence attributes.   
 Certainly environmental damage is one such attribute, but past tailings incidents fail to show 
that this damage is judged on any graduated scale of measurable effects, instead being uniformly 
catastrophic from invariantly grim images and dire media depictions. But even if environmental 
effects are hard to quantify, their spinoff as corporate consequences are not. Among the direct 
and indirect costs of tailings dam failures and accidents, the one that stands out is loss of market 
capitalization, some 30% on average. So even for a tailings-related failure that causes no loss of 
life, the responsible corporate entity can lose almost a third of its value overnightʊa percentage 
corroborated by BP’s valuation following the 2010 Deepwater Horizon oil spillʊto say nothing 
of permanent mine shutdown that occurs in about half of such cases (Vick, 2000). So it is not 
sufficient that PRA application to tailings dams conform to acceptable risk criteria for life safety 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

55



because, unlike government agencies, dam failure can also threaten the financial and therefore 
the organizational viability of a corporate tailings dam-owning entity.  
 
 
5 DISCUSSION AND CONCLUSIONS 
 
It is plain that risk analysis in its various forms has limitations that must be respected before 
attempting to apply the techniques in quantified fashion. FMEA systematically produces failure 
mode risks that are too low due to cognitive bias, both innate and structural. It also adopts the 
flawed premise that if individual failure mode risks are low, then system risk must be low. And 
it can produce misdirected and ultimately futile efforts toward reduction of likelihoods rather 
than consequences for closure.  
 For its part, the promise of applying off-the-shelf PRA for water dams to tailings dams 
remains elusive. The potential reduction in overconfidence bias offered by de-aggregation of 
failure sequences is not consistently realized. Moreover, tailings flow cannot be accurately 
quantified. And corporate consequences not relevant to most conventional dams can be even 
more restrictive than loss of life for tailings dams. 
 These problems of quantification derive from the introduction of prescriptive criteria and 
formal rules for risk acceptance, whether developed ad hoc in the case of FMEA or transferred 
directly from water-dam PRA. The introduction of fixed and quantified standards for acceptable 
risk can reduce risk analysis to a rote exercise for ostensibly demonstrating that these standards 
are met.  
 But this need not be so. The highest and best purpose RI� ULVN� DQDO\VLV� LV� GLDJQRVWLFʊWR�
identify a system’s most vulnerable FRPSRQHQWVʊDQG�KHUH�qualitative methods of rank-ordered 
FMEA likelihoods and consequences serve just as well. In this diagnostic sense, risk analysis 
provides a roadmap for investigations and analyses that helps overcome the greatest short-
coming of analytical methods: they cannot determine what needs to be analyzed. As a precursor, 
risk analysis guides investigations, analyses, and operational diligence toward the greatest risk 
contributors. Applied in the same diagnostic sense, PRA need not require quantification of 
failure consequences with all the attendant difficulties, which remain essentially constant 
irrespective of cause. So on a comparative basis, risk reduces to likelihood, allowing the relative 
contributions of specific events, conditions, or failure mechanisms to be ascertained.  
 Seen in this way, risk analysis becomes an engineering tool like any other, but one uniquely 
suited to identifying and correcting safety vulnerabilities and one much less disposed to the 
entanglements of quantification that can keep its true benefits from being realized.    
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1 INTRODUCTION 
Tailings facilities continued to fail in 2013 and early 2014 at about the same rate as in previ-

ous years.  Here are descriptions of four such failures, all but one in North America. These are 
the failures we read about on the web.  It is hard to believe that it is only in the United States 
and Canada that tailings facilities fail.  I suspect this is but a sampling of those that did fail but 
whose failure was not reported because of the remoteness of the mine, the absence of investiga-
tive reporters, and the ability of mines to clamp shut on the events.   

2 CASA BERARDI MINE 

2.1 Failure Description 
A news report describes the failure in these words: 

During a routine evening inspection of the tailing ponds on Wednesday, May 1, 2013, at 
the Casa Berardi Mine, located approximately 95 kilometres north of the town of La Sarre, in 
the Abitibi region of northwestern Quebec, it was discovered that there was a breach of an in-
ternal tailings dyke which resulted in a surge of liquids and suspended solids over the exter-
nal tailings dyke. A majority of the material was contained inside the tailings pond contain-
ment area and no further discharges into the environment have occurred. The Casa Berardi 
Mine has four tailings containment ponds and the material flowed from one tailings pond into 
another tailings pond, neither of which are in use for current operations. 

Tailings facility failures in 2013/2014 

J.A. Caldwell 
Robertson GeoConsultants, Vancouver, BC, Canada 

ABSTRACT: In 2013 and early 2014, the failure of at least three tailings facilities was reported 
on the internet. Near failures of other tailings facilities also made news. This paper collates 
publically available information about the 2013 and early 2014 tailings failures and examines 
the failures in the light of engineering and geotechnical perspectives as compared to the focus 
of popular news reports. The facilities that failed that are examined in this paper include:  The 
Aurizon Mine Casa Berardi tailings pond in Quebec; the Obed Mountain mine in Alberta; and 
the Duke Energy coal mine facility in Eden, North Carolina.  In addition, this paper tells of the 
failure of Tokwe Makosi, a water dam in Zimbabwe; this failure holds many lessons for tailings 
facility engineers. The author has no personal knowledge of any of these failed facilities, but 
draws instead on public reports and professional experience in discussing the perpetually fasci-
nating and perplexing issue of continued failure of mine tailings facilities.  
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2.2 The Size of the Spill 
Initial reports were that some 150,000 cubic meters of liquid and 15,000 cubic meters of solids 
had “escaped” the tailings pond.  These estimates were later reduced to 55,000 cubic meters of 
fluid and 2,000 cubic meters of solids.  Later reports as told of the liquids “spilling” into the 
nearby Kaakakosig River.   

Additional information published says this: 
“A residual film of material has affected a limited surface area of outside the external 

dyke,” the company said.” 

2.3 Subsequent Cleanup 
One Quebec environmental regulators was reported to have suggested that they clean up the sill 
using “shovels and rakes.”  Of course this was not done.   

Later statements by the company noted: 
• Water use: The primary source of water for the mill is the recycled water from the pro-

cess water pond. Fresh water use at the mill is limited and represents a minimal per-
centage of the mill discharge. Where practical, all fresh water drainage into the tailings 
ponds has been diverted away from the basins to minimize contamination of clean sur-
face drainage. 

• Mine water management:   The major source of water for underground operations is re-
cycled mine water. 

• Tailing water management:   The operation uses the SO2/Air process for cyanide de-
struction in the slurry discharge before release to the tailings pond. This effectively 
eliminates soluble arsenic, cyanide, and cyanide metal complexes from the discharge. 

• Environmental effects of treated effluent:  Casa Berardi Mine has completed the first 
cycle of the follow-up Environment Effect Monitoring (EEM) study. Environment Can-
ada predicts six cycles to confirm whether the effluent has an effect on the environ-
ment. An effluent may have an effect on the environment even if it meets the standards. 

2.4 Lesson Learned 
From the little available on the web, it appears the mine was in transition at the time of failure.  
Hecla had recently bought the property from its previous owners and had not fully taken charge.  
It is just possible that in the inter-regnum those leaving the mine had not fully passed off opera-
tion to those taking over the mine, and this event occurred in the absence of committed over-
sight.   

3 OBED MOUNTAIN COAL MINE 

3.1 Failure Description 
News reports describe the failure thus: 

On October 31, an impoundment holding a slurry of waste from Sherritt International’s 
Obed Mountain coal mine failed releasing approximately 670 million litres of waste into the 
Athabasca River watershed. Alberta government press releases referred to the waste as “pro-
cess water”, “suspended solids, which include such things as clay and organic matter”, and 
sediments containing “such things as clay, mud, shale and coal particles”. Official statements 
have provided very little information about the extent or magnitude of the spill, and a No-
vember 4 statement stated the spill was somehow “contained”. As reported in the Edmonton 
Journal, the only thing that was contained was the waste remaining at the mine site. The 
plume released to the river extended 113 km by November 8. 
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Aerial View Layout of the Facility 

3.2 Downstream Impact 
Materials release from the spill entered the Athabasca River and continued on downstream.  
Here is one report on what happened: 

Ten municipalities located downstream of the spill were warned not to withdraw raw 
drinking water from the Athabasca river until it was deemed safe. Residents were also 
warned not to let their animals drink water from the river. 
By early December 2013, the Alberta government reported “that the 670,000 cubic-meter 

plume of coal tailings, released into the environment on Oct. 31, was no longer distinguishable 
from normal background levels of river water downstream of Fort McMurray. Officials an-
nounced:  “there is no longer a threat to Northern waters.”” 

One critic said “the province’s water quality results leave out a major part of the story. Moni-
toring and emergency response efforts should have included sediment sampling, since most of 
the contaminants released in the slurry were attached to the solids rather than in the process wa-
ter.  Release of water quality information without sediment and toxicology results serves to un-
derestimate the impacts”  
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                                   Passage of Coal Contaminated Sludge to the River 

3.3 Comparisons 
This was a large spill---compare to the top five US coal spills: 

 
Year Volume 

(Km3) 
Company Town State River System 

2000 1,170 Massey 
Energy 

Inez KY Big Sandy River 

1972 500 Pittston 
Coal 

Lorado WV Guyandotte River 

1994 420 Massey 
Energy 

Inez KY Big Sandy River 

1981 94 Eastover 
Mining 

Ages KY Cumberland River 

1987 87 Peabody 
Coal 

Montcoal WV Coal River 

 

3.4 Criticism 
There was much criticism of the response of the mine and Alberta regulators to the spill.  One 
example: 

The federal government dispatched officials from Environment Canada as well as Fisher-
ies and Oceans Canada to investigate whether violations of the Canadian Fisheries Act oc-
curred as a result of the massive dam failure and subsequent contamination of the Athabasca 
River. Critics are beginning to lash out at the government response. Rachel Notley, a Legisla-
tive Assembly representative and lawyer wants to know why it took five days for the Alberta 
provincial government to issue warnings to communities downstream. Others are concerned 
about conflicting government statements that the spill was relatively harmless. They say if 
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the spill was harmless, why were they warned not to use the Athabasca River as a source of 
drinking water for municipalities and livestock? 
 
A second example—and another failure story, not much noted on the web: 

When compared to these large spills, the spill in Alberta is the second largest. There have 
been other coal slurry spills in Canada recently, like a small 6,000 gallon coal slurry spill into 
the Similkameen River two months ago near Princeton, British Colombia. Locals there were 
very upset that it took days for the mining company to inform them of the spill. 

Of course MiningWatch Canada weighed in writing: 
“This disaster clearly shows the impotence of federal and provincial governments’ regula-

tory oversight and over-reliance on industry self-monitoring and social responsibility,” stated 
Ramsey Hart, Program Coordinator at MiningWatch Canada. “Corporate commitments to 
sustainability like those made by Sherritt and many other mining companies ring hollow 
when faced with such an incident and how it’s being handled,” Hart added. 

3.5 Lessons Learned 
It appears that operations at the mine had been suspended last year, due to what is believed to 
be overwhelming economic and market pressures. Reclamation was in progress at the time of 
failure. 
One report states “nobody knows when the facility was last inspected.” 

Maybe they were just too busy with closure to notice facilities that were open. Once again 
this failure appears to have occurred at a time when there was a change of staff and operating 
procedures at the mine. 

May we conclude that when such changes are in progress, failure probabilities increase? 

4 DUKE ENERGY 

4.1 The Failure 
The first I read of this failure was a report that started: 

Duke Energy said Monday that 50,000 to 82,000 tons of coal ash and up to 27 million gal-
lons of water were released from a pond at its retired power plant in Eden into the Dan River, 
North Carolina and were still flowing.   Duke said a 48-inch stormwater pipe beneath the un-
lined ash pond broke Sunday afternoon. Water and ash from the 27-acre pond drained into 
the pipe. 
A second report indicates that they knew of the broken pipe. 

Duke initially estimated up to 82,000 tons of ash spilled from two ponds at a coal-fired 
plant in Eden that the utility closed two years ago after a stormwater pipe that ran under the 
ponds ruptured.  

 
I liked this statement most: 

Duke spokeswoman Paige Sheehan said the utility has hundreds of people working to re-
pair the leak, and the flow of ash into the river has been slowed to a trickle – and shut off 
completely at times. 
 
And despaired at this statement; 

It’s not clear why the reinforced concrete pipeline broke. Built in the 1960s, it runs be-
neath the unlined ash pond – the only one of Duke’s 14 North Carolina ash ponds with such a 
pipe beneath it. A power plant in Indiana also has a pipe under its ash pond. 
 
In fact it appears that there was also a 36-inch diameter pipe beneath the pond.  I could not 

establish if it too failed.   
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                          View of the Facility which Failed 

4.2 Root Causes 
It appears the governor of North Carolina had worked for Duke Energy for many years and had 
actively supported them in fights with the local and national regulatory authorities.  Maybe this 
is the reason why nothing was done for two years after the initial failure of the stormwater pipe. 

4.3 Consequence 
Spilt ash flowed into the Dan River.  Reports of its impact are picturesque. 

 
The Dan ran black on Monday before it turned “ugly gray,” said Tiffany Haworth, execu-

tive director of the Dan River Basin Association. The 12-year-old group promotes trails, rec-
reation and clean water in the river, whose watershed covers 3,300 square miles. 

Donna Lisenby, a Boone-based official of the Waterkeeper Alliance, paddled the Dan Riv-
er near the power plant Tuesday and said the broken pipeline spewed a dark gray slurry into 
the river well into Tuesday afternoon. 

Kayak paddles dug into the riverbed sank 12-14 inches deep in ash, Lisenby said. She said 
she expected ash to accumulate in pools in the river as it flowed downstream. 

Lisenby said that she saw no dead fish, but also little effort to contain the ash. 
“Duke Energy’s coal ash does not belong in the Dan River and they need to get it out,” she 

said. 
 

4.4 Litigation 
Reports continue to come in daily about the political and regulatory goings on surrounding the 
failure, the role of the governor, lobbying by Duke Energy, and more.  This brief report gives 
some idea of what is happening and, being America, how long the lawyers will fight. 

The leak at Duke Energy’s retired Dan River Steam Station in Eden, N.C. may be plugged, 
but a criminal investigation into the spill is just beginning. Last week, federal authorities issued 
grand jury subpoenas seeking records from Duke Energy and the North Carolina Department of 
Environment and Natural Resources concerning relevant information about the Feb. 2 spill that 
polluted the Dan River with tons of toxic coal ash sludge.  As part of the ongoing criminal in-
vestigation, North Carolina’s environmental agency’s chief lawyer has been ordered to testify in 
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March before a grand jury.  Duke Energy had no comment on the pending litigation other than 
to say officials would cooperate with the investigation. 

4.5 Cleanup 
As I write this paper, mid-May 2014, the most recent report on cleanup reads: 

The biggest ash deposit yet found in the Dan, following a Feb. 2 spill 25 miles upriver at 
Duke Energy’s Dan River power plant, lies on the bottom just above Danville’s water in-
take. The ash covers an area about 300 yards long and 25 yards wide. It is up to 1 foot 
deep. Its removal from the river will be far harder than its release into it from a broken 
metal pipe. Duke’s contractor will use a dredge that vacuums ash off the river bottom 
while disturbing sediment as little as possible. About 2,500 tons of ash and sediment will 
be sucked up by the end of June — a small fraction of the up to 39,000 tons that spilled. 

4.6 Lessons Learned 
Clearly there should not be pipes, in particular old ones, beneath tailings facilities.  I believe 
this is true of stormwater pipes and penstock pipes.   

Also we may conclude that when politicians intervene to protect companies from regulators, 
failure will occur sooner or later, 

5 TOKWE MUKOSI 

5.1 Background 
Zimbabwe is a dry land.  Water is precious.  Yet land is valuable for the subsistence farmers.  
Decades ago the authorities decided to build a dam in southern Zimbabwe to provide more wa-
ter for agriculture. 
 

Coyne and Bellier, a famous French dam design and construction company recommended a 
concrete arch dam.  The Zimbabwean Department of Water Development said this would be too 
expensive.  They decided to use their own design: a rockfill dam with an upstream concrete fac-
ing.   

As is so often the case in Africa, construction started, was delayed, was undertaken intermit-
tently, and funding was sporadic and/or diverted.  An Italian company was brought in to do 
construction.  Nobody living in the zone of future dam inundation was moved.   

The rockfill embankment was planned to rise to 89-m high and impound 1.8 billion liters of 
water.   

5.2 Floods 
Placement of the rockfill proceeded over a decade or so.  Then last year it rained.  Reportedly 
the rainfall was about twice the annual average, although nobody seems to know for sure.  The 
water started to flood the reservoir.  People moved away fast. 

Because the upstream concrete facing was not in place, water seeped and ultimately flowed 
through the rockfill.  The authorities assured everyone: “The dam is sound; it is not failing; it is 
only water squeezing through the rocks.”  Although wiser council prevailed and those living 
downstream of the dam were evacuated.  This in spite of the following assurances by Engineer 
Mairukira, who said: 

x The dam wall is premised on similar ones in other countries 
x The structure is strong and will never collapse 
x The dam wall is structurally safe 
x We are using the latest technology to build it. 

Pictures show a significant slumping of the rockfill of the front face of the dam.  It still 
amazes me that the dam did not slump and fail completely. The Italian contractors continued to 
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build up the crest of the embankment to keep ahead of the rising waters.  Their courage, or fol-
ly, is astounding. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Water Flowing through and out of the Front Face of the Rockfill Embankment 

5.3 Lessons Learned 
Although this is not a tailings facility failure, it does remind us that construction of  rockfill 
embankments with impermeable upstream linings should be carefully planned to avoid reservoir 
flooding and filling before the upstream liner is in place.   

And it reminds us of what can happen when, in the long term the upstream geomembrane de-
cays and piping of tailings and water through the rockfill is possible. 

At the time of writing this paper (May 2014) the water is still in the reservoir, the rockfill is 
unrepaired, and 20,000 displaced people are living in tents.  At the time of final editing of this 
paper (June 2014) the news is that money has run out, the engineers sent home, and construc-
tion is on hold.   

6 CONCLUSIONS 

Failure of Tokwe Mukosi was so spectacular that the news leaked out, even though the reports 
were inept and manipulated by a bad African government.  The Canadian failures made brief 
news, but were soon lost from radar as officials, both mining and government rallied around to 
clamp down on the news.  Only in the United States did the events get a thorough reporting—
there are just too many activists and reporters there to hide the facts, even though the governor 
tried to. 

Hence we must conclude that the failures I write of were not the only ones in the period dis-
cussed. It cannot be that only in the United States and Canada do tailings facilities fail.  I sus-
pect there were other failures in our period of interest, but they never got to the web, either be-
cause of the remoteness of the mine, the adroit clamp on information by lawyers and company 
officials, or simply a complete absence of independent reporter.   

Still we can be sure failures will continue and maybe we will be able to write yet another pa-
per on the same topic next year.   
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1 INTRODUCTION 
 
The portfolio of the world's historic buildings, bridges, defensive walls, cathedrals, aqueducts, 
and other great works is a memorial to good engineering, human intuition, and the sense of 
proportions of their builders. None of their designs was proven by calculations; none was the 
object of risk assessments. They are the few survivors of the scores that failed and disappeared. 
Some of the failures were so bad that the buildings were never completed, or required signifi-
cant alterations or even reconstruction during the decades they took to complete. 
 It has been only a few centuries since we learned the science of static analysis. We have only 
recently “invented” geotechnical engineering and have started analytically proofing our de-
signs. This has greatly improved the chances of success of new structures of all kinds, includ-
ing, dykes, dams etc. In the meantime, we have hopefully never stopped learning from our 
short-term bad experiences, i.e. “unexpected” failures of code-compliant structures which, in 
most cases, underwent some “unexpected” (geotechnical) conditions or loading combination 
(man-made, natural, climatological). 
 Our societies have evolved and as a result nowadays we are asked, for example, to design 
larger and higher long-term storage facilities for tailings. Regulators and the public want to 
know how these structures will survive their few decades of operational life. In some cases we 
are requested to demonstrate that our structures will survive closure design periods of one thou-
sand years and beyond. 
 We can react to these “new” challenges in various ways:  

x As we are again venturing in terra incognita, like the cathedral builders did when they 
challenged the skies with their towering structures, we can revert to the old model and 

Risk assessment of the long-term performance of closed tailings 
facilities 

F. Oboni and C. Oboni 
Oboni Riskope Assosiates Inc., Vancouver, B.C., Canada 

J. A. Caldwell 
Robertson GeoConsultants, Vancouver, B.C., Canada 

ABSTRACT: A risk assessment of the long-term, post-closure performance of a tailings facility 
may be undertaken to compare alternative closure scenarios or to guide design of the closure 
works. A post-closure risk analysis of a closed tailings facility may be used to understand if the 
closed facility generates societally acceptable risks. The results of such a risk assessment de-
pend significantly on the post-closure performance period specified for the comparison or de-
sign. This paper explores the question of appropriate periods to be considered in a risk assess-
ment of the performance of a closed tailings facility. Specifically, the paper looks at the out-
come of various risk assessments for various closure design periods of 200, 500, and 1000 
years during which periods a statistically-determined number of Maximum Credible Events 
occurs. We show that design of closure works for different time frames may result in signifi-
cant cost differences and perceptions of what constitutes a good closure approach. Risk-based 
decision making based on rational and conceptually-sound risk assessment methodologies 
proves to be an invaluable tool in bringing clarity to the ongoing debate on how best to assess 
the consequences of mine closure. 
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trust our intuition and good engineering sense, convincing regulators and the public 
they have to trust our genius. 

x We can try to convince the same stakeholders that a matrix-based risk assessment, fal-
lacious and misleading to start with, will help shed light on a distant future (FAA, 
2002, Cox et Al., 2005, Cox, 2008, Chapman, Ward, 2011, Cresswell, 2011, Hubbard, 
2009, NASA, 2007) Even though we know that this approach does not even solve 
“immediate” issues.  

x We can try to put together a transparent procedure that enables us to rationally compare 
designs, foster an understanding of what we know and what we do not know, measures 
chances of success in comparable-reproducible manner, which, together with our good 
engineering sense will give the necessary comfort to our proposed ideas in a way that 
can be explained to the public and regulators.  

 
This paper explores the third alternative. 

2 A SMALL NOTE ABOUT TIME AND PERSPECTIVE 
Just to keep things in perspective, let us examine “the state of the world” thousands of years 
ago, then 1000, 500, and 200 years ago, imagine what the requirements were in those times, and 
what that would mean for the tailings storage facilities you would have built then. 

2.1 Forty-five thousand years ago 
You would have been mining hematite at Bomvu Ridge in Swaziland. Your small-scale mining 
would have produced insignificant waste and no societal concerns. Much later archaeologists 
would come and record your efforts, glad to dig through your debris for clues about how you 
did it. And then miners would come to reopen the mine to provide the King and his forty con-
cubines with money to play.  

2.2 Three thousand years ago 
You would have been bidding for the rights to mine silver at Laurentia just east of Athens. The 
28,000 slaves would have worked to your command to provide the money to build the Parthe-
non and support philosophers of democracy for the wealthy mine owners. No money was set 
aside for waste management. Today nobody goes to see the abandoned mine workings; they all 
go to see the structures built with mining profits. As an Egyptian Pharoe you would have raided 
Ethiopia for slaves to build a pyramid of rock for your perpetual glory. There was only human 
waste. 

2.3 One thousand years ago 

If your mining company had existed 1,000 years ago, you'd probably been asked to sponsor the 
crusades. Thanks to your sponsorship, the Europeans would gain Greek and Latin medical and 
scientific texts from the Muslims. The Europeans would learn about advanced technologies like 
the windmill, water wheel, Damascus steel, and Arabic numerals. As an American you would 
have been building the Cahokia mounds near East St Louis. You used soil, for there was no 
rock to build like those others were doing in Central and South America. Today those mounds 
persist: well-vegetated, although much eroded by gullies. Total world population was around 
300M souls. Languages used in those times have disappeared. 

2.4 Five hundred years ago 
If your company had existed 500 years ago you could have written a congrats card for the well-
deserved retirement of Mr. W. Shakespeare who went home to Stratford-on-Avon. Christopher 
Columbus "discovered" America for the last time ever. Total world population had increased to 
500M souls. Leonardo da Vinci was living his last years, having just painted the Last Supper 
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which has since been in a permanent process of restoration, due to its state of decay. Perhaps 
only fifteen of Leonardo's paintings survive, because of his constant, and frequently disastrous, 
experimentation with new techniques. Leonardo conceptualized the double hull, flying and oth-
er machines, concentrated solar power, also outlining a rudimentary theory of plate tectonics. 
Few of his designs were constructed or were even technologically feasible during his lifetime. 

2.5 Two hundred years ago 
If your company had existed 200 years ago, you'd been concerned because slavery was abol-
ished in the UK, and Ireland was incorporated into Britain. The world was also distraught by 
the Battle of Trafalgar, Napoleon's retreat from Moscow, and the Battle of Waterloo. The 
world’s population had reached 950M inhabitants.  

The Robert C. McEwen U.S. Custom House in Ogdensburg, N.Y., was built and is nowadays 
recognized as the oldest operating federal office building in the US. The building started out as 
a simple store and warehouse in an unsettled and remote area, with few roads to transport 
goods. Local waterways and the St. Lawrence River served as avenues of commerce for goods 
that were brought up the river and warehoused in Ogdensburg for local distribution. The U.S. 
Customs Service, founded by the First United States Congress in 1789, occupied space in the 
McEwen building as early as 1811.  
 
2.6 What about the Tailings Storage Facilities? 
If you had closed your tailings facility 1,000, 500, or 200 years ago you would have expected 
that the tailings should still be right there where you dumped them, unattended, not maintained, 
not monitored? And that despite the fact that major buildings under everyone's nose failed and 
required reconstruction, cherished masterpieces vanished in dust or require continuous care, 
and the oldest operating federal office building has certainly undergone multiple maintenance, 
capex refurbishments and upgrades.  

Oh, we were forgetting one thing, had you left an SOP and Maintenance manual for “future 
generations”. Now the manual would be in a difficult (impossible) to understand language. The 
documents might have turned to dust or have been heavily damaged. And if you think digital 
transcriptions of your documents may have saved you, well the solar flare of 1859 (Carrington 
event) would probably have erased them all if fires, floods, and wars had not done it earlier.  

Keep the information above in mind as you will go through the rest of the paper.  

3 A MODEL FOR THE AGING PROCESS OF A GEOSTRUCTURE. 

In this section we focus our attention on modeling the aging process of a geostructure as a se-
ries of discrete hits by hazardous conditions (these could be anything, from an earthquake to 
flooding, to icing, etc.). We assume that hazard specialists (seismologist, climatologist, hydrol-
ogist) can deliver a probabilistic estimate of the Maximum Credible Event (MCE), and we will 
work with this data, assuming different life spans for the structure. We will consider that, by 
using standard geotechnical analyses, an estimate of the reduction of the factor of safety (FoS) 
can be evaluated for each hit to the structure (in some cases extant designs around the world 
have been selected in such a way that after one MCE the residual factor of safety would have a 
code compliant value, sometimes as low as 1.1, following, for example, ANCOLD, 2011).  

At the end of the step-by-step process described herein we will have at hand: 
1. The evolution of the probability of failure “over time” (i.e. after a certain number of 

probabilistic hits), and the evolution of risks.  
2. It will be possible to evaluate designs that would have different initial conditions, 

standards of care, and costs of repairs.  
3. Should the future show that the initial estimates by the hazard specialist were not that 

correct, say because of climate change, for example, the evaluations will be easily and 
transparently updated, or scenarios evaluated.  
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In a real-life case, engineering skills will allow to design structures that experience only a small 
decrease of the FoS at each hazard hit, at an economically sustainable and defensible imple-
mentation cost. 

This approach is certainly more complex than a common practice PIGs (Probability Impact 
Graph) or FMEA (matrix approaches), but it is our opinion that, despite all the necessary as-
sumptions, it is a very useful way to “measure intuitions”, evaluate our beloved “good engi-
neering sense,” and promote transparent discussions about risk, particularly over the long term. 
Finally the approach described herein bypasses the well-known pitfalls and misleading biases 
brought by the arbitrary choices and hidden assumptions common to matrix approaches (Oboni, 
Oboni, 2012).  

3.1 Estimates of the Probability of Failure 

The vast majority of geotechnical structures worldwide are nowadays designed deterministical-
ly. One assumes prudent single values of the driving parameters, and one sometimes performs 
parametric studies to show the impact of one or more parameters on the Factor of Safety (FoS). 
Still rare are the case where the Probability of Failure (pf) is evaluated (Oboni, 2006).  

In order to perform a Risk Assessment, the probability of failure (pf) has to be determined, as 
Risk is defined, in its simplest form, as the product of pf and consequences. Any deterministic 
model (for example any classic slope stability method like Bishop, Morgenstern & Price, etc.) 
can deliver an estimate of pf of the form pf=p(FoS<=1) by using, for example, Monte Carlo 
simulations with assumptions on the distribution of driving parameters, their correlations, etc. 
Thus it is possible to evaluate that a given structure, which has a FoS=x, has a pf=y.  

More sophisticated probabilistic slope stability methods, which consider local failures pro-
gression within the sliding mass, have been proposed and used for over more than three decades 
(Oboni, Bourdeau, 1983, Oboni, et Al., 1984, Bonnard, Oboni, 1985, Oboni, et Al., 2006). 
These methods produce estimates of the probability of “first” failure or of reactivation, esti-
mates of the position of tension cracks, etc. Figure 1 shows an example of results, where the 
probability of failure (of a certain part of Cassas (Italy) large Alpine landslide) is linked to the 
height of the water table. This study, developed for the Olympics 2006 transportation corridor, 
lead to the decision to build a drainage gallery and was the object of detailed monitoring for 
years. 

  
Fig. 1 Local Probability of Failure (P(i,j), horizontal axis) vs. phreatic water level increases 
(vertical axis in meters) in a large Alpine landslide (Oboni et Al., 2011) at 600m and 800m 
above the toe of the slope. 

 
In this paper, where the discussion is a general one, we focus on slope stability as it is con-

sidered the most frequent cause of dam failure (USCOLD 1994, UNEP 1996, 1998). We select 
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a set of general FoS-pf relationship (Silva & Al., 2008) that is referred to as the SLM method-
ology. In a specific real-life case we would opt for probabilistic analyses to yield probabilities 
of failure. SLM, however, has the advantage of delivering FoS-pf curves calibrated for various 
standards of care which allow us to put structures into four Categories (I is the best, IV is the 
worst) (Fig. 2).  

SLM also defines a set of “rules” to class structures that are “between” categories either 
from inception, or because the standard of care decreases over the structure’s life. Again, the 
decision to choose SLM relationship is a practical one, as it facilitates a general discussion. For 
a specific case it is strongly recommended, past the screening level, that a case-specific proba-
bilistic analysis should be developed to link the dam's pf to its FoS at various stages. 
In this paper we consider a Maximum Credible Event (MCE) with an annual probability given 
by a hazard specialist, for example 1/475 (approximately. 2*10-3). Of course the methodology 
can accommodate any MCE probability like, for example 1/100, 1/200, etc. 

We assume that for any single event of smaller magnitude than the MCE, the structure will 
undergo limited damage/deformation that could be repaired without significantly disrupting 
service and would not lead to a FoS decrease. We do not delve into liquefaction cases in this 
paper, as this would obviously bring the story to a fast end, and leave us with little to discuss. 

 

 
Fig. 2 Annual Probability of Failure vs. Factor of Safety following the method proposed by Sil-
va, Lambe, Marr (SLM) (Silva et Al., 2008). Note that the pf scale is logarithmic, while the FoS 
scale is decimal. If a structure is in an intermediate Category, say 1.4, then linear interpolation 
of pf has to be performed between the values of Category I and II.  
 

In the event of the Maximum Credible Event, the dam will show defects, becoming weaker 
(FoS decreases, pf increases) if no repairs are undertaken. The nature of the repairs will have to 
be studied beforehand by the dam’s engineers. In the following discussion, Life Phases are 
those suggested by Szymanski & Davies (2004) and we summarize the life development of our 
example structure as follows:  

 
x Structure's life starts with an excellent (Cat I) structure with FoS=1.5 , i.e. an approxi-

mate pf=10-6 (See Fig. 2), a value that is generally recognized as being at the limit of 
credibility by us humans, and which applies to critical water retaining dams (Tailings 
Dams have displayed much higher rates of failure over the last four decades or so 
(Oboni, Oboni, 2013)). 
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x Maximum Credible Events (MCE) hit the structure from time to time, with no short 
term repetitions, and damage gets repaired during the service life.  

x The initial FoS does not change until closure because repairs/emergency repairs are 
undertaken to restore it as soon as they occur before closure. 

x Initial Category decays due to gradual reduction of care after the service life. Over the 
life of the structure Category goes from 1. “as-built” to 1.6 at Closure/Abandonment.  

x Starting at closure, Maximum Credible Events damages are not repaired and FoS grad-
ually decays, by, say, 0.1 per hit. This FoS decay per unrepaired hit is actually very 
small, and we will see below the effect of assuming a larger one.  

 
For each life span, based on the annual probability of MCE, it is possible to estimate the proba-
bility of occurrence of one or more hits. For example, for 200 years we can evaluate, with over 
90% confidence, a 28% probability of having one MCE, the probability of having no event be-
ing 66%. For 1000 years we can calculate, with over 90% confidence, that 1 MCE event has a 
probability of 26%, 2 MCE a probability of 27%, 3 MCE a probability of 19%, 4 MCE a prob-
ability of 10%, and the probability to see no events is a mere 12%. Armed with these estimates 
it is possible to evaluate (Table 1) the Category decay and then (Table 2) the average probabil-
ity of failure over each Phase and how many times more likely the dam is to fail in comparison 
to the “as-built” value. 
 
Table 1. Dam life phases, duration, performance summary and SLM Category based on the assumptions 
made for the discussion. ____________________________________________________________________________________________ 
Life Phase          Duration    Performance     Category ____________________________________________________________________________________________ 
Service life          20-50 years   1*         1 
Transition toward abandonment  Negligible    2*         1.2 
Long Term Treatment      50-200 years   3*         1.4 
Closure Abandonment     200-1000 years       4*         1.6 
 
1*Performing as foreseen, well-managed, well-maintained, no defects, Category 1 structure. 
2*As for 1 but with uncorrected malfunctions (in case one or more damaging event has/have occurred) 
3*Annual inspections, emergency repairs only (in case one or more damaging event has/have occurred) 
4*Occasional inspections, no measurements. No repairs after each hit of MCE.  
 
Table 2. Dam closure design period, average probability of failure over the period, and times more likely 
to fail than “as built,” based on the assumptions made for the discussion (decay of FoS=0.1 per MCE hit, 
etc.). _______________________________________________________________________________ 
Closure Design Period  Average pf  Times more likely to fail than “as built”   ________________________________________________________________ 
    200      6.0*10-5           60     
    500      1.8*10-4         180 
   1000      2.8*10-3       2800         
 
From the above we can see that even considering the excellent initial state of the structure, with 
a FoS=1.5 and outstanding care in its design, investigations, construction, care during service 
life, and the assumed extremely modest FoS decay of 0.1 at each MCE hit, we can evaluate that 
the occurrence of hazards and the lack of repairs will impart to the probability of failure the 
shape of an exponential curve like the one depicted in Figure 3.  

Let us discuss the meaning of these results. Prior papers (Oboni, Oboni, 2012, 2013) evalu-
ated that in the 1970s, pf =10-3 and in the 1990s the probability of failure of tailings facilities 
had decreased to pf =2*10-4. Under our set of assumptions, i.e. an “excellent dam” built today, 
with an initial pf=10-6, a value bordering credibility and generally attained by critical hydro 
dams, and the very modest FoS decay of 0.1/MCE, following the analysis developed above, we 
would have: 
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x After 500 years a quality comparable to the tailings dams around 1999.  
x After 1000 years it would be three times more prone to fail than the tailings dams of 

this world around 1979.  
The only way to reduce the probability of failure to at least the “historical value” of the 1970s 
would be either to repair the damage at each hit, or to entirely avoid the damage, which is obvi-
ously “not feasible” for economic and constructional reasons. Risks, especially long-term ones 
can never be reduced to nil. Here again, engineering skills, good sense etc. enable us to imagine 
robust solutions that, in an economically sustainable way, will deliver the best imaginable re-
sults. 

 
Fig. 3 Exponential evolution of the probability of failure with time for the example described in 
the text. 
 
 Of course not all structures are born equal so let us discuss what would change if a similar 
outstanding structure (Category I) started its life with FoS=1.3 instead of 1.5. In that case the 
probability of failure would reach an astoundingly high estimate of 0.15 at the end of the same 
period. Additionally, an optimistic designer could design in such a way that the decay of the 
factor of safety (remember, this is not a real dam, we are looking at hypothetical structures) 
would be 0.15 instead of the prior selection of 0.1. Table 3 summarizes all the results devel-
oped for this discussion.  
 
Table 3. Dam closure design period, average probability of failure over the period, times more likely to 
fail than “as-built,”  based on the assumptions made for the discussion (decay of FoS=0.1 per MCE hit, 
etc.). ________________________________________________________________________________________________________ 
Closure Design Period  FoS/decay per MCE hit Average pf  Times more likely to fail than  as built ____________________________________________________________________________________ 
    200      1.5/0.1        6.0*10-5           60     
    500      1.49/0.1        1.8*10-4         180 
   1000      1.48/0.1        2.8*10-3       2800 
   1000      1.47/0.15       1.3*10-1       more than 10,000 
   1000      1.32/0.1        1.5*10-1 

   1000      1.31/0.15              failed before end of period 
 
The last rows of Table 3 are quite evidently and indisputably “off-the-chart” with respect to 
desirable long-term performance of tailings dams. 

3.2 Future consequences evaluation  
Consequences are the second term of the risk equation R= pf*C. Future consequences, or, to be 
precise, the evolution of the value of the consequences, are at most uncertain, as they are often 
locally/regionally driven, or the result of demographic and landuse changes that may be mod-
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eled, but not agreed upon, by many institutions like the UN and the FAO. Here is a simplified 
review. 

Casualties to date. Prior studies (Oboni, Oboni, 2012) have shown that the number of victims 
per Tailings Dams failure were estimated to a minimum of nil, a maximum of ~500, with a 
long-term historic average at ~80 casualties. An argument could be advanced for using these 
values for the future; on one hand world population will increase; but on the other hand mines 
are generally in remote areas. Others would argue that in many cases populations have gathered 
downstream of mining operations, thus we should increase the tally. 

Population growth predictions. The United Nations predicts that by 2050 (that is 35 years 
from now, i.e. one generation) global population will explode by as much as 40%, from more 
than 7B (billion) today to 10B. As the world population explodes in the next generation, we 
will also see increasing per-capita environmental impact. Various estimates have been pub-
lished for the long-term trend, and sustainability concepts have lead various authors to a long-
term estimate limit of 12B humans on Earth. How many of these extra habitants will live within 
direct (or indirect) reach of a Tailings Dam failure is certainly driven by local/regional parame-
ters, so it is difficult to use these models in a general discussion like the one in this paper.  

Land use. Reportedly, First World citizens now consume 32 times more resources such as 
fossil fuels, and put out 32 times more waste than the inhabitants of the Third World. Accord-
ing to a 2009 report by the United Nations Food and Agriculture Organisation (FAO), the 
world will have to produce 70% more food by 2050 to feed the projected additional inhabitants 
(this estimate is far from saying that everyone will live with “First World” standards by then). 
How much agricultural or simply “productive” land may be impacted directly or indirectly (via 
a stream, watercourse) by a Tailings Dam failure also lies outside of the general discussion of 
this paper. 

Public opinion and public awareness. In a little more than a hundred years we have gone 
from “throwing everything to the river” to spending hundreds of millions of dollars for tailings 
storage facilities and then spending one billion (or more) for environmental rehabilitation of 
facilities “gone wrong”. Our societies used to consider, up until maybe a couple of decades ago, 
that death that results from a disaster or accident, is something established by fate, i.e. a “fatali-
ty”. Nowadays First World countries have a “willingness to pay” to spare a life of in between 5 
and 10M (US Dollars) (Oboni et Al., 2013). Contamination is persecuted and companies lose 
large parts of their market capitalization because of tailings accidents. 

4 RISK ASSESSMENT 

Armed with pf and C (from historic failures) we can now evaluate risks. Figure 4, drawn from a 
recent publication (Oboni, Oboni, 2014) shows the probability of failure and “best estimates” 
(average) of casualties for various traffic accidents scenarios, tailings dams around the 1970s 
and 1990s (decades), nuclear reactors Class 5+ accidents to date compared to published societal 
tolerability thresholds (Baecher, 1987, Whitman, 1984, Morgan, Lave, 1990). 

Figure 5 (a zoom into Fig. 4) shows that the example Category I structure would start its life 
three orders of magnitude below the lowest probability displayed in Figure 4, i.e. in an area 
which relates to critical water dams, rather than tailings dams. The probability of failure of that 
excellent Category I structure would increase over time, due to unrepaired hits of the assumed 
MCE and the related decrease of the FoS assumed to be equal to 0.1 per hit. 

It is easy to notice that, even considering an average number of casualties identical to the his-
toric value (80), the longer terms will mean intolerable societal risks even for the “excellent” 
structure. 

Should the value of consequences increase, for any of the reasons previously discussed, 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 (lower Cate-
gory) would see its risk evolve towards intolerable societal risks faster, even if its consequences 
of failure remain constant. Thus it turns out that it is not necessary, for this discussion, to delve 
into conjectures related to future consequences.  
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Fig. 4 Various accidents (consequences are casualties only) compared to FHWA/Whitman so-
cietal tolerability curves. The black vertical traits represent the position of the consequences 
“best estimates” (Oboni, Oboni, 2013). The traffic accidents estimates are for specific cases, 
not large scale statistics. 
 

 
Fig. 5 Probability per Annum vs. Consequences for the “excellent” Category I example. As 
mentioned earlier the pf value at 500 years is almost identical to the 1990s historic value, and 
the pf value at 1000 years is three times the value of the 1970s. With an assumed tally of the 
“historic average” of 80 victims, the 1,000 years risks are societally intolerable; any increase of 
the consequences would push risks toward the intolerable domain. Poorer starting conditions 
(lower FoS, inferior standard of care) and larger damages (FoS decay per MCE hit) would lead 
the structure to a faster failure spiral and intolerable long term risks.  
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 The conclusion is simple: the conditions described in our example are a minimum set for a 
generic example dam to be acceptable in the long run, unless adequate reserves are provided to 
perform critical repairs/reconstruction/replacement in the future. Any decrease of the initial 
FoS or release in the standards, any increase in the decrease of the FoS when the dam is hit by a 
MCE, will take the structure above the selected societal tolerability if the consequences (let us 
limit the discussion to casualties in this example) are compatible, and not any higher, than the 
long term historic average. 

4.1 Long-term, Post-closure possible mitigations 
As mentioned earlier the only way to reduce the probability of failure to at least the “historical 
value” around the 1970s would be either to repair the damage after each MCE/hazard hit, or to 
entirely avoid the damage. This is obviously “not entirely feasible” for economic and construc-
tional reasons. An option is to reduce the consequences, but that again requires special 
measures (limit population, land use, or second lines of defense). 

Risks, especially long-term ones can never be reduced to nil. 
The general analyses developed above show that beyond the initial standards (FoS, standard 

of care), the decrease of the FoS at MCE hits is the leading parameter for the exponential decay 
and failure of a structure. Mitigation may mean in this case to foresee (and fund) structural 
checks, repairs and subsequent monitoring after each MCE hit. 

Dams that were built under the assumption of allowable FoS decrease to 1.1 (ANCOLD, 
2011) or even less, should be the object of specific checks and preventative works. 

4.2 Comparing alternative closure scenarios  
Thanks to the methodology described in this paper it becomes possible to rationally study the 
tradeoff between different levels of initial FoS and initial standard of care, long-term monitor-
ing and preventative/reactive maintenance in order to keep the risks to the structure within the 
tolerable domain.  

Rational comparison of alternatives is possible in terms of average probability of failure and 
detailed risks, if in a specific case, it is possible to consider future modification of landuse, de-
mographics, agricultural pressure, etc. to build an evolutionary consequence model. Sophisti-
cated consequences models can and have been formulated to date, including not only casualties, 
but direct and indirect environmental, economic consequences. 

In many cases mining projects, capital expenditures etc. are evaluated in terms of Net Present 
Value (NPV). NPV is deterministic, can only accommodate uncertainties by means of an in-
crease of the discount rate, i.e an indirect and opaque way to include risks, and, most critically, 
this approach makes any future expense that would occur after, say twenty years, “vanish” from 
the analysis. Because of the above, NPV should not be applied to this type of analyses. Instead, 
techniques like CDA-ESM (Oboni, Oboni, 2010) should be used. 

5 CONCLUSIONS  

The results of a risk assessment depend significantly on the period specified for the comparison 
or design of closure performance and on the level of care that is considered to be reached for 
the structure. A structure can start its life generating tolerable risks and evolve into an intolera-
ble area.  

This paper has explored the question of appropriate periods to be considered in a risk as-
sessment of the performance of a closed tailings facility and has looked at the outcome of vari-
ous risk assessments for various closure design periods spanning many Maximum Credible 
Events probabilistic occurrences, and the very long time sometimes referred to as perpetuity.  
 Most of the conclusions of this paper are well known, intuitive, and accepted: we all know 
that an abandoned structure will end up failing; we all know that excellent initial standard of 
care delays the decay, etc. However the methodology developed in this paper enables us to 
“measure” and give a sense to a complex problem, to transparently compare alternatives, to dis-
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cuss rationally and openly the survival conditions, or to evaluate the premature failure of a 
structure.  

The only way to reduce the increase of the probability of failure is to repair damage occur-
ring 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. Engineering skills and good sense enable us to imagine robust solutions that, 
in an economically sustainable way, will deliver the best imaginable results. 

 It has been shown that the design of closure works for different time frames may result in 
significant cost differences and perception of what constitutes a good closure approach in addi-
tion to significantly different risk landscapes. Any decrease of the initial FoS or reduction in 
the standards of care, any increase in the decrease of the FoS when the dam is hit by a MCE, 
will take the structure above today’s societal tolerability if the consequences (the discussion 
was limited in this paper to casualties) are compatible, and not any higher than the long-term 
historic average.  The general analyses developed in this paper show that beyond the initial 
standards (FoS, standard of care) the decrease of the FoS is the driving parameter for the expo-
nential decay towards failure of a structure. Mitigation may mean in this case to foresee (and 
fund) structural checks, repairs and subsequent monitoring after each MCE hit.  

Risk-based decision making founded on rational and conceptually sound risk assessment 
methodologies proves again to be an invaluable tool in bringing clarity to a complex and some-
times convoluted debate.  

6 REFERENCES 

ANCOLD, Guidelines On Tailings Dams Planning, Design, 2011, Construction, Operation And Closure, 
Draft 

ASCE M.B. Szymanski, M.P. Davies, 2004, Tailings Dams Design Criteria And Safety Evaluations At 
Closure, BC Mine Reclamation Symposium. 

Baecher, G. B., “Geotechnical Risk Analysis User’s Guide”, FHWA/RD-87-011, Federal Highway Ad-
ministration, McLean, 1987. 

Bonnard, Ch., Oboni, F. (1985) - Etude probabiliste de glissements - Assainissement - Proc XI Int.Conf. 
on Soil Mechanics and Foundation Engineering, San Fransisco, pp 2317-2320. 

Chapman, C., Ward, S., 2011. The Probability-impact grid - a tool that needs scrapping. How to manage 
Project Opportunity and Risk. Chp 2 Pp. 49-51. 3rd Ed. Wiley. 

Cox, L. A. Jr., 2008. What’s Wrong with Risk Matrices? Risk Analysis. Vol. 28, No. 2. 
Cox, L. A. JR., Babayev, D., Huber, W., 2005. Some limitations of qualitative risk rating systems. Risk 

Analysis, 25(3), 651–662. 
Cresswell, S., Qualitative Risk & Probability Impact Graphs: Time for a rethink?.,2011 
FEDERAL AVIATION ADMINISTRATION (FAA), 2002. Aviation industry overview fiscal year 2001, 

FAA Office of Aviation Policy and Plans, Washington, DC. 
Hubbard, d., 2009. Worse than Useless. The most popular risk assessment method and Why it doesn't 

work. The Failure of Risk Management. Chp 7, Wiley & Sons. 
Morgan, G., Lave, L., Ethical considerations in risk communication practice and research, Risk Analysts 

1o, 355- 358-, 1990. 
NASA, 2007. NASA Systems Engineering Handbook SP-2007-6105, National Aeronautics and Space 

Administration. Washington, D.C. Chapter 6.4  
Oboni, C. Oboni, F. Stop Procrastinating! NPV is dead: Use Risk as a Key Decision Parameter, Canadian 

Reclamation, Issue 1 2010 
Oboni, C., Oboni F., Factual and Foreseeable Reliability of Tailings Dams and Nuclear Reactors -a Socie-

tal Acceptability Perspective, Tailings and Mine Waste 2013, Banff, AB, November 6 to 9, 2013. 
Oboni, F. , Risk Based Decision Making for the Design of Reclamation Projects, CLRA 2006 Reclama-

tion and Remediation: Policy to Practice, 31st Annual Meeting and Conference, Ottawa, 2006 
Oboni, F., Angelino, C., Visconti, B., Curti, R., Ghione, A., Environmental Restoration of a 60Mm3 Dry 

Asbestos Tailings Dup Using Risk Based Decision Making, Canadian Reclamation, Issue 1, 
Spring/Summer 2006 

Oboni, F., Angelino, C., Visconti, B., The Cassas Landslide and its impacts on an international & Olym-
pic transportation corridor: studies, monitoring, solution and crisis plans, Second World Landslide Fo-
rum – 3-7 October 2011, Rome 

Oboni, F., Bourdeau, P.L. (1983) - Determination of the Critical Slip Surface in Stability Problems - Proc. 
of IVth Int. Conf. on Application of Statistics and Probability in Soil and Structural Engineering, Flor-
ence. Universistà di Firenze (Italy) 1983, Pitagora Editrice, pp 1413-1424. 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

75



Oboni, F., Bourdeau, P.L. & Bonnard, Ch. (1984) - Probabilistic Analysis of Swiss Landslides - Proc. 
IVth Int. Symp. on Landslides, Vol. 2, ISL, Toronto, 1984, pp 473-478. 

Oboni, F., Oboni, C., Zabolotniuk, S., Can We Stop Misrepresenting Reality to the Public? CIM 2013, 
Toronto 

Oboni, F., Oboni, C., Is it true that PIGs fly when evaluating risks of tailings management systems? Short 
Course and paper, Tailings and Mine Waste '12, Keystone Colorado, 2012. 

Oboni,C, Oboni. F, Aspects of Risk Tolerability, Manageable vs. Unmanageable Risks in Relation to Crit-
ical Decisions, Perpetuity Projects, Public Opposition.,Geohazards 6, Kingston, Canada, 2014,  

Oboni,C, Oboni. F, Aspects of Risk Tolerability, Manageable vs. Unmanageable Risks in Relation to 
Governance and Effective Leadership, International Symposium on Business and Management, Nago-
ya, Aichi-ken, Japan, April 2014 

Silva, F., Lambe, T.W., Marr, W.A., December 2008, “ Probability and Risk of Slopes Failures”, JGGE. 
UNEP, 1998, Case Studies on Tailings Management, United Nations Environment Programme, Interna-

tional Council on Metals and the Environment, November 1998, ISBN 1-895720-29-X 
UNEP. Environmental and safety incidents concerning tailings dams at mines: results of a survey for the 

years 1980-1996 by the Mining Journal Research Services, Report prepared for United Nations Envi-
ronment Programme,1996, Industry and Environment, Paris 

USCOLD,1994, Tailings Dam Incidents, U.S. Committee on Large Dams (USCOLD), Denver, Colorado. 
Whitman, R.W., Evaluating calculated risk in geotechnical engineering. J. Geotechnical Engineering, 110, 

2, 1984. 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

76



Multiple accounts analysis for tailings storage at the Meliadine 
Gold Project, Nunavut 

A.C. Isidoro  
Golder Associates Ltd. Edmonton, Alberta, Canada 
 
D.R. Walker  
Golder Associates Ltd., Burnaby, British Columbia, Canada  
 
J. Noël and S. Robert 
Agnico Eagle Mines Ltd., Rouyn-Noranda, Québec, Canada 

ABSTRACT: Agnico Eagle Mines Limited is proposing to develop the Meliadine Gold Pro-
ject (the Project), located approximately 25 km north of the hamlet of Rankin Inlet on the west 
coast of Hudson Bay, in the Kivalliq Region of Nunavut. The Project comprises mineral depos-
its at five separate locations with an anticipated operating mine life of about 13 years. Four of 
the mineral deposits are located on a large peninsula separating the east and west basins of Me-
liadine Lake, on Inuit Owned Lands. The fifth deposit is located south and east of the main mine 
site. An alternatives assessment was completed for the tailings storage facility (TSF) as part of 
the preliminary design and environmental impact studies for the Project. The objective of the 
assessment was to identify the most appropriate alternative for management of tailings for the 
Project based on environmental, technical, social, and economic considerations, in general ac-
cordance with Environment Canada Guidelines for the Assessment of Alternatives for Mine 
Waste Disposal (EC 2011a). A tailings alternatives assessment, following the EC Guidelines, is 
also required when considering placement of tailings in a waterbody frequented by fish for ap-
plication of an amendment under Schedule 2 of the Metal Mining Effluent Regulations (EC 
2011b). The EC Guidelines recommend the use of a Multiple Accounts Analysis approach, 
which is a well-accepted, transparent decision-making tool. For this Project, a risk assessment 
was also conducted in parallel with the MAA process to further evaluate the tailings technolo-
gies being considered (thickened and filtered), especially with reference to the Arctic conditions 
prevailing at the Project’s location. The primary and significant risks identified in the risk as-
sessment were included to complete the MAA. This paper presents the application of the com-
bined risk assessment and MAA approach to the alternatives assessment for the Meliadine Gold 
Project tailings storage facility. The assessment results, including the risk assessment and sensi-
tivity analysis, indicated that two alternatives were the most appropriate options for the Melia-
dine Project. Of these options, the preferred tailings storage facility alternative was selected in 
consideration of the proximity of the sites to the process plant and the overall layout of the facil-
ity. 

 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

77



 

1 INTRODUCTION 
Agnico Eagle Mines Limited (AEM) is proposing to develop the Meliadine Gold Project (the 
Project), located approximately 25 km north from Rankin Inlet, and 80 km southwest from 
Chesterfield Inlet in the Kivalliq Region of Nunavut. Situated on the western shore of Hudson’s 
Bay, the proposed Project site is located on a peninsula (the Peninsula) between the east, south, 
and west basins of Meliadine Lake (63o01'23.8"N, 92o13'6.42"W), on Inuit owned land.  

The Project is composed of 5 gold deposits: Tiriganiaq, F Zone, Pump, Wesmeg, and Discov-
ery. The current mining plan indicates that approximately 38 million tonnes of ore will be mined 
over a nominal mine life of approximately 13 years. The deposits will be mined using conven-
tional open pit mining methods with additional underground mining for the Tiriganiaq deposit. 
Approximately 8500 tonnes of ore will be processed per day. Proposed mining facilities in the 
area include a plant site, an ore stockpile site, a tailings storage facility (TSF), waste rock piles 
and diversion and containment dikes (Figure 1).  

As part of the preliminary design and environmental impact studies for the Project, an alterna-
tives assessment for storage of tailings was conducted. The objective of the assessment was to 
identify the most appropriate alternative for management of tailings based on environmental, 
technical, social, and economic considerations, in general accordance with Environment Canada 
(EC) Guidelines for the Assessment of Alternatives for Mine Waste Disposal (EC 2011a). These 
guidelines recommend the use of a Multiple Accounts Analysis (MAA) approach, which is a 
well-accepted, transparent decision-making tool. A tailings alternatives assessment is required 
when considering placement of tailings in a waterbody frequented by fish for application of an 
amendment under Schedule 2 of the Metal Mining Effluent Regulations (EC 2011b). 

A risk assessment was also conducted in parallel with the MAA process to further evaluate 
technology options for tailings storage. The primary and significant risks associated with tech-
nology options identified in the risk assessment were considered in the MAA process. 

 
2 SITE DESCRIPTION 
The Project lies within the Arctic Climatic Region with climate characterized by short, cool 
summers and long, cold winters. Precipitation is typically divided evenly between rain during 
the summer and fall and snow, which can fall in any month but is most common between Octo-
ber and April. Surface waters are usually frozen by early October and remain that way until ear-
ly June. Brisk wind is common year-round and the site experiences strong winds from the north-
northwest, especially in winter. 

Located within the zone of continuous permafrost, the Project is underlain by permafrost with 
intervening taliks and thaw bulbs induced by lakes. The dominant terrain comprises glacial land-
forms such as drumlins, eskers and small lakes. Topography is gently rolling with a mean eleva-
tion of 65 metres above sea level and a maximum relief of 20 m. Low-lying areas are poorly 
drained, and intermittent streams connect numerous shallow ponds and lakes. The Peninsula 
contains 368 lakes, ponds and wetlands, which cover almost 20% of its terrestrial extent. Most 
of the waterbodies are small (<5 ha in area) and shallow (<2 m deep). When the ice cover reach-
es 2 m in depth, as is often the case during late winter, the under-ice water volume of many of 
these waterbodies is greatly reduced and the waterbody may freeze to the bottom. Therefore 
many of the Peninsula waterbodies do not provide over wintering habitat for fish.  

Nine fish species have been encountered in Project area lakes and streams (lake trout, Arctic 
char, Arctic grayling, round whitefish, cisco, burbot, slimy sculpin, ninespine stickleback, and 
threespine stickleback). Four of these species (lake trout, Arctic char, round whitefish and 
threespine stickleback) tend to use the lowermost sections of basins in close proximity to Melia-
dine Lake and have not been encountered in upper Peninsula lakes and streams under the foot-
print of the proposed mine. 

In total, 10 plant community types have been classified and mapped in the Project area, in-
cluding 4 heath vegetation classes, 3 wetlands classes, and 3 un-vegetated classes. Plant com-
munities with a restricted distribution in the Project area include the Birch Seep and Riparian 
Willow/Birch plant communities.  

A number of mammal and bird species have been recorded in the Project area including bar-
ren-ground caribou of the Qamanirjuaq herd, arctic fox, arctic hare, wolf, muskox, and polar 
bear (Golder 2012c). Both traditional and scientific knowledge indicate that barren-ground cari-
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bou likely use this area during seasonal migrations (BQCMB 1999), but presence in the study 
area appears to be variable among years. Wolf, muskox and polar bear are infrequently ob-
served. Thirty seven bird species have been recorded including 14 species of waterfowl, 5 spe-
cies of shorebird, 3 species of raptor, and 2 owl species.  

Up until the early 1950s, the area around the Project was used for hunting when the main 
southern caribou fall migration pattern followed a route across the narrows of Meliadine Lake 
and through the Project site. In the early 1950s, the migration moved to the northwest and hunt-
ing became much less frequent in the Project area (Golder 2012a). Traditional fishing in the Pro-
ject area has historically been in Peter Lake, Meliadine Lake, and the Meliadine River. Smaller 
lakes and ponds in the immediate Project area generally don’t have fish species that are valued 
by Inuit (i.e., Arctic char and lake trout), so have not been historically used for fishing. There 
are a few recreational cabins located along Meliadine Lake close to the Project site. 

The archaeological record for the Project area shows evidence of summer use with a focus on 
caribou hunting and fishing. There is also evidence of fox trapping and limited evidence of win-
ter occupation. There are currently 110 recorded archaeological sites within the Project area.  

 
3 GEOCHEMISTRY 
A baseline geochemical characterization program for the Project was initiated in 2008 and con-
sisted of static and kinetic testing methods to assess the chemical composition of the mine 
waste, its potential to generate acid rock drainage and its potential to leach metals (ML) upon 
exposure to ambient conditions (Golder 2012e). Most ore samples tested had no potential to 
generate acid, generally stemming from low sulphide content and excess buffering capacity 
from reactive carbonate minerals. Potentially acid generating ore will be milled with other ore 
resulting in a tailings mixture that will be non-acid generating based on the current mine plan. 
The concentrations of most leachate parameters from static leaching testing meet mine effluent 
criteria (MMER; DFO 2006) with the exception of arsenic, which exceeds the MMER average 
monthly values in select samples. However, longer-term kinetic test results reported decreasing 
arsenic concentrations trends in all tailings samples. Arsenic leaching from tailings is expected 
to remain low due to low sulphide reactivity. 

Project waste rock is also predicted to be non-acid generating (Golder 2012e). Of all rock 
types investigated, concentrations of most leachate parameters following static testing meet 
mine effluent criteria (MMER; DFO 2006) with the exception of arsenic in a few samples. Ki-
netic tests returned concentrations of arsenic that are below the MMER criteria.  

Process water will be treated to meet International Cyanide Code guidance concentrations 
prior to discharge to the TSF. Process water within the TSF is likely to require attenuation of 
pH, arsenic, cyanide and suspended solids to meet MMER criteria for discharge to the environ-
ment. Other parameters may also require treatment for discharge if recycling of the TSF water 
results in further concentration of the process water (Golder 2012e). 

 
4 TAILINGS STORAGE FACILITY ALTERNATIVES ASSESSMENT 
A tailings alternative assessment was completed for the Project in general accordance with EC 
Guidelines for the Assessment of Alternatives for Mine Waste Disposal (EC 2011a). The follow-
ing were the main steps in the process: 
x identification of possible TSF siting locations; 
x pre-screening assessment of TSF siting locations;  
x identification of tailings disposal technologies; 
x selection of TSF alternatives; 
x Multiple Accounts Analysis (MAA): 

x identification of evaluation criteria (sub-accounts and indicators); 
x tailings technology risk assessment; 
x scoring and weighting of sub-accounts and indicators; 
x calculations; 
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x baseline results; 
x sensitivity analysis; and 
x selection of preferred alternative.  

4.1 TSF Siting Locations 

The first step in the alternatives assessment involved identifying possible locations for the TSF. 
Some fundamental considerations used for the siting exercise included: 
x Maximum 10 km distance from the proposed process plant. This is typical of such analysis. 

An exception was site OL-7 located approximately 17 km from the process plant, which was 
identified with the intent of having an option that did not infringe on any important water-
body based on the available topographic mapping and aerial photography. 

x Potential locations were limited to the southwest of Meliadine Lake. Northeast of the lake 
was not considered given the expected challenges in transporting tailings to this area and the 
absence of any obvious advantages with respect to waterbodies and topography in this area.  

x Sites were selected to avoid the proposed pit delineations. 
x Sites were selected to avoid any protected areas. 

 A base case of slurry deposition was considered for the pre-screening assessment under the 
expectation that the deposition method would not influence the pre-screening process, and with 
the understanding that if during the pre-screening assessment it was determined that the deposi-
tion methods would influence the results, they would be considered. Preliminary layouts for 
each of the 13 pre-screening TSF siting locations are shown on Figure 1. 

 

 
Figure 1: Site Location and Tailings Storage Facility Siting Locations 
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4.2 Pre-screening Assessment 

The purpose of the pre-screening assessment was to eliminate siting locations that had “fatal 
flaws” prior to completing the more detailed Multiple Accounts Analysis (MAA). Pre-screening 
assessment criteria were formulated as simple “yes” or “no” answers as follows: 
x provides storage for life-of-mine tailings production; 
x location does not restrict the open pit operations and potential waste rock management areas; 
x location avoids known non-mitigatable heritage/archaeological sites; 
x location is within the mine claims block; 
x location does not sterilize potential resources (inferred based on magnetometric survey map); 
x location provides the potential for increased storage capacity; 
x location is within the same sub-catchment as a mine site/pit; and 
x less than 25% of the footprint is covered by an existing waterbody(ies).  

The first four criteria were considered absolute requirements and any alternative that did not 
meet any one of these criteria was automatically eliminated. An alternative not meeting two or 
more of the remaining criteria was also eliminated. The following three locations were carried 
forward from the pre-screening assessment for further evaluation: 
x B7 area; 
x B4 area; and 
x On-land 5 (OL-5). 

4.3 Tailings Disposal Technologies 

Following the pre-screening assessment, consideration was given to potential tailings disposal 
technologies, including slurry, thickened tailings, paste and filtered tailings. The technologies 
vary by the degree of tailings dewatering, with typical tailings solids densities ranging from ap-
proximately 30% for slurry to approximately 85% for filtered tailings. Two tailings disposal 
technologies were retained for consideration in the MAA: thickened tailings and filtered tail-
ings; representative of hydraulic deposition and mechanical deposition, respectively. Thickened 
tailings technology was retained since there is less water to manage in comparison to slurry dep-
osition. Paste tailings technology was not retained because of logistical considerations and a 
lack of precedence for its use in the North. 

4.4 MAA Alternatives 

Six alternatives were identified for the MAA assessment by combining the three pre-screening 
locations (B7, B4, and OL-5) with the two tailings technologies (thickened and filtered). Prelim-
inary layouts for each of these alternatives are shown on Figure 2. A brief description of each al-
ternative is provided below. 
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Figure 2: Tailings Storage Facility Multiple Accounts Analysis Alternatives 

4.4.1 B7 Thickened 
The B7 Thickened TSF alternative is located north of Tiriganiaq Pit, and involves staged con-
struction of perimeter containment dikes around Lake B7 with discharge of thickened tailings to 
the natural lake basin. Tailings would be transported via pipeline to the TSF. At the end of mine 
life, the TSF perimeter would be approximately 6.5 km with a crest elevation of 90 m. The max-
imum dike height would be approximately 32 m. A moderate reclaim pond would be maintained 
within the TSF. Downstream water management control structures are required in low areas 
along with perimeter ditching to direct and collect seepage and runoff. Lake B7, the largest wa-
terbody affected by this alternative, is located at the headwaters of basin B. Under-ice dissolved 
oxygen concentrations appear to be sufficient for overwintering of fish; the remainder of water-
bodies within the TSF footprint have low quality fish habitat (Golder, 2012f). There is likely an 
open talik below Lake B7 (Golder 2012d). Three archaeological sites were recorded along the 
TSF exterior boundary (Golder 2012b); one was mitigated in 2010 and the other two were miti-
gated in 2012. 

4.4.2 B7 Filtered 
The B7 Filtered TSF alternative is located north of Tiriganiaq Pit and northeast of Lake B7. 
During operations, filtered tailings would be transported to the TSF by truck or conveyor and 
placed in lifts using a bull dozer. An erosion protection layer would be required on the facility 
slopes. The final TSF elevation would be 86 m and the maximum height approximately 23 m. 
Downstream water management control structures are required in low areas along with perime-
ter ditching to direct runoff to the control structures. The waterbodies within the B7 Filtered 
TSF footprint have low quality fish habitat (Golder 2012f). Two archaeological sites were rec-
orded along the exterior boundary of this alternative in 2011 (Golder 2012b). Both sites were 
mitigated in 2012.  

4.4.3 B4 Thickened 
The B4 Thickened TSF alternative is located west of Pump Pit, and involves staged construction 
of perimeter containment dikes around Lake B4 with discharge of thickened tailings to the natu-
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ral lake basin. Tailings would be transported via pipeline to the TSF. At the end of the mine life, 
the TSF perimeter would be approximately 5.5 km with a crest elevation of 96 m. The maxi-
mum dike height would be approximately 42 m. A moderate reclaim pond would be maintained 
within the TSF. Downstream water management control structures are required in low areas, 
along with perimeter ditching to direct and collect seepage and runoff. Five waterbodies would 
be impacted by this alternative, of which Lake B4 is the largest. Lake B4 does not provide 
overwintering fish habitat, but during the open water season, it does provide a migration corri-
dor and rearing habitat to Arctic grayling that spawn in its inlet and outlet streams. The remain-
der of the waterbodies have low quality fish habitat (Golder, 2012f). It is unlikely that there is an 
open talik below Lake B4 (Golder 2012d). No archaeological features were located near this al-
ternative (Golder 2012b). 

4.4.4 B4 Filtered 
The B4 Filtered TSF alternative is located west of Pump Pit. During operations, filtered tailings 
would be transported to the TSF by truck or conveyor and placed in lifts using a bull dozer. An 
erosion protection layer would be required on the facility slopes. The final TSF elevation would 
be 76 m and the maximum height approximately 22 m. Downstream water management control 
structures are required in low areas, along with perimeter ditching to direct runoff to the control 
structures. Five waterbodies would be impacted by this alternative, of which Lake B4 is the 
largest. Lake B4 does not provide overwintering fish habitat, but during the open water season, 
it does provide a migration corridor and rearing habitat to Arctic grayling that spawn in its inlet 
and outlet streams. The remainder of the waterbodies have low quality fish habitat (Golder, 
2012f). It is unlikely that there is an open talik below Lake B4 (Golder 2012d). No archaeologi-
cal features were located near this alternative (Golder 2012b). 

4.4.5 2012eOL-5 Thickened 
The OL-5 Thickened TSF is located approximately 2 km southeast of F Zone Pit, and involves 
staged construction of perimeter containment dikes with discharge of thickened tailings to the 
facility. There are some small ponds within the dike footprint that may need to be dewatered 
prior to construction. Tailings would be transported via pipeline to the TSF. During operations, 
the dikes would be raised as more storage is required. At the end of the mine life, the TSF pe-
rimeter would be approximately 6 km with a crest elevation of 98 m. The maximum dike height 
would be approximately 39 m. A moderate reclaim pond would be maintained within the TSF. 
Downstream water management control structures are required in low areas, along with perime-
ter ditching to direct and collect seepage and runoff. There are 19 small waterbodies within the 
footprint of this alternative, each of which have low quality fish habitat (Golder 2012f). No ar-
chaeological sites have been recorded in the area of this alternative (Golder 2012b).  

4.4.6 On-Land 5 Filtered 
The OL-5 Filtered TSF alternative is located approximately 2 km southeast of F Zone Pit. Dur-
ing operations, filtered tailings would be transported to the TSF by truck or conveyor and placed 
in lifts using a bull dozer. An erosion protection layer would be required on the facility slopes. 
The final TSF elevation would be 93 m and the maximum height approximately 26 m. Down-
stream water management control structures are required in low areas, along with perimeter 
ditching to direct runoff to the control structures. There are 13 small waterbodies within the 
footprint of this alternative, each of which have low quality fish habitat (Golder 2012f). No ar-
chaeological sites were recorded in the area of this alternative (Golder 2012b). 

4.5 Multiple Accounts Analysis (MAA) 

An MAA approach (EC 2011a) was used to evaluate the six alternatives. The MAA assessment 
involved relative evaluation of alternatives based on environmental, technical, social, and eco-
nomic considerations. Evaluation criteria called sub-accounts and indicators were developed for 
each of these areas. The alternatives were evaluated against the criteria using a six point scoring 
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scale. Weightings were also used to introduce a value bias between the individual criteria. The 
scoring and weighting was combined to calculate individual scores for each alternative to allow 
for relative ranking of the alternatives and determination of the preferred option. Further details 
on the MAA process used for the Meliadine Project are described below.  

4.5.1 Sub-accounts and Indicators 
A series of evaluation criteria (called sub-accounts) were developed and grouped into four 

categories or accounts: environmental, social, technical, and economic. In some cases the sub-
accounts required further refinement to allow for measurement and evaluation. Where this was 
the case, the sub-accounts were broken down into measurement criteria called indicators. Indica-
tors that were considered to be non-differentiating between the alternatives were not included in 
the analysis. The following tables summarize the sub-accounts and indicators for each of the 
four accounts. 

 
Table 1: Environmental Sub-accounts and Indicators 

 Sub-accounts Indicators 
Possible pro-
duction of 
contaminating 
agents 

Potential for dust generation � Dust generation at the TSF 
� Dust generation outside of the TSF 

Potential release of potential-
ly problematic water 

� Risk associated with high volumes of TSF water 
� Reclaim water pipeline 
� Ground conditions 

Tailings spill � TSF failure during operations 
� Spill in non-confined area during transport  

Greenhouse gas emissions � Emissions due to construction 
� Emissions due to tailings transport 

Water quality, 
aquatic habi-
tat, and spe-
cies 

Watersheds � Number of watershed(s) affected by footprint 
� Location within the watershed 
� Area of affected sub-catchment(s) 

Fish habitat � Distance from Meliadine Lake 
� Aquatic habitat loss 
� Stream diversion 
� Stream crossing by the road/pipeline 
� Potential effect on fish habitat 

Terrestrial 
habitat and 
species 

TSF footprint area  
Vegetation/terrestrial habitat � Presence of uncommon vegetation within footprint 

� Potential effect on surrounding vegetation 
Potential effect on birds 
from TSF water 

 

Distance from natural park 
or protected habitat 

 

 
Table 2: Social Sub-accounts and Indicators 

Sub-accounts Indicators 
Touristic, recreational, and vacation activities 
and infrastructures 

 

Archaeological site, cultural or heritage asset  
Integration into the landscape  
Potential to affect worker health and safety � Relative number of workers at higher risk of being 

affected by dust from the TSF 
� Safety of workers 

 
 
Table 3: Technical Sub-accounts and Indicators 

 Sub-accounts Indicators 
Permitting Permitting delay risks  
Construction TSF construction risks � Probability of having schedule delays  

� Probability of reduced quality of construction 
Operations Site access  
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 Sub-accounts Indicators 
 Reliability/efficiency of operation � Stability and continuousness of operations 
 � Risk related to plant shut-down due to tailings 

transportation interruptions 
 Equipment maintenance  
 Water management � Potential to grow/trap ice and snow 

� Length of reclaim pipeline 
� TSF water quantity to be managed/reclaimed 
� Sumps for collection of seepage and/or runoff 

 Storage efficiency  
 Expansion possibilities  
Closure and 
reclamation 

Progressive reclamation  

 
Table 4: Economic Sub-accounts and Indicators 
Sub-accounts Indicators 
Capital costs � Initial TSF construction 

� Tailings dewatering infrastructure, equipment and parts inventory 
� Tailings transport system and reclaim water system  

Operating costs � Phased containment dike or erosion protection construction 
� Tailings plant operation 
� Tailings handling 
� Fresh water make up 

Closure/reclamation costs � Construction of waste rock cover over the TSF 
� Water treatment 

4.5.2 Risk Assessment 
A risk assessment was conducted in parallel with the MAA process to further evaluate the tail-
ings technologies being considered for the TSF (thickened tailings and filtered tailings). The 
main objective of the risk assessment was to highlight the risks associated with each technology. 
The primary and significant risks identified for each tailings technology were included in the 
MAA sub-accounts and indicators. The risk assessment considered the permitting, construction, 
operations, closure and post-closure Project phases, and included the mill (process area) and 
TSF, including transportation and handling of tailings, and water management. 

4.5.3 Scoring and Weighting 
Each alternative was evaluated by assigning relative scores and weightings to the sub-accounts 
and indicators within each of the four accounts (e.g., Environment). Quantitative methods were 
used to assign relative scores where possible; however, some sub-accounts and indicators re-
quired the use of qualitative judgement. The following sections explain how scores and weight-
ings were assigned.  

4.5.3.1 Scoring 
A six point scoring scheme was developed for each sub-account and indicator. The scores pro-
vide a relative ranking between the alternatives, with the “best” (most preferred) option receiv-
ing a score of 6, and the “worst” (least preferred) a score of 1. This scoring measure was used 
for both quantitative and qualitative indicators. For sub-accounts and indicators that could be 
quantitatively measured, the highest and lowest scale points (1 and 6) were defined based on the 
maximum and minimum measurements. The remaining measurements were scored using a line-
ar interpolation rounded to the nearest whole number, between the maximum and minimum val-
ues. For sub-accounts and indicators that required qualitative evaluation, the scoring schemes 
were developed using judgement and/or recommendations from the EC Guidelines (EC 2011a).  

4.5.3.2 Weighting 
Accounts, sub-accounts and indicators were assigned a relative weighting (W) ranging from 1 to 
6 to introduce a value bias between the individual accounts, sub-accounts, and indicators. The 
value bias is based on the relative subjective importance of one account/sub-account/indicator 
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versus another. A higher weighting factor indicates a perceived greater relative value or im-
portance.  

4.5.4 MAA Calculations 
The MAA assessment calculations involved taking individual indicator and sub-account scores 
and weightings, and converting them to a single score or merit rating for each alternative. As a 
first step, sub-account merit ratings were calculated using the following approach: 
x Indicator merit scores were calculated by multiplying the score by the weighting for each in-

dicator;  
x Sub-account merit scores were then calculated by summing the indicator merit scores for 

each sub-account; and 
x Sub-account merit ratings were calculated by normalizing the sub-account merit scores back 

to a six point scale by dividing the sub-account merit scores by the sum of the indicator 
weightings. This normalization is necessary as the number of indicators associated with each 
sub-account is not the same.  
A similar approach was then used to obtain account and alternative merit ratings. Specifically, 

account merit rating were calculated by summing the sub-account merit ratings multiplied by the 
sub-account weightings, and then normalizing by the sum of the sub-account weightings. The 
account merit ratings were then multiplied by the account weightings to obtain the alternative 
merit scores, which in turn were normalized by the sum of the account weightings to obtain the 
alternative merit rating, which provides a means to evaluate the relative ranking of the various 
alternatives considered. The highest alternative merit rating represents the preferred alternative. 

4.5.5 Baseline Results 
The baseline MAA assessment for the Project incorporated account weightings recommended in 
the EC Guidelines (EC 2011a). These weightings are summarized in Table 5. Results of the 
baseline MAA analysis calculations are presented in Table 6.  
Table 5: Baseline Account Weightings (EC 2011a) 
Account Weightings 
Environment 6 
Social 3 
Technical 3 
Economic 1.5 

 
Table 6: Summary of MAA Baseline Analysis Results - Comparison to B7 Thickened Alternative 

  
B7  
Thickened 

B7  
Filtered 

B4  
Thickened 

B4  
Filtered 

OL-5 
Thickened 

OL-5  
Filtered 

Environment 22.8 27.4* 22.0 26.2* 19.7 22.5 
Social 11.7 7.2 13.5* 9.0 15.0* 9.6 
Technical 10.9 13.9* 10.0 11.8* 10.3 12.7* 
Economic 7.5 4.6 7.5 4.8 5.8 4.6 
Overall Score 3.9 3.9 3.9 3.8 3.8 3.7 
* Higher than B7 Thickened Score 

The results of the baseline assessment indicated no clear preferred alternative, with the B7 
Thickened, B7 Filtered, and B4 Thickened options all scoring the highest, and the other alterna-
tives scoring slightly lower.  

4.5.6 Sensitivity Analysis 
Judgement and perception of the individuals conducting the MAA analysis is inevitably part of 
any such decision making system, both in the assignment of qualitative scores and of weighting 
factors. As such, a sensitivity analysis was conducted to evaluate the robustness of the baseline 
results. The sensitivity analysis involved varying the account weightings to put a varying em-
phasis on different accounts (Environment, Social, Technical, and Economic) to assess how they 
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influence the relative alternative ratings. Table 7 summarizes the account weightings that were 
used to define the sensitivity cases. Higher weighting values within each sensitivity case indi-
cate an emphasis on those accounts.  
Table 7: Summary of Sensitivity Analysis Cases 

Account  Weightings 
Baseline Case 2 Case 3 Case 4 Case 5 Case 6 

Environment 6 6 1 6 1 3 
Social 3 3 1 6 1 3 
Technical 3 3 6 1 1 3 
Economic 1.5 3 6 1 1 6 

Table 8 compares the results for Cases 2 to 6 to the baseline. The B7 Thickened and B4 
Thickened alternatives scored the best overall when considering all the sensitivity cases. The al-
ternatives were further assessed by comparing each alternative back to the B7 Thickened alter-
native, which is shown in Table 9. This assessment further supports that the B7 Thickened and 
B4 Thickened alternatives score the best overall.  
Table 8: Sensitivity Analysis Results – Comparison to Case 1 (Baseline) 

  
B7  
Thickened 

B7  
Filtered 

B4  
Thickened 

B4  
Filtered 

OL-5 
Thickened 

OL-5  
Filtered 

Case 1  3.9 3.9 3.9 3.8 3.8 3.7 
Case 2 4.0* 3.9 4.0* 3.8 3.8 3.6 
Case 3 4.2* 3.8 4.2* 3.6 3.7 3.6 
Case 4 3.9 3.5 4.1* 3.7 4.1* 3.5 
Case 5 4.1* 3.7 4.1* 3.6 3.9* 3.6 
Case 6 4.3* 3.6 4.3* 3.6 3.9* 3.5 
* Higher than Case 1 
Table 9: Sensitivity Analysis Results – Comparison to B7 Thickened Alternative 

  
B7  
Thickened 

B7  
Filtered 

B4  
Thickened 

B4  
Filtered 

OL-5 
Thickened 

OL-5  
Filtered 

Case 1 3.9 3.9 3.9 3.8 3.8 3.7 
Case 2 4.0 3.9 4.0 3.8 3.8 3.6 
Case 3 4.2 3.8 4.2 3.6 3.7 3.6 
Case 4 3.9 3.5 4.1* 3.7 4.1* 3.5 
Case 5 4.1 3.7 4.1 3.6 3.9 3.6 
Case 6 4.3 3.6 4.3 3.6 3.9 3.5 
*Higher than B7 Thickened 

4.6 Preferred Alternative 

The following points summarize the results of the baseline and sensitivity results presented 
above: 
x No clear preferred alternative was identified from the baseline analysis using the suggested 

account weightings proposed by EC (EC 2011a). The B7 Thickened, B7 Filtered, and B4 
Thickened alternatives all scored the highest, with the other alternatives scoring just slightly 
lower. 

x Sensitivity analysis indicated the B7 Thickened and B4 Thickened score best overall, with 
both alternatives scoring approximately the same in all cases with the exception of Case 4 
(emphasis on the environment and social accounts) where B7 Thickened scored slightly low-
er. 
Further review of the sensitivity results, and in particular comparison of Cases 1, 2, and 4, in-

dicates that the B7 Thickened alternative scores comparatively lower on the Social account due 
to the presence of heritage sites located just within or outside the facility footprint. However, as 
indicated in the B7 Thickened alternative description above (Section 4.4.1), these heritage sites 
have been mitigated. Moreover, given their relative location, it may be possible to avoid the 
sites altogether with slight modification to the facility footprint. Therefore, the presence of herit-
age sites is not considered a controlling factor in the decision of the preferred alternative. 
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Based on the above, either the B7 Thickened or B4 Thickened alternatives can be considered 
the preferred option for the Meliadine TSF. The B7 area was selected as the preferred TSF alter-
native for the Project due to its relative proximity to the process plant. Further, due to favourable 
topography, the B7 Thickened alternative requires shorter dike heights and significantly less fill 
volume than the B4 Thickened alternative. Smaller dikes will result in lower construction effort, 
lower overall potential impacts, and lower construction costs.  

5 SUMMARY AND CONCLUSIONS 

This paper presents the decision making process used to select the preferred TSF alternative for 
the Meliadine Gold Project in general accordance with EC Guidelines for the Assessment of Al-
ternatives for Mine Waste Disposal (EC 2011a). These guidelines recommend the use of a MAA 
approach, which is a well-accepted, transparent decision-making tool. 

The decision making process included the identification and pre-screening assessment of 13 
possible siting locations for the Project. Three of these locations were carried forward from the 
pre-screening step, which together with the two potential tailings disposal technologies selected 
for evaluation, resulted in 6 TSF alternatives identified for MAA assessment.  

The MAA assessment involved relative evaluation of the 6 alternatives based on environmen-
tal, technical, social, and economic considerations. Each of the alternatives was evaluated for 
each of these considerations by scoring against criteria called sub-accounts and indicators. 
Weightings were used to introduce a value bias between the individual criteria. The scoring and 
weighting was combined to calculate individual scores for each alternative to allow for relative 
ranking of the alternatives and determination of the preferred option. A risk assessment was also 
conducted in parallel with the MAA process to further evaluate the tailings technologies being 
considered for the TSF. The primary and significant risks identified for each tailings technology 
were included in the MAA sub-accounts and indicators.   

The results of the MAA assessment, including the risk assessment and sensitivity analysis, 
indicated that the B7 Thickened and B4 Thickened TSF alternatives were the most appropriate 
options for the Meliadine Project. Based on these results, and in consideration of proximity to 
the process plant and the overall layout of the facility, the B7 area was selected as the preferred 
alternative for the storage of the Project tailings. 
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ABSTRACT: The incidence of tailing dam failures peaked in the 1970’s, but failures continue 
at a rate of about 20 incidents per decade. Facility owners and regulators require a screening 
tool that can identify potential liabilities and predict release volumes if a failure were to occur. 
A software model based on risk analysis methods promoted by the US Bureau of Reclamation 
for water storage dams has been developed to predict tailings dam failure and the subsequent re- 
lease volume of stored tailings. In the tailings dam failure and flood routing model (FLO-2D) 
the prediction of embankment failure is expressed as three event trees with explicit branches of 
each tree leading to failure. The failure volume prediction is based on three event trees – hydro- 
logic failure, static failure and seismic failure. The estimated maximum and minimum breach 
volumes are then estimated based on dam height, impounded volume, and empirical data on his- 
torical dam failures. 

 
 
 
 
 
 
 

1  INTRODUCTION 
 

The incidence of tailings dam failure peaked from the 1960’s through the 1980’s at a rate of 
about 50 failures per decade. Since the 1980’s the rate has been about 20 failures per decade. 
The reduction in failures worldwide can be attributed to improved design, construction, and op- 
eration of modern facilities. Even though there have been improvements, the mining industry 
continues to experience significant tailings dam failures in both active and inactive facilities. 

 
The use of risk analysis to evaluate the performance of water storage dams has been applied by 
both the US Army Corps of Engineers and the US Bureau of Reclamation.  The US Army Corps 
of Engineers has supported the development of a software program DAMRAE (DAM safety 
Risk Analysis Engine) by Utah State University, Srivastava (2009).  DAMRAE is used by the 
US Army Corps of Engineers to perform event tree risk analysis model computations for com- 
parison with USACE tolerable risk guidelines. The program requires extensive knowledge of 
both risk analysis and event tree parameters. 

 
The FLO-2D model discussed in this paper is intended as a screening tool that can be used by 
mining engineers, civil engineers and regulators to identify potential issues based on site and 
historical information specific to tailings dams.  The model also has the advantage that the out- 
put from the dam breach model can be input directly into FLO-2D for calculation of material 
transport beyond the dam.  The transport of material is then treated as sediment flow using cur- 
rently available hydrographs and algorithms in FLO-2D. 
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2 HISTORIC TAILINGS DAM FAILURES 

There are estimated to be about 18,000 mine sites worldwide with the vast majority of the sites 
having at least one tailings dam. Previous evaluations of tailings dam failures by Strachan 
(2001), Rico et al. (2008), and Azam & Li (2010) evaluated 211, 147, and 218 failures, respec-
tively. This paper evaluated 57 failures at hard rock mining operations that were considered rel-
evant to support development of the failure modes and event tree model for hard rock mining 
operations. Tailing dam failures have been grouped into six categories as shown below and in 
Table 1. Table 2 presents a comparison of failures by the four authors for the following six fail-
ure categories:  
 

x Heavy rain includes overtopping and snow melt 
x Piping/internal erosion includes seepage and slope instability 
x Foundation failure includes mine subsidence 
x Design related including structural failures and operations issues 
x Earthquake includes seismic induced liquefaction 
x Unknown 

 
 
Table 1. Summary of tailings dam failures for hard rock mining operations (1970-2012). ______________________________________________________________________________________________________ 
Period  # of     Heavy  Piping  Foundation  Design  Earthquake  Unknown 
    Failures    Rain   Erosion  Failure   Related ______________________________________________________________________________________________________ 
1970’s 14        4      3    1     2    1       3 
1980’s 11        3      3    1     1    2       1 
1990’s 13        3      2    3     1    1       3 
2000’s 14        6      1    --     1    --       6 
2010+   5        2      1     --     --      --       2 ______________________________________________________________________________________________________ 
Totals  57      18    10    5     5    4     15 
Percentage 100%    31%   18%   9%    9%   7%    26% 

  
 

Table 2. Percent of failures by incident. ______________________________________________________________________________________________________ 
Source  Date     Heavy  Piping  Foundation  Design  Earthquake  Unknown 
    Range    Rain   Erosion  Failure   Related ______________________________________________________________________________________________________ 
Azam 1910-2009   33%   21%     7%    21%     5%    13% 
Strachan 1917-1996   41%   11%   12%      9%   17%    10% 
Rico 1917-2005   32%   11%     8%    19%   14%    15% 
Tocher 1970-2012*  31%   18%      9%      9%     7%    26% ______________________________________________________________________________________________________ 
*only hard rock mining operations. 
 
 

As shown in Tables 1 and 2, the most prevalent cause of tailings dam failure is extreme hy-
drologic events. The second most common cause of failure is due to unknown causes, while in-
ternal piping/erosion caused by seepage and design related issues is the third most common 
cause of failure. 

The trend of 20 incidents per decade continues to occur. Between 2010 and mid 2014 there 
have been seven tailings dam failures reported worldwide. These include: 

 
x Europe - 3 
x North America - 2 
x Asia - 1 
x South America - 1 

 
Statistical data compiled by the US Bureau of Reclamation (2012) indicates overall dam fail-

ure rates of 1 to 3x10-4 per year of dam operation for water storage dams. With a worldwide tail-
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ings dam failure rate of two per year the statistical risk of a tailings dam failure is about the 
same as that of a water resource dam. 

3 MODEL GEOMETRY 

The FLO-2D tailings dam breach model requires input of the tailings dam and impoundment  
geometry. A typical dam profile showing the required input parameters is shown in Figure 1. 
The terminology from the geometry is used in the first set of dialog boxes in the FLO-2D Tail-
ings Dam Failure and Flood Routing. 
. 
 

 
 
Figure 1. Typical tailings dam geometry. 

4 FAILURE MODE EVENT TREE 

Event tree analysis is used by the US Bureau of Reclamation (2012) and the US Army Corps of 
Engineers in dam and levee safety risk analysis to identify, evaluate, and estimate risk. An event 
tree consists of a sequence of interconnected nodes and branches. Each node defines a variable 
that represents an uncertain event (flooding) or existing natural condition (soft foundation soils). 
Branches originating from a node represent each of the possible events or outcomes that can oc-
cur. Quantitative estimates for probability of breach or failure and the resulting consequences 
can be obtained using event trees but are not considered in the breach model discussed in this 
paper. 

 
The FLO-2D event tree developed for tailings dams is shown on Figure 2.  
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Figure 2. Tailings dam breach failure mode event tree. 
 
The event tree model leads the user through a series of dialog boxes with pull-down menus 

and data fields that result in the prediction of whether or not the dam will fail. The first series of 
pull-down menus is for input of facility geometry and material properties.  

 

 
 
Figure 3. FLO-2D Basic input parameter dialog box. 
 
 

The second series of pull-down menus is divided into three main categories of failure mode: 
hydrologic failure mode, static failure mode, and seismic failure mode.  

 

 
 
Figure 4. FLO-2D Potential failure mode dialog box. 

 
 
Each failure mode has its own set of sequential data input fields. The hydrologic failure mode 

considers the following factors: 
 
• PMF vs. Storage 
• Spillway Feature 
• Spillway Blockage 
• Route through Spillway 
• Spillway Capacity 
• Breach by Erosion 
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Figure 5. FLO-2D Hydrologic failure input parameter dialog box. 

 
 
The static failure mode considers the following factors: 

x Reservoir Level 
x Pore Pressure in Tailings Dam 
x Foundation Failure 
x Embankment Slope Failure 

 
The embankment slope failure potential is determined based on limit equilibrium stability 

charts provided in Tesarik & McWilliams (1981) and Hoek & Bray (1977). The charts use dam 
material properties, water levels, and slope geometry to determine the factor of safety of the em-
bankment. Foundation failures (static) are determined based on bearing capacity failure charts 
(Tesarik & McWilliams, 1981) using foundation materials and geometry.  

 

 
 
Figure 6. FLO-2D Static failure input parameter dialog box. 

 
 
The seismic failure mode considers the following factors: 

x Earthquake Loading 
x Continuous Liquefiable Layer  
x Foundation Liquefaction to Breach 
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x Crest Deformation to Breach 
 
The earthquake related failure potential is determined based on several methods. Liquefaction 

induced slope and foundation failure is determined based on Seed et al. (1983) and Juang et al. 
(2000). Crest deformation during a seismic event is determined based on Swaisgood (2003) for 
determining if crest deformation exceeds available freeboard.  

 
 

 
 

Figure 7. FLO-2D Seismic failure input parameter dialog box. 

5 RELEASE VOLUMES 

If a dam breach is predicted to occur, the estimated maximum and minimum breach volumes are 
then estimated based on dam height, impounded volume, and empirical data on historical dam 
failures. The computed tailings failure volume typically ranges from 10 to 35% of the impound-
ed tailings volume plus the volume of the dam prism breached. A graph of historic dam failures 
showing release volume vs dam height is shown in Figure 8. An example of a dam failure mod-
eled is the Merrispurit Dam in South Africa that was breached in 1994 by a hydrologic event. 
The dam was estimated to release 600,000 m3 of material. The FLO-2D program calculated a 
minimum release volume of 330,000 m3 and a maximum release volume of 1,570,000 m3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Tailings dam release volume vs dam height (data from Rico et al., 2008). 
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The tailings failure volume can be distributed into a selected hydrograph shape for routing the 
flood downstream in the FLO-2D model or matched to the breach erosion prediction by the 
model. With a hyperconcentrated sediment component, the two-dimensional flood routing mod-
el FLO-2D is uniquely suited to predict the area of inundation, floodwave attenuation, and hy-
draulics associated with tailings dam failures. 
 
The intent of this new event tree module is to provide a worse case scenario area of inundation 
through multiple simulations of different failure modes and volumes associated with the failure 
assumptions.  Through floodwave attenuation, the hydrograph shape will only have local affects 
while the volume estimates will ultimate govern the magnitude of the hazard. 
 

6 CONCLUSIONS 

With tailings dam failures continuing at a rate of 20 cases per decade, facility owners and regu-
lators require a screening tool that can identify potential liabilities and predict release volumes if 
a failure were to occur. The most prevalent cause of failure is extreme hydrologic events. The 
second most common known cause of failure is internal piping/erosion caused by seepage and 
design related issues. The FLO-2D tailings dam breach model provides a useful screening tool 
for predicting embankment failure and breach volumes.  
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1 INRODUCTION 

Good tailings management is required to achieve optimal water recovery, and to maximise tail-
ings dry density and shear strength. This will in turn maximise the use of the available storage 
volume for tailings by reducing the water storage requirement. It will also minimise the re-
quired surface tailings storage facility (TSF) wall raises, allow upstream wall raising on tailings 
possibly using tailings to construct the raise, and facilitate closure. 

The more finely-ground ores and clay mineral-rich ores increasingly being processed affect 
the extent to which and the rate at which the resulting tailings settle and produce supernatant 
water. They also dictate the final settled dry density of the tailings, the extent to which and the 
rate at which they desiccate on exposure to evaporation, and hence the shear strength they de-
velop. The salinity of tailings and tailings water also greatly reduces evaporation and desicca-
tion rates from tailings decant ponds and wet tailings. The settled dry density achieved dictates 
the rate of wall raising required to contain the tailings, while the shear strength achieved in the 
tailings dictates whether or not upstream wall raising is possible, and dictates the ease with 
which the tailings may be capped for rehabilitation purposes on closure. The shear strength of 
the underlying tailings also dictates the potential post-mining land use or function of the TSF 
post-closure. 

2 TAILINGS WATER MANAGEMENT 

The management of tailings water during the operation of a TSF, including water recovery in-
plant and from the TSF, and after the closure of the TSF, are described in the following sec-
tions. 

Applying soil mechanics principles to tailings dewatering, 
densification and strengthening 

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

ABSTRACT: The recovery of water from tailings is most efficiently achieved in the processing 
plant, but this must be balanced against the efficient management of tailings disposal. The den-
sification and strengthening of tailings is best achieved by depositing the tailings in thin layers 
and allowing time for consolidation and desiccation. This can be assisted by amphirolling to 
drain surface water down the tailings beach and increase the surface area exposed to desicca-
tion, and by subsequent dozing to compact the tailings. The paper describes the application of 
soil mechanics principles to tailings dewatering to recover process water, densification to min-
imise the volume required to store the tailings, and strengthening to facilitate upstream raising 
and eventual capping for rehabilitation purposes. The paper is written in the context of semi-
arid climates such as exist at many mining operations in Australia. 
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2.1 Operational tailings water balance 
Inputs to an operational TSF are tailings water, of which a proportion remains entrained, rain-
fall and runoff, and any storage of waste water. Water losses from an operational TSF include 
evaporation from ponded water, wet tailings and desiccating tailings; plus seepage into the TSF 
foundation and through the TSF wall. The operational tailings water balance is given by: 
 

TW + RR + WW = RW + EW + SE + SF + SW (1) 
 
where TW is the tailings input water, RR is the TSF catchment rainfall and runoff, WW is the 
net waste water, RW is the water recycled to the plant, EW is the entrained water, SE is the sur-
face evaporation, SF is the seepage into the foundation, and SW is the seepage through the 
wall. A schematic of an operational TSF water balance is illustrated in Figure 1 for a TSF with 
a central decant. A phreatic surface will develop within the tailings during deposition, which is 
likely to remain perched within the tailings. Infiltration into the foundation will likely cause the 
original groundwater table to mound. Seepage from the tailings is also likely to emerge from the 
toe of the wall, and a seepage recovery well may be required to direct this back onto the TSF. 
 

 
Figure 1: Schematic of operational tailings storage facility water balance 
 

Typically the best known water volumes are the initial solids concentration of the tailings, 
rainfall, and possibly the evaporation from ponded water, depending on the accuracy of map-
ping of its extent and the reduction in evaporation due to possible salinity of the tailings water. 
Water volumes that can be determined, with some difficulty, include water entrained within the 
tailings, runoff, the input and storage of waste water, and evaporation from wet, desiccating and 
dry tailings. Water volumes that are least well known are seepage into the TSF foundation and 
through the TSF wall. 

Operational tailings water balance issues include water quality, and entrainment and evapora-
tion losses. Water quality dictates whether the tailings water can be recycled to the plant and 
governs the potential for environmental impacts such as bird deaths and seepage. 

For an arid climate, evaporation dominates the operational tailings water balance, accounting 
for of the order of 50%, while in a semi-arid climate evaporation may account for of the order 
of 20%. Depending on the hydraulic conductivity of the tailings and the water losses, up to 50% 
of the water discharged with the tailings could be available for recycling to the plant if the wa-
ter quality is suitable. 
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2.2 In-plant recovery of tailings water 
The recovery of water in-plant is the most effective means of maximising the recovery of water 
for recycling and the retention of any residual process chemicals, but it comes at a high cost. 
Tailings are conventionally put through a thickener prior to disposal to a surface TSF, produc-
ing a slurry that is transportable by centrifugal pumps through a pipeline. The slurry concentra-
tion varies with the type of tailings, typically ranging from 25% solids for coal tailings and 
alumina residue (red mud) up to 40 to 50% solids for metalliferous tailings. High compression 
thickeners raise the solids concentration to be just pumpable by centrifugal pumps (see Figure 
2(a)). The disposal of tailings pumpable by centrifugal pumps is relatively easy to manage, 
since the tailings are shear-thinned by the pumping and flow on disposal creating a relatively 
flat beach with a slope of about 1% for a slurry to as steep as 5% for thickened tailings. 

Paste thickeners raise the solids concentration to between 45% (for red mud) and 75% for 
metalliferous tailings, requiring transport by expensive diaphragm or positive displacement 
pumps. Paste tailings pumped by positive displacement pumps discharges with a consistency 
approaching that of toothpaste (see Figures 2(b) and 2(c)), limiting flow and bleed water. As a 
result, paste tailings disposal requires considerable management. 
 

 
(a)           (b)           (c) 

Figure 2. Consistency of tailings: (a) high density slurry, (b) high slump paste, and (c) low 
slump paste. 
 

Tailings can be made “solid-like” by centrifuging or filtration (see Figure 3), potentially 
transportable by conveyor or truck. For a given tailings, these two techniques can produce a 
cake of similar moisture content or solids concentration, but the greater pressures imposed by 
filtration will create a “structure” that makes the cake more transportable and manageable. 
 

 
(a)                 (b) 

Figure 3. Consistency of tailings: (a) centrifuged, and (b) filtered. 
 

The overall tailings water recovery as a percentage of the total water used in processing in-
creases from typically 50 to 60% for tailings disposal as a slurry, 60 to 70% for tailings disposal 
as a high density slurry, about 80% for tailings disposal as a high slump paste, to 85 to 90% for 
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tailings disposal as a low slump paste. This clearly illustrates that the recovery of water in-plant 
is the most effective means of maximising the overall recovery of water for recycling, and it has 
the added potential benefit of recovering any residual process chemicals. 
2.3 Water recovery from tailings storage facility 
Water recovery from the TSF is generally limited to the recovery of supernatant water, although 
seepage through the wall may be collectable. Other tailings water is lost to entrainment within 
the tailings, evaporation from the decant pond and wet tailings, and seepage into the foundation. 
In order to maximise the recovery of supernatant water from the TSF, good design, construction 
and management of the decant system is required. This should include the planning and imple-
mentation of tailings disposal to direct supernatant water to the decant pond, minimising the 
size of the decant pond and the rapid return of supernatant water to minimise evaporation loss-
es, and maintaining the decant pumps and water return pipelines. 
2.4 Post-closure tailings water balance 
Inputs to a post-closure TSF water balance are limited to rainfall and runoff. Water losses from 
a TSF post-closure include spillway overflows, evaporation from ponded water, wet tailings 
and desiccating tailings, plus seepage into the TSF foundation and through the TSF wall. The 
post-closure tailings water balance is given by: 
 

RR = SO + EW + SF + SW + SE (2) 
 
where SO is the spillway overflows. A schematic of a post-closure TSF water balance is illus-
trated in Figure 4, showing a sealed central decant and a vegetated cover over the tailings and 
wall. The phreatic surface within the tailings will likely drain down post-closure, and the foun-
dation and wall seepage flows with likely diminish exponentially with time, with some recovery 
following periods of heavy and prolonged rainfall. The mounding of the groundwater table will 
also tend to diminish with time. 
 

 
Figure 4. Schematic of post-closure tailings storage facility water balance. 
 

Post-closure TSF water balance issues include water quality, dictating whether or not spill-
way overflows can be discharged directly to the environment or require treatment, and ongoing 
seepage. Seepage would be expected to diminish as the tailings drain down, but would be re-
charged by rainfall runoff that is not spilled. Drain down of the tailings would also expose them 
to oxidation and potential contamination of runoff and seepage. 
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3 WALL RAISING AND TAILINGS FARMING 

Conventional surface TSFs are regularly-shaped structures. Typically, the containment walls of 
surface TSFs are initially constructed as starter dams using borrow material, which could be 
sourced from weathered waste rock or clay. Wall raising can be carried out by downstream con-
struction using borrow material or by centreline or upstream construction partially on desic-
cated tailings using borrow material and/or tailings, if suitable. As the tailings settle, the super-
natant water reports to a pond from which it is conventionally decanted. Surface tailings 
exposed to the atmosphere will desiccate, significantly increasing their dry density and shear 
strength, but also exposing potentially acid forming (PAF) tailings to oxidation and the genera-
tion of acid and metalliferous drainage (AMD). Farming can be employed to increase surface 
drainage and desiccation of the tailings. 
3.1 Downstream versus upstream wall raising 
A simplistic comparison of downstream versus upstream TSF wall raising is shown schemati-
cally in Figure 5 for an existing 10 m high wall. Clearly, downstream wall raising becomes 
much more costly, as the height of the existing wall increases, even when the cost of farming is 
included for upstream raising. Continued downstream raising may not be possible if it impacts 
services downstream, and the required fill may not be available. 
 
 
 
 
 

 
Figure 5. Schematic of downstream versus upstream wall raising for an existing 10 m high wall. 
 

Upstream wall raising requires that the rate of rise of the tailings is limited, to less than about 
1 m/year, and that the tailings are deposited in thin lifts, drained of surface water, and allowed 
to consolidate and desiccate between lifts. 
3.2 Farming 
Soft and wet, particularly clay mineral-rich tailings or process residue, such as red mud formed 
during the refining of bauxite to form alumina, may require farming by amphirol and/or later by 
D6 Swamp Dozer. An amphirol (see Figure 6(a)) has a very low bearing pressure of 3 to 5 kPa 
and would be used first. The principles of tailings or residue farming by amphirol are as fol-
lows: 
x Some drying and strengthening of the tailings or residue surface is required to allow safe 

and efficient amphirol operation. 
x Too heavy a bearing pressure from the amphirol and/or too soft a tailings or residue sur-

face leads to bogging of the amphirol, and an amphirol will only achieve minimal consoli-
dation or compaction of the tailings or residue since its bearing pressure is low. 

x An amphirol should: 
o Essentially “float” over the tailings or residue surface. 
o Create trenches down the tailings or residue beach to facilitate the drainage of surface 

water. 
o Maximise the tailings or residue surface area exposed to evaporation and strengthening. 
o Expose un-desiccated tailings or residue on further farming. 

x An amphirol should not over-shear the tailings or residue by excessive or repeated farm-
ing, with about four amphirol passes being optimal. 

A D6 Swamp Dozer (see Figure 6(b)) has a bearing pressure of about 35 kPa and can be used 
once the tailings or residue has gained sufficient shear strength and bearing capacity to safely 
support it. A dozer could be used after amphirolling or simply after the tailings or residue has 
desiccated naturally on exposure. Dozing improves the already desiccated tailings by compac-
tion, leading to a further increase in dry density and shear strength. 
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Farming by D6 Swamp Dozers only would restrict the deposited layer thickness to perhaps 
300 to 400 mm and could only be commenced once a desiccation crust had formed sufficient to 
support the dozer. Farming by amphirols, followed by D6 Swamp Dozers, could follow the se-
quence: 
x Apply a deposition and farming cycle of the order of 28 days in good weather. 
x Deposit a nominal 600 to 800 mm thick layer of tailings or residue, contained within a 

bunded area formed by pushing up previously desiccated tailings by dozer. 
x Remove by amphibious excavator the back bund used to control the thickness of the de-

posited layer of tailings or residue. 
x After the appearance of surface desiccation cracking (after 4 to 5 days in good weather), 

operate an amphirol down the beach to facilitate surface drainage and desiccation. 
x Apply a further 2 to 4 passes of the amphirol over 18 to 20 days, the last pass possibly 

perpendicular to beach to facilitate infilling of the amphirol trenches and avoid soft spots 
in the subsequent layer of tailings or residue where the thickness of tailings or residue 
would be greater. Note that excessive amphirol passes do not allow sufficient time for full 
desiccation between passes and tend to over-shear the tailings or residue, destroying some 
of what has already been achieved. 

x Use of a D6 Swamp Dozer from 22 to 25 or 28 days to compact the farmed tailings or res-
idue to a dry density of 1.3 to 1.5 Mg/m3 (about 70% solids by mass). 

 

(a)                  (b) 
Figure 6. Farming red mud by: (a) amphirol, and (b) later by D6 Swamp Dozer. 
3.3 Effect of tailings self-weight, desiccation and capping 
The upper bound tailings dry density achieved due to self-weight is given by their specific grav-
ity, typically ranging from about 2 (for coal mine tailings) to about 3 (for metalliferous tailings). 
If the tailings are maintained underwater and the rate of rise is high (due to flooding and the 
footprint being too small for the tailings production rate), the tailings may remain under-
consolidated, with a settled dry density as low as 0.5 Mg/m3, or lower. If the rate of rise of the 
tailings is slow enough to allow self-weight consolidation, an average dry density of about 
0.70 Mg/m3, or higher, is achievable under water. 

To allow farming of the tailings, the surface must be free of water. Figure 7 shows schemat-
ics of the profiles of effective stress and shear strength with depth for self-weight only for a wa-
ter table at the surface, and self-weight and desiccation for a water table at the surface and at 
2 m depth, respectively. If the deposited tailings are always maintained below water, their effec-
tive stress and shear strength profiles will increase linearly with depth from zero at the surface 
of the settled tailings, at a rate dependent on their specific gravity and how long they are al-
lowed to consolidate. A lowering of the water table increases the wet unit weight and induces 
matric suction, in turn increasing the effective stress and the shear strength. Figure 7 clearly 
demonstrates that desiccation is far more effective than self-weight consolidation alone in dra-
matically increasing the effective stress and hence shear strength of the tailings. However, the 
desiccation effect diminishes exponentially with depth, and hence requires that thin layers of 
tailings be deposited and desiccated prior to the next layer being placed. 
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(a)                (b) 
Figure 7. Schematics of profiles of effective stress and shear strength with depth for: (a) self-
weight only, and (b) self-weight and desiccation. 
 

Figure 8 shows schematics of the effect on the tailings or residue shear strength profile with 
depth of self-weight only, amphirolling slightly crusted tailings or residue, desiccation, and the 
placement of 2 m of fill. Figure 8(d) represents an upstream raise on farmed and desiccated tail-
ings or residue, once the excess pore water pressures generated by the loading have dissipated. 
 

(a)        (b)        (c)        (d) 
Figure 8. Schematics of profiles of shear strength with depth for: (a) self-weight only for a wa-
ter table at surface, (b) self-weight plus amphirol for a water table at surface, (c) self-weight 
plus desiccation for a water table at 2 m depth, and (d) self-weight plus desiccation plus 2 m of 
fill. 
 

The height of a strip of fill (representing an upstream wall raise or capping layer) that can 
safely be placed by D6 Swamp Dozer on desiccated tailings is given by conventional bearing 
capacity analysis as: 
 

H = (Nc . sv) / (F . Jfill - He) (3) 
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where H = safe fill height in m, Nc = bearing capacity factor (5.14 for a strip loading), sv = ap-
propriate vane shear strength in kPa, F = appropriate factor safety (perhaps 2), Jfill = unit weight 
of fill (about 18 kN/m3), and He = equivalent height of fill represented by a D6 Swamp Dozer 
(about 1 m). 

The rate of dissipation of the excess pore water pressures generated by the applied loading is 
a function of the hydraulic conductivity of the tailings, which will decrease on settling and will 
decrease particularly dramatically on desiccation. It is likely that pore water pressure dissipa-
tion will take days for settled tailings to weeks for desiccated tailings. The maximum increase 
in shear strength on the dissipation of the excess pore water pressures is given by: 
 

'Wmax = 'V’ tan I’ (4) 
 
where 'Wmax = maximum increase in shear strength, 'V’ = increase in vertical effective stress 
due to the applied loading, and I’ = drained friction angle of the tailings (about 30o). 

For placed fill of height H and unit weight Jfill = 18 kN/m3: 
 

'Wmax ~ 18 H tan 30o = 10 H (5) 
 

Desiccation and the placement of fill are most effective means of achieving consolidation 
and strengthening of tailings. 

4 TAILINGS STORAGE FACILITY CLOSURE 

Exposed sediments on the tailings surface may be remobilised by wind and rainfall runoff, and 
any AMD, salinity, and other contaminants, may be transported by rainfall runoff or by seepage 
through the foundation and/or walls of the TSF. Hence, the rehabilitation of the tailings surface 
generally requires some form of capping and cover system. However, the tailings will continue 
to settle, at an exponentially diminishing rate, long after deposition ceases. This will be driven 
by the ongoing self-weight consolidation of under-consolidated tailings, the ongoing desicca-
tion and densification of exposed tailings, and under the loading imposed by capping. Further, 
the tailings surface may remain soft and inaccessible for construction equipment, particularly 
towards the decant pond where slimes will accumulate, and beneath ponded water where desic-
cation cannot occur. 

The rehabilitation of soft tailings may require the initial hydraulic placement of capping ma-
terial (see Figure 9(a)) to establish a construction platform for completing the rehabilitation. 
Depositing the tailings in thin lifts and allowing desiccation between lifts (see Figure 9(b)), or 
using paste or filter cake tailings, will allow earlier safe access for capping for rehabilitation 
purposes. It will also allow higher-value post-mining land use and function. 

Capping tailings for rehabilitation purposes should be carried out from the exposed upper 
part of the beach, generally using small-scale equipment, and proceed slowly and on a broad 
front, to avoid uncontrolled bow-wave failures (see Figures 10 and 11). Once a construction 
platform has been established on the surface of the tailings, a cover system may be constructed. 

Most tailings covers follow the gentle slope (about 1%) of the tailings beach and hence are 
conventionally rainfall-shedding, generally towards a spillway constructed through natural high 
ground. If the tailings are potentially contaminating, the construction platform on soft tailings 
should be coarse-grained, and have no fines, to form a capillary break and limit the potential for 
the uptake of any oxidation products and salts into the cover. Such a layer needs to be at least 
300 mm thick to prevent surface evaporation-induced capillary rise, and is generally made 
thicker than this to facilitate its placement and to provide a factor of safety against long-term in-
filtration of fines that would render it less effective. Depending on the hydraulic conductivity of 
the tailings, a compacted seal above the capillary break layer may or may not be required. If a 
compacted seal is provided allowance must be made in the selection of the sealing material for 
the long-term differential settlement of the tailings, which may threaten the integrity of the seal. 
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A nominal 1 m thick surface growth medium would be provided, with a nominal 1% slope in 
the direction of the underlying tailings beach slope. 
 

 
(a)                (b) 

Figure 9. Examples of: (a) capping tailings hydraulically, and (b) increasing bearing capacity of 
tailings by depositing in thin lifts and desiccating. 
 

 
(a)                (b) 

Figure 10. Capping tailings: (a) causing bow wave failure due to rapidly use of large, mine-
scale equipment, and (b) loss of an excavator on too thin a cover over soft tailings. 
 

 
(a)                (b) 

Figure 11. Capping tailings gradually using small-scale equipment: (a) surcharging tailings us-
ing small trucks, and (b) pushing surcharge in thin lifts using a D6 Swamp Dozer. 
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A store and release cover (Williams et al. 1997 and 2006) may also be appropriate for a PAF 
or saline tailings beach. Given the greater thickness of a store and release cover compared with 
that of a rainfall-shedding cover, evaporative effects are unlikely to reach the depth of the tail-
ings and a capillary break layer is unlikely to be required. However, soft tailings may require 
the placement of a construction platform and, depending on the hydraulic conductivity of the 
tailings, a compacted seal above the construction platform may or may not be required. A loose, 
rocky soil mulch layer with a mounded surface to capture rainfall and prevent runoff should be 
provided. Schematics of rainfall-shedding and store and release cover systems suitable for use 
on a potentially contaminating tailings beach are shown in Figure 12. 

Post-closure, deposited tailings will continue to drain down, potentially generating seepage 
into the foundation and through the wall, which may be contaminating. A low net percolation 
cover will not add significantly to this seepage. 
 
 

(a)                (b) 
Figure 12. Schematics of soil cover systems suitable for use on potentially contaminating tail-
ings beaches: (a) rainfall-shedding, and (b) store and release. 

5 CONCLUSION 

Good tailings deposition and tailings water management can achieve optimal water recovery 
and maximise tailings dry density. This will minimise the required surface tailings storage vol-
ume required and minimise wall raises, allow upstream wall raising on tailings possibly using 
tailings to construct the raise, and will facilitate closure. Soil mechanics principles underlie the 
dewatering, densification and strengthening of tailings, as demonstrated in the paper. 
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1 INRODUCTION 

Coal mining operations are generally associated with the production of three types of wastes; 
overburden spoil, and coarse reject and tailings generated on processing of the run-of-mine 
coal. Coal mine spoil is generated on the excavation of overburden to access the coal and is 
generally highly heterogeneous due to the combination of different types of materials, usually 
of sedimentary origin (Fityus et al. 2008). Coal mine spoil covers a wide range of particle sizes 
from boulders in excess up to about 2 m in size to sub-micron-sized clays. These materials are 
relatively easy to handle and are typically dealt with by loose dumping in in-pit or out-of-pit 
piles using a dragline or haul truck. Coal mine spoil piles settle over time, initially due to the 
self-weight of the spoil, followed by collapse on wetting-up, and longer-term physical and 
chemical degradation of the material. Spoil piles slopes may undergo geotechnical instability 
and are likely to undergo erosion due to surface runoff (Williams 2012). Spoil piles may also 
cause environmental problems where sulfides are present, including acid rock drainage (ARD), 
and spontaneous combustion. 

Coarse reject, the coarse-grained waste product generated on the processing of run-of-mine 
coal, is typically in the size range from about 1 to 50 mm. Coarse reject is typically loose 
dumped in piles in a similar manner to spoil using haul trucks. The loose dumping of coal mine 
spoil and coarse reject facilitates oxygen entry, which may lead to ARD, spontaneous combus-
tion, and material degradation. 

Tailings, the fine-grained waste product generated from the processing of run-of-mine coal, 
are generally less than 1 mm in size. Their fine-grained nature makes them expensive to dewat-
er to allow mechanical transportation (by truck or conveyor). Thus, tailings are generally thick-
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ABSTRACT: In order to reduce their environmental impacts, there are increasing demands be-
ing placed on open cut coal mine operators in Australia to seek alternative methods of dispos-
ing of washery wastes. The washery wastes include coarse-grained coarse reject and fine-
grained tailings generated on the processing of run-of-mine coal. Attention is focusing on the 
possible incorporation of the washery wastes within the spoil piles formed on open cut coal 
mining. The contrasting characteristics of coal mine spoil and washery wastes are somewhat 
complimentary, making the co-disposal of washery wastes within spoil piles geotechnically fea-
sible and environmentally attractive. Laboratory compression testing was undertaken on coal 
mine spoil, coarse reject, tailings, and blended coarse reject and tailings at different dry mass 
ratios. In the paper, the results of the laboratory testing program are compared and the likely ef-
fects of disposing of washery wastes within spoil piles are discussed. The laboratory compres-
sion of the different waste streams is found to be similar and complimentary. 
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ened to about 25% solids by mass and pumped as a slurry from the process plant to the tailings 
storage facility, which is typically in the form of a surface containment or dis-used pit. The 
physical processes tailings undergo on sub-aerial disposal include beaching, hydraulic particle 
sorting according to particle size and specific gravity, sedimentation, self-weight consolidation, 
desiccation, and loading due to the placement of a capping prior to rehabilitation (Williams & 
Kuganathan 1992). 

“Co-disposal” of washery wastes and spoil materials in one integrated disposal facility can be 
achieved by co-placement (i.e. a tailings facility contained by a containment dam constructed 
using spoil), by co-deposition (i.e. the co-placement of the coarse reject and tailings into a spoil 
pile, usually in separate layers), and by co-mingling (i.e. blended mixtures dumped in a storage 
facility; Gowan et al. 2010). Co-disposal is an advantageous alternative to the more common 
method of disposing the individual waste streams separately, as the complementing characteris-
tics of the different waste streams can improve the overall particle size distribution and engi-
neering behaviour. The addition of the fine-grained tailings can fill the pore space between 
coarse-grained coarse reject and spoil, restricting the infiltration of water and air through the 
mixture and consequently improving its geotechnical parameters and geotechnical and envi-
ronmental behaviour. 

However, the geotechnical characterisations of the spoil and washery wastes have a key role 
in the selection of the most appropriate co-disposal method, and in devising a practical co-
disposal method. In order to have a better understanding of the co-disposed coal mine waste 
materials and highlight their differences, a series of laboratory tests was carried out. These in-
cluded basic characterisation testing and compression testing of two different spoil materials 
and of mixtures of coarse reject and tailings with various dry mass ratios, including coarse re-
ject only, and coarse reject to tailings (CR:T) dry mass ratios of 9:1, 6:1, and 3:1. 

2 TESTING METHODOLOGY 

2.1 Sampling 
Spoil samples were collected from a number of Eastern Australian coal mines including Jeebro-
pilly Coal Mine (New Hope Australia Coal) in the Ipswich Coalfields, Queensland, and Mt Ar-
thur Coal Mine (BHP Billiton) in the Hunter Coalfields of New South Wales. The sampling 
procedure is detailed in Williams (2012) and involved the passing of the spoil materials through 
a 19 mm sieve, and weighing both the >19 mm and <19 mm fractions. The >19 mm spoil mate-
rials were photographed for the estimation of their particle size using Split Desktop 
(www.spliteng.com), as detailed in Kho & Williams (2012). The <19 mm scalped samples were 
collected for subsequent laboratory testing, which necessarily restricted the maximum particle 
size that could be tested. The coal mine spoil materials sampled represent a range from the clay 
mineral-rich Jeebropilly weathered rock, which is prone to slaking and dispersion on wetting, to 
durable Mt Arthur 3-month old sandstone. The Jeebropilly weathered rock spoil and Mt Arthur 
3-month old sandstone spoil hence represent extremes in terms of shear strength, durability and 
compressibility. Coarse reject and tailings washery waste samples were collected from Jeebro-
pilly Coal Mine. 

2.2 Characterisation testing 
Characterisation testing was carried out on the two <19 mm spoil samples, on the coarse reject 
and tailings samples individually, and on mixtures of the washery wastes. The testing included 
the determination of the as-sampled gravimetric moisture content, Atterberg limit testing, spe-
cific gravity testing, dry and wet sieving analysis for particle size distribution, and Standard 
compaction testing, as appropriate. The characterisation testing was performed essentially in 
accordance with AS 1289, apart from the specific gravity testing, which was performed accord-
ing to ASTM D 5550-00. 
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2.3 Compression testing 
The laboratory compression testing was undertaken in a standard 76 mm diameter oedometer 
apparatus, requiring further scalping of the coarse-grained samples to <2.36 mm due to the 
height of the oedometer specimen being limited to about 20 mm. The two spoil samples were 
air-dried and dry-sieved through 2.36 mm, to avoid any degradation that might occur on wet 
sieving. The coarse reject was received wet and hence was wet-sieved through 2.36 mm. 

Oedometer testing was undertaken on the scalped spoil samples, the wet-scalped coarse re-
ject sample, and on mixtures of the wet-scalped coarse reject and tailings at dry mass CR:T ra-
tios of 9:1, 6:1 and 3:1. The tailings were not subjected to oedometer testing since their settled 
state did not support even the weight of the oedometer top cap without material squeezing out. 
The spoil specimens were tested at their as-sampled moisture content (termed “dry”) and in a 
water bath (termed “wet”). For the tests on the washery wastes, the coarse reject was added at 
its as-sampled gravimetric moisture content of 14.5% and the tailings were added at their settled 
gravimetric moisture content of 150% (settled to 40% solids by mass). No further water was 
added prior to testing of the washery wastes, but the washery waste samples became near satu-
rated after the application of the initial normal stress. 

Each test was carried out on loosely-placed specimens, to simulate the loose dumping of the 
waste materials in the field, and each increment of normal loading was applied for 24 hours or 
until settlement had essentially ceased. Seven increments of normal stress were applied to the 
spoil materials in a geometric series from 20 to 1,000 kPa. Ten increments of normal stress 
were applied to the coarse reject only and the washery waste mixtures in a geometric series 
from 4 to 1,000 kPa. 

3 RESULTS OF CHARACTERISATION TESTING 

3.1 Gravimetric moisture content, Atterberg limits, and specific gravity 
Table 1 summarises the results of the characterisation testing of the spoil and washery waste 
materials tested. The gravimetric moisture content of the Jeebropilly weathered rock spoil is 
similar to that of the Jeebropilly coarse reject, while the Mt Arthur 3-month old sandstone spoil 
is relatively dry. The clay mineral-rich Jeebropilly weathered rock is highly plastic, while the 
Mt Arthur 3-month old sandstone has only slight plasticity. The Jeebropilly coarse reject is non-
plastic, since the plastic clay minerals report to the fine-grained tailings, making them reasona-
bly plastic. The specific gravity of the Mt Arthur 3-month old sandstone is highest, followed by 
that of the Jeebropilly weathered rock spoil and coarse reject, with the Jeebropilly tailings hav-
ing by far the lowest specific gravity due to a relatively high content of carbonaceous material. 
 
Table 1. Results of characterisation testing of spoil and washery waste materials. _____________________________________________________________________________ 
Sample            Jeebropilly   Mt Arthur    Jeebropilly   Jeebropilly 
              Weathered   3-month  old   Coarse    Tailings 
              Rock     Sandstone    Reject ____________________________________________________________________________________ 
Gravimetric moisture content (%)       14.9         3.1         14.5      150.0* 
Liquid limit (%)             71.0       26.3     Non-plastic      41.2 
Plastic limit (%)             21.0       22.6     Non-plastic      17.2 
Plasticity Index (%)            50.0         3.7     Non-plastic      24.0 
Specific gravity             2.60       2.79         2.53        1.90 ____________________________________________________________________________________ 
*Based on the results of sedimentation column testing. 

3.2 Particle size distribution 
Figure 1 shows the similar “all-in” particle size distribution curves for the Jeebropilly weath-
ered rock and Mt Arthur 3-month old sandstone spoil samples, obtained using Split Desktop 
analysis. Both spoil types can be classified using the Unified Soil Classification (AS 1289) as 
sandy cobbly gravel. 
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Figure 2 highlights the substantial breakdown on wet sieving, compared with dry sieving, of 
Jeebropilly weathered rock spoil, with the gravel-sized particles breaking down to sand-sized 
particles, but little change in the proportion of fines, which remain agglomerated. The effect of 
adding dispersant prior to wet sieving of the Jeebropilly weathered rock spoil is seen on Figure 
2 to be relatively minor. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Particle size distribution curves of “all-in’ spoil samples obtained using Split Desktop analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Results of dry and wet sieving of Jeebropilly weathered rock spoil. 
 

Figure 3 shows that the Mt Arthur 3-month old sandstone spoil undergoes only limited 
breakdown on wet sieving, with a substantial increase in the proportion of fines generated. Fig-
ure 4 shows the particle size distribution curves obtained by dry and wet sieving of a sample of 
the whole coarse reject, and wet sieving of a sample of the whole tailings. The whole coarse re-
ject sample can be classified using the Unified Soil Classification as a well-graded gravel 
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(GW), although wet sieving produces some gap-grading. The whole tailings sample can be clas-
sified using the Unified Soil Classification as a well-graded sand (SW). It is also notable, in 
Figure 4, that the whole tailings are about two orders of magnitude finer-grained than the coarse 
reject. 

Air drying and oven drying followed by dry sieving of the whole coarse reject are seen in 
Figure 4 to produce similar particle size distribution curves. Wet sieving of the coarse reject, 
carried out without dispersant added, is seen to produce some breakdown of the fine gravel-
sized particles to sand-sized particles. The breakdown seen in the Jeebropilly coarse reject sam-
ple is somewhat greater than that of the Mt Arthur 3-month old sandstone spoil, but substantial-
ly less than that of the Jeebropilly weathered rock spoil. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Results of dry and wet sieving of Mt Arthur 3-month old sandstone. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Particle size distribution curves from dry and wet sieving of Jeebropilly whole coarse reject and 
tailings. 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

111



3.3 Standard compaction 
Standard compaction testing was carried out on <19 mm scalped spoil materials, <19 mm wet-
scalped coarse reject, and on mixtures of <19 mm wet-scalped coarse reject and tailings with 
CR:T ratios of 9:1, 6:1 and 3:1. Table 2 presents the results of the Standard compaction testing, 
and shows that the maximum dry density (MDD) of the Jeebropilly washery waste mixtures is 
increasingly lower than that of the Jeebropilly spoil with decreasing CR:T dry mass ratio, due 
mainly to the much lower specific gravity of the Jeebropilly tailings. The MDD of the high spe-
cific gravity Mt Arthur 3-month old sandstone spoil is much higher than that of the Jeebropilly 
weathered rock spoil, and the optimum moisture content (OMC) is much lower for the Mt Ar-
thur 3-month old sandstone spoil than the OMC values for the Jeebropilly wastes. 

The degree of saturation at the MDD and OMC of all waste materials tested is relatively low. 
The degree of saturation at MDD and OMC generally decreases with decreasing CR:T dry mass 
ratio of the Jeebropilly washery waste mixtures, despite there being an increasing proportion of 
tailings fines available to fill the pore spaces between the coarse reject particles. 
 
Table 2. Results of standard compaction testing of spoil materials, coarse reject and mixture of coarse re-
ject and tailings. _____________________________________________________________________________ 
Sample           Maximum  Dry  Optimum Moisture  Degree of Saturation 
             Density (Mg/m3)   Content (%)    at MDD and OMC 
(%) ____________________________________________________________________________________ 
Jeebropilly Weathered Rock       1.52       19.0        69 
Mt Arthur 3-month old Sandstone     1.96       11.5        67 
Coarse reject only          1.45       18.8        64 
9:1 (CR:T)             1.42       19.3        65 
6:1 (CR:T)             1.36       16.2        50 
3:1 (CR:T)             1.31       18.5        55 ____________________________________________________________________________________ 

4 RESULTS OF COMPRESSION TESTING 

Figures 5 shows the compression test results for the <2.36 mm scalped Jeebropilly weathered 
rock and Mt Arthur 3-month old Sandstone spoil samples, tested under dry and wet conditions. 
Figure 6 presents the compression test results for the <2.36 mm wet-scalped washery waste 
samples, including coarse reject only, and mixtures of coarse reject and tailings, tested under 
wet conditions. Table 3 shows the values of the calculated compression indices Cc for the spoil 
and washery waste samples tested. 
 
Table 3. Compression indices of spoil, coarse reject only, and coarse reject and tailings mixtures calculat-
ed from oedometer test results. _____________________________________________________________________________ 
Sample                     Compression Index (Cc)                  _____________________________________________ 
                      Dry        Wet ____________________________________________________________________________________ 
Jeebropilly weathered rock             0.41        0.27 
Mt Arthur 3-month old sandstone           0.17        0.21 
Coarse reject only                  -         0.52 
9:1 (CR:T)                     -         0.52 
6:1 (CR:T)                     -         0.33 
3:1 (CR:T)                     -         0.17 ____________________________________________________________________________________ 
 

The Jeebropilly weathered rock spoil tested dry is seen in Figure 5 and Table 3 to be much 
more compressible than the Mt Arthur 3-month old sandstone spoil tested dry, but the two have 
more comparable copmpression indices on testing under wet conditions, due to the collapse of 
the Jeebropilly weathered rock spoil on initial wetting. 
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Figure 5. Results of dry and wet compression testing of <2.36 mm scalped Jeebropilly weathered rock and 
Mt Arthur 3-month old sandstone spoil materials. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Results of wet compression testing of <2.36 mm wet-scalped washery wastes, including coarse 
reject only, and mixtures of coarse reject and tailings. 
 

The compression index of Jeebropilly coarse reject tested under wet conditions is seen in 
Figures 5 and 6 and Table 3 to be far greater than that for Jeebropilly spoil, but the 
compressibility decreases with increasing proportion of tailings filling the pore space between 
the coarse reject particles (increasing CR:T dry mass ratio). This is likely due to the coarse 
reject particles being prone to crushing at point contacts, which is cushioned by the increasing 
presence of tailings. 
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5 DISCUSSION 

Figure 7 compares the initial and final dry densities from the compression testing under wet 
conditions of all of the wastes tested, compared with their MDD values. Figure 7 shows that the 
final dry density of Jeebropilly weathered rock spoil and Jeebropilly washery waste mixtures 
exceeded their MDD values at 1,000 kPa applied stress (equivalent to about a 45 to 60 m high 
pile of the material, depending on its wet density), while Mt Arthur 3-month old sandstone only 
achieved about 80% of its MDD at 1,000 kPa applied stress. 

The final dry densities for the Jeebropilly washery waste mixtures with CR:T dry mass ratios 
of 9:1 and 6:1 approached 2 Mg/m3, much higher than for the other waste materials and mix-
tures tested. The final dry densities for Jeebropilly coarse reject only and for a Jeebropilly 
washery waste mixture with a CR:T dry mass ratios of 3:1, however, are significantly lower at 
about 1.35 Mg/m3. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Comparison of initial and final dry densities of all materials subjected to compression testing 
under wet conditions. 
 

The final void ratios for the Jeebropilly washery waste mixtures with CR:T dry mass ratios of 
9:1 and 6:1 are in the range from 0.2 to 0.4. Williams et al. (2011) and Williams & Kho (2014) 
tested coal mine spoil under applied stresses up to 10 MPa and found the final void ratios to be 
about 0.3 for all samples tested, regardless of moisture state, scalping method and initial load-
ing. On this evidence, the 9:1 and 6:1 CR:T dry mass ratio samples would not be expected to 
compress significantly more on loading above 1,000 kPa. This is attributed to the low crushing 
strength of the Jeebropilly washery wastes. The crushing strength of Jeebropilly weathered rock 
spoil is higher and that of Mt Arthur 3-month old sandstone is much higher still. 

The percentage final compression relative to the initial height �¨+final / H0) of all materials 
subjected to compression testing under wet conditions is shown in Figure 8. Jeebropilly coarse 
reject and washery waste mixtures with high CR:T dry mass ratios are seen in Figure 8 to com-
press most in relation to their initial loose heights. Jeebropilly weathered rock spoil shows in-
termediate compression relative to its initial loose height, and Mt Arthur 3-month old sandstone 
spoil and Jeebropilly washery waste mixture with a CR:T dry mass ratio of 3:1 compress least 
relative to their initial loose heights. 
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Figure 8. Comparison of final compression relative to initial loose height of all materials subjected to 
compression testing under wet conditions. 
 

From these results it is apparent that, depending on the ratio of coarse reject to tailings gen-
erated on processing a given run-of-mine coal, it would be efficient in terms of optimising the 
available storage volume for the waste streams as a whole, to co-dispose washery wastes in 
spoil piles. Given the high dry densities achieved for combined washery wastes, it is likely that 
their shear strengths would also be acceptably high. 

6 CONCLUSION 

The paper describes characterisation and compression testing of a range of coal mine waste ma-
terials, including uncemented weathered spoil and cemented durable spoil materials, coarse re-
ject, tailings, and mixtures of coarse rejects and tailings. It was found that washery waste mix-
tures of coarse reject and tailings with high CR:T dry mass ratios of 9:1 and 6:1 compressed 40 
to 50% from their initial loose state under an applied stress of only 1,000 kPa. This is likely due 
to crushing at the weak point contacts between coarse reject particles. As the tailings content in 
the mixture increases further, the compression decreases to about 20%, which is comparable to 
that of durable spoil. The compression under 1,000 kPa applied stress of uncemented spoil was 
intermediate at about 30%. 

It is apparent that, depending on the ratio of coarse reject to tailings generated on processing 
a given run-of-mine coal, the co-disposal of washery wastes is spoil piles would optimise the 
available storage volume for the waste streams as a whole. Given the high dry densities 
achieved for the loaded combined washery wastes, it is likely that their shear strengths would 
also be acceptably high. 
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1 INTRODUCTION 

Mine tailings are residuum from ore extraction processing that contains particles of pulverized 
rock, process water, and uneconomical / unrecoverable ore content (Blight 2010).  As produced, 
mine tailings generally have high water contents and the material can be pumped via pipeline for 
disposal and management in a tailings storage facility (TSF).  Geotechnical and rheological 
behavior of tailings can be affected by chemistry of the process water that comprises the liquid 
fraction of mine tailings.  An understanding of the effects of pore fluid characteristics of mine 
tailings can aid in design, operation, and reclamation of TSFs. 

Sedimentation is the tendency of soil particles to settle out of suspension and is a function of 
particle size, shape, and fluid density and viscosity (van Olphen 1963).  Adding soluble salts to 
mine tailings can change the colloidal state, which affects sedimentation and consolidation that 
can enhance the strength gain and improve water recovery.  Kotyler et al. (1996) evaluated the 
effect of NaCl concentration on aggregation of nano sized particles (20-300 nm) of oil sand 
tailings in suspension and reported that the aggregation increased in the presence of salt 
solution.  Williams et al. (2013) investigated the effect of commercially-available salts (NaCl, 
CaCl2, MgCl2, KCl, CaSO4, Al2(SO4)3) on sedimentation behavior of four sodium bentonites, 
one calcium bentonite, and one kaolinite.  In general, the presence of salt in solution increased 
clay particle sedimentation relative to a zero concentration condition.  The effect of salinity on 
particle sedimentation was more pronounced in bentonite compared to kaolinite, and aluminum 
sulfate was the most effective salt at enhancing bentonite sedimentation.  Gumaste et al. (2014) 

Salinity effects on the geotechnical characterization of mine 
tailings 

M. R. H. Gorakhki & C. A. Bareither 
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ABSTRACT: The objective of this study was to evaluate the effect of soluble salt 
concentration on geotechnical behavior of mine tailings and identify test methods applicable for 
characterization of high-saline tailings.  Mine tailings were collected from a soda ash mine 
(sodium carbonate) that contained high-saline pore fluid and predominantly sodium on the 
exchange complex.  Soluble salts were removed from the tailings using dialysis to create 
tailings specimens with different pore-fluid salinity.  Kaolin and bentonite clay were evaluated 
to develop comparisons between laboratory-controlled clays and the soda ash tailings.  Sodium 
chloride (NaCl) was added to kaolin and bentonite to create specimens with varying salinity.    
The effects of pore-fluid salinity were evaluated on Atterberg limits, specific gravity, and 
particle size distribution via hydrometer tests.  Liquid limit, plastic limit, and measured clay 
content decreased for all three materials with increasing pore-fluid salinity.  Temporal 
evaluations of soil plasticity suggest that hydration times of at least two days are needed to 
solubilize salts and measure the effects on soil plasticity.  Additionally, experimental methods 
are suggested for correcting errors in hydrometer and specific gravity tests that may originate 
from the presence of soluble salts. 
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investigated the effects of NaCl and SrCl2 on sedimentation behavior of a white clay (70% 
kaolinite), bentonite clay (90% montmorillonite), and natural marine clay (liquid limit= 79%).  
They reported that total released water from a bentonite suspension increased by a factor of 87 
when ionic strength increased from 0.0001 to 0.25 M. In contrast, final released water volume 
decreased by approximately 10% for a comparable increase in ionic strength in the white clay 
and natural marine clay.  These studies indicate that the sedimentation behavior of low-plasticity 
(e.g., kaolinite) and high-plasticity (e.g., bentonite) clays are different.  

Common geotechnical characteristics, such as Atterberg limits, particle size distribution 
(PSD), and specific gravity (Gs), are used in correlations to engineering properties (e.g., 
permeability, shear strength, and compressibility).  The presence of soluble salts in soils can 
affect geotechnical characteristics of soils via cation exchange, flocculation, and dispersion of 
clay particles, which is due to changes in attraction forces and the diffuse double layer (Sparks, 
2003; Mitchell and Soga 2005).  Thus, characterization testing should consider the presence of 
soluble salts and include measures to quantify the effect of salinity to appropriately classify the 
mine tailings and assess engineering properties. 

The effect of salinity on the behavior of fine-grained soils, particularly Atterberg limits, has 
been investigated in numerous studies (Warkentin and Yong 1960; Barbour and Yang 1993; 
Gleason et al. 1997; Sivapuliah and Savitha 1999; Di maio et al. 2004; Arasan and Yetimoglu 
2008; Yukselen-aksoy et al. 2008; Mishra et al. 2009; Shariatmadari et al. 2011; Spagnoli and 
Sridharan 2012).  A compilation of data from these studies is presented in Figure 1 as the 
difference in liquid limit measured with de-ionized water (LLDI) and soluble salt solution 
(LLSaline) versus LLDI.  The difference between LLDI and LLSaline is normalized with respect to 
LLDI to combine the literature results.  The general trend in the data set is an increasing 
difference between LLDI and LLSaline as soil plasticity increases (i.e., higher LLDI).  Higher 
plasticity soils include clay minerals with larger diffuse double layers that are more susceptible 
to changes in plasticity with fluctuations in salinity. 
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Figure 1. Literature compilation of the normalized difference between liquid limit measured with 
deionized water (LLDI) and liquid limit measured in the presence of saline pore fluid (LLSaline) 
versus LLDI.  

 
 
Dunn and Mitchell (1984) performed hydrometer tests on a low and a high plasticity soil 
following treatment of the soil with tap water, distilled water, and synthetic Pb-Zn tailings 
process water.  Particle size distributions for soils treated with tailings process water indicated 
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coarser particles compared to soils treated with tap water and distilled water.  This difference in 
particle size was attributed to particle flocculation in the presence of salt, which was more 
pronounced in the tailings process water. 

Noorany (1984) and Nusier et al. (2008) have recommended correction procedures for 
measuring specific gravity of saline soils.  Noorany (1984) recommended dissolving salts in a 
saline soil via water addition and subsequent removal with a Bunchner funnel and vacuum flask.  
Nusier et al. (2008) recommended the use of kerosene instead of water in a specific gravity test.  
Most salts that are soluble in water are insoluble in kerosene.  However, there are difficulties 
associated with measuring the density of kerosene at different temperatures as well as concerns 
with chemical use in a laboratory setting.   

The objective of this study was to assess the effect of salinity on geotechnical characterization 
of a saline mine tailings and two clay minerals commonly encountered in tailings (i.e., kaolinite 
and montmorillonite).  The effect of salinity was evaluated by creating specimens with a range 
of soluble salt concentrations and performing Atterberg limits, particle-size distribution, and 
specific gravity tests.  Using results and observations from this assessment, a set of laboratory 
procedures were developed and evaluated to aid in geotechnical characterization of saline soils. 

2 MATERIALS AND METHODS 

2.1 Materials 

Three types of soil were used in this study: (1) kaolin clay, which consisted predominantly of 
kaolinite minerals (Thiele Kaolin Company, Georgia, USA), (2) bentonite clay, which consisted 
predominantly of sodium montmorillonite minerals (Wyoming, USA), and (3) soda ash mine 
tailings, which was collected from a sodium carbonate mine in Wyoming, USA.  The soluble 
salt concentration (i.e., salinity) of the soda ash tailings pore fluid was modified using dialysis.  
Soda ash tailings at natural water content was placed within a semi-permeable molecular 
membrane and sealed at both ends with clamps.  The membrane-filled specimen was then placed 
in a 7-L container filled with de-ionized (DI) water.  The container was emptied and refilled 
with DI water every 24±6 hr (~ 1 d), which constituted one dialysis cycle.  After a targeted 
number of cycles, tailings were removed from the membrane and air-dried.  The salinity of 
kaolin and bentonite clay was varied via addition of NaCl. 

Pore-fluid salinity of the soda ash mine tailings and two clays used in this study was 
quantified via measuring electrical conductivity (EC).  Electrical conductivity of all materials 
was measured following a mixture method outlined in Page et al. (1983).  Mixtures of air-dried 
soil and DI water were prepared at a ratio of 1:5 (mass basis) for the soda ash tailings and kaolin 
clay.  The mixture ratio for bentonite clay was increased to 1:10 such that free liquid was 
available in the characterization test similar to the other two soils.  Electrical conductivity 
measurements referenced in this study were based on the 1:5 method for kaolin and soda ash 
tailings (EC1:5) and the 1:10 method for bentonite (EC1:10). 

2.2 Plasicity Tests 

Liquid limit (LL) was measured for all materials with a Casagrande cup following ASTM D 
4318.  Liquid limit was also measured with fall cone penetration following BS 1377 to evaluate 
the effect of hydration time on LL.  Fall cone penetration tests were performed with an 80-g, 30q 

cone penetrometer.  Multipoint measurement procedures were used in both LL tests, and at least 
five water contents were used to determine each LL reported herein.  The standard soil-thread 
method was used for measuring the plastic limit (PL) following ASTM D 4318. 

The effect of hydration time on LL of soda ash mine tailings and saline bentonite were 
evaluated using both fall cone penetration and Cassagrande cup tests.  Air-dried, non-dialyzed 
tailings were mixed with DI water and placed in six separate sealed containers.  Water content 
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of the tailings in the six containers ranged between 30.5 and 40.7%, which encompassed the LL 
of the tailings (33%).  For bentonite, 5% sodium chloride (by weight) was added to the bentonite 
in the solid phase.  Water content of specimens in the five containers ranged between 142 and 
193%, which encompassed the LL of the saline bentonite (159%).  Fall cone penetration and 
Casagrande cup tests were conducted every 24±1 hr for 5 d.  Soil in each container represented 
one point on a LL plot for each daily test (i.e., water content versus blow count or penetration).  
Water content of the soda ash tailings and bentonite were measured following each daily 
experiment. 

2.3 Particle-Size Distribution 

Particle-size distributions of the three materials were evaluated via mechanical sieve and 
hydrometer tests following appropriate procedures in ASTM D 422.  Sieve analysis only was 
conducted on a single coarse-grained sample of the soda ash tailings following separation of the 
coarse- and fine-grained fractions via washing the tailings on a No. 200 sieve.  Results from 
hydrometer tests were used to evaluate the effect of salinity on particle flocculation and 
corresponding effects on measured particle size distributions. 

Material-specific hydrometer correction factors for all materials with and without dispersion 
agent as a function of EC (EC1:5 for soda ash and kaolin and EC1:10 for bentonite) are shown in 
Figure 2.  Soluble salts from the tailings increased total salt concentration of the settling fluid of 
the hydrometer test and yielded higher hydrometer readings due to higher solution densities.  
Thus, following completion of a given hydrometer test, the settling fluid was filtered through a 
No. 42 filter paper (2.5 µm) into a separate, clean glass sedimentation cylinder to measure a 
material-specific hydrometer correction factor.  A unique correction factor was determined for 
each material due to the variation in pore fluid salinity.  Al-Amoude and Abduljauwad (1994) 
outlined an alternative hydrometer approach using a non-aqueous liquid in-place of DI water in 
which salt is insoluble.  However, the filtration and material-specific hydrometer correction 
procedure was adopted and evaluated in this study to assess a procedure that is applicable to any 
soil-testing laboratory. 

The PSD of soda ash mine tailings with one dialysis cycle was compared with and without 
using the material-specific hydrometer correction factor as shown in Figure 3.  The correction 
procedure used in the hydrometer tests resulted in a coarser PSD.  Clay content of the soda ash 
mine tailings without the material-specific hydrometer correction factor was three times the 
measured clay content based on the corrected data.  This difference is due to an increase in the 
fluid density in the sedimentation cylinder with increased presence of soluble salts that resulted 
in additional buoyancy of the hydrometer (Figure 2). 

2.4 Specific Gravity 
Specific gravity (Gs) of dialyzed and non-dialyzed tailings and saline and non-saline kaolin clay 
was measured in accordance with ASTM D 854.  Although all specimens tested were from the 
same source of tailings or kaolin, Gs was unique for each specimen due to different salinities.  
The presence of soluble salt in soil can result in errors in Gs measurement because dissolved 
salts in the pycnometer increase the fluid mass more substantially than the corresponding 
increase in fluid volume. 

The relationship of total dissolved solids (TDS) and EC of soda ash pore fluid salt and NaCl 
is shown in Figure 4.  These relationships were used to correct Gs of soda ash tailings and kaolin 
clay.  The TDS-EC relationships were obtained by adding a known mass of salt (i.e., NaCl or 
natural salt from the soda ash tailings) to 1 L of DI water and directly measuring EC of the fluid.  
Natural salt from the soda ash mine tailings was obtained by filtering a known mass of pore 
fluid through a No. 42 filter paper (pore size = 2.5 µm) and evaporating the filtrate. 
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Figure 2. Hydrometer correction factor measured for experiments with and without dispersion agent 

(sodium hexametaphosphate) versus electrical conductivity of the tailings specimens. 
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Figure 3. Effect of hydrometer correction factor on particle size distribution of soda ash mine tailings 

with one dialysis cycle.  Both tests conducted with dispersion agent. 
 
 

The mass of salt solubilized (Msalt) in a given volume of water can be computed based on Eq. 
1.  Total dissolved solids can be obtained via measuring the EC of a soil-water mixture with a 
known water volume and substituting the measured EC into the TDS-EC relationship (Fig. 4): 
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where Vw is water volume, Mw is  water  mass,  and  ρw is water density.  Measurements of MW 
and EC of the pycnometer fluid at the end of the specific gravity test can provide a means to 
directly compute Msalt. 

The corrected Gs was then computed via Eq. 2:    
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where Mρ+w is mass of pycnometer and water, Mtot is mass of pycnometer, water, and soil solids, 
and Ms+s is mass of salt and soil.  The volume of dissolved salt in the pyncometer water was 
assumed negligible in the Gs experiment.   
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Figure 4.  Relationships between total dissolved solids and electrical conductivity for soda ash salt and 

NaCl used in the specific gravity correction procedure. 

3 RESULTS 

3.1 Specific Gravity 

Measured and corrected Gs for all soda ash tailings and kaolin specimens are shown as a 
function of EC1:5 in Figure 5.   The measured Gs of soda ash tailings ranged from 2.78 for non-
dialyzed tailings to 2.56 for the most dialyzed tailings with the lowest salinity.  The measured Gs 
of kaolin clay specimens ranged from 2.61 for non-saline to 2.81 for the most saline kaolin.  

The corrected Gs for specimens reduced to a narrower range between 2.55 and 2.60 for soda 
ash and 2.57 to 2.65 for kaolin (Figure 5).  The correction was small for specimens at low 
salinity.  The negligible difference between the measured and corrected Gs for most dialyzed 
soda ash specimen (i.e., lowest EC1:5 in Figure 5) suggests that the actual Gs of the soda ash 
tailings approximately is 2.55.  The close approximation of the actual Gs via correcting the 
measured Gs of all tailings specimens (Figure 5) suggests that the method outlined herein based 
on TDS is applicable for determining Gs of the soil solids for saline soils. 

3.2 Plasticity 

The relationships between LL and PL versus EC1:5 for soda ash tailings and kaolin clay are 
shown in Figure 6a and versus EC1:10 for bentonite clay are shown in Figure 6b.  Liquid limit 
and PL both decrease with increasing EC for all materials.  Higher salinity reduces repulsive 
forces within the diffuse double layer (DDL), which leads to a flocculated structure that exhibits 
lower plasticity properties.  This behavior is in agreement with the general trend shown in 
Figure 1.  Thus, a reduction in plasticity properties of mine tailings containing clay particles 
should be anticipated with the presence of soluble salts.  The effect of hydration time on LL of 
the saline soil was investigated to determine if longer hydration times are needed to capture the 
effects of soluble salts on plasticity behavior. 
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Figure 5.  Measured specific gravity of saline and non-saline soda ash mine tailings and kaolin clay. 
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Figure 6. Measured Atterberg limits of materials with different pore-fluid salinity: (a) Soda ash and 

kaolin clay and (b) bentonite clay. 
 
 
Temporal trends in LL for non-dialyzed soda ash tailings and saline bentonite are shown in 
Figure 7.  Liquid limit decreased during the first two days of hydration and remained 
approximately constant thereafter.  As time evolved and more salts dissolved into solution, the 
DDL thickness likely became increasingly compressed, which resulted in a decrease in the LL.  
ASTM D 4318 suggests a 16-h hydration time for soil; however, based on the results Figure 7 a 
16-h hydration time may be inadequate for saline soil due to time required to dissolve salts. 

The soda ash mine tailings used in this study was a low plasticity soil and the difference in 
LL between 1-d hydration time and the average LL at longer hydration times approximately was 
1%.  However, bentonite clay is a high plasticity soil and the difference in LL for 1-d hydration 
time and the average LL at longer hydration times (Day 2 to 5) was approximately 15%.  Thus, 
the effect of hydration time on LL of saline soils with low plasticity may be negligible, but 
longer hydration times are needed for high plasticity clays. Results from this study suggest that 
hydration time ≥   2   d   are   adequate   to assess the LL of high-plasticity saline soils.  Longer 
hydration time may be required for saline soils with higher salinity. 
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Figure 7.  Measured liquid limit with Cassagrande cup and fall cone penetration as a function of hydration 

time for (a) non-dialyzed tailings and (b) saline-bentonite. 
 

3.3 Particle Size Distribution 

The clay percentage (particles < 2 µm) of all three materials as a function of pore fluid EC is 
shown in Figure 8.  The clay percentages in Figure 8 were determined from PSDs with 
dispersion agent and a material-specific hydrometer correction factor.  The decreasing 
relationships in Figure 8 indicate that the measured clay fraction decreased with increases in 
salinity.  This relationship is attributed to the increasing flocculated structure in the kaolin, 
bentonite, and soda ash particles as salinity increased.  The measured clay portion of the most 
dialyzed soda ash tailings (18%) is three times larger than non-dialyzed tailings (6%).  The 
measured clay portion of non-saline kaolin and bentonite is 1.25 and 1.7 times larger than the 
most saline kaolin and bentonite, respectively.  The difference in the percent clay content 
between saline and non-saline materials increased with increasing plasticity for the materials 
evaluated in this study. 
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Figure 8. Effect of salinity on clay content of saline and non-saline specimens as determined from 

hydrometer tests with dispersion agent and factoring in material-specific hydrometer 
correction factors. 
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4 CONCLUSION 

The effect of salinity on the geotechnical characterization of a saline mine tailings, kaolin clay, 
and bentonite clay was evaluated in this study.  Additionally, test methods were assessed for 
characterizing the saline material and to correct measured characteristics when conducting 
typical laboratory test procedures.  The following conclusions are drawn from this study: 

x A correction method for specific gravity was developed based on measuring a TDS-EC 
relationship, computing the mass of salt to subtract from the dried soil mass, and 
neglecting the volumetric contribution of dissolved salt.  This correction procedure 
yielded close comparisons between specific gravity measured on low-salinity materials 
and specific gravity corrected for high-salinity materials. 

x A material-specific hydrometer correction factor can be obtained via filtering and 
separating the hydrometer sedimentation fluid following testing and measuring the 
hydrometer correction factor of the filtered fluid.  Higher salinity corresponded to higher 
correction factors due to increased fluid density.  Applying the correction procedure, 
measured clay content of non-dialyzed soda ash tailings decreased by 33% of the 
measured clay content with the uncorrected hydrometer data. 

x The measured clay content of all materials decreased with increased salinity due to 
particle flocculation.  Kaolin and bentonite measured clay content decreased by 14 and 
29%, respectively, with an increase in salinity.  The measured clay portion of the most 
dialyzed soda ash tailings increased by 12% relative to non-dialyzed (i.e., saline) tailings. 

x Plasticity properties (LL and PL) of all materials decreased with increasing salinity.  The 
decrease in plasticity was more pronounced in bentonite clay, which agreed with a 
compilation from literature.  Liquid limit in kaolin clay decreased by 13% whereas LL of 
bentonite clay decreased by 345%. 

x The Atterberg limits of soda ash tailings and saline-bentonite clay decreased consistently 
during the first two days of hydration as more salts dissolved and suppressed plasticity 
behavior of the materials.  The hydration experiments suggest that at least a 48-h 
hydration time is needed to allow salts to dissolve in the pore fluid. 
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1 INTRODUCTION 

Modern mining operations manage many structures specifically designed for storing materials 
with high engineering and environmental standards. These materials are removed, produced or 
used by the mining operation itself; some examples of these materials are: tailings, ore, mine 
waste or low grade ore, water, topsoil, etc. Mine waste is removed from the open pit or under-
ground mining operations in order to expose and mine higher grade materials. In the last years, 
mine waste is produced and disposed in higher quantities due to the increasing mineral demand 
and the diminishing high grade ore reserves. 

In Peru, mining operations deal with the rugged, mountainous and many times aggressive 
Andes’ terrain. For this reason, when designing a mine waste dump, problems such as slope sta-
bility and locating a suitable site for disposing the mine waste are found, among other issuesen-
countered. Common mine waste dump layouts include different combinations of valley-fill, 
side-fill, heaped and ridged configurations. Furthermore, moraine, residuals and alluvial soil de-
posits sometimes in loose conditions, are usually found together in “suitable” locations for mine 
waste dumps. 

The geotechnical design of mine waste dumps involves site investigations that include ge-
otechnical-geological mapping, boreholes, test pits, geophysical tests and in situ tests depending 
on the type of foundation soils, and a laboratory program to properly characterize the geotech-
nical properties of mine waste and foundation soils. Current state of practice of slope stability 
analysis involves the use of the limit equilibrium (LE) method in 2D sections that are chosen to 
be representative of the structure to be analyzed. However, most foundation soils in the Peruvian 

3D slope stability analysis by the using limit equilibrium method 
analysis of a mine waste dump 

A. Reyes & D. Parra 
Anddes Asociados S.A.C., Lima, Perú 

ABSTRACT: The authors dealt with a difficult project in northern Peru involving a three-
dimensional (3D) slope stability analysis of a mine waste dump. During the extensive geotech-
nical investigation program carried out for this project, it was determined that the waste dump 
foundation was composed by veryof heterogeneous soil layers, most of them compromising the 
stability of this facility. As consequence, , so that there could be sections with high factors of 
safety (FS) and others nearby with poor stability conditions were encountered. In order to over-
come such apparent instability, commercially-available software was used to create a 3D model 
that included 11 different soil layers and the complicated mine waste layout. The results showed 
a 14% to 18% FS increase compared with the minimum two-dimensional (2D) FS. M, mostly 
this difference was because the 3D failure surface did not only cross weak soil layers, but also 
strong ones, neglecting the over-conservative simplification assumed with the 2D sections for 
this particular analysis. A greater difference between 2D and 3D analysis is expected for more 
complex cases.  
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Andes are heterogeneous and, in combination with the complicated mine waste layouts, it is 
commonly difficult to select appropriate cross-sections to analyze its stability, so the tendency is 
to be conservative. 

This paper focuses on the slope stability analysis of a mine waste dump located in northern 
Peru, that involved many and heterogeneous soils layers in its foundation and a complicated 
mine waste layout. A 2D slope stability analysis was over-conservative and insufficient, and in 
consequence a large and realistic 3D model was built and analyzed in order to overcome such 
apparent instability found in the 2D analysis. This 3D analysis represents a benchmark for Peru-
vian geotechnical practitioners and the mining industry, and the starting point in performing 3D 
slope stability analysis in mining facilities. 

To maintain consistency with the terminology used by previous researchers and for a better 
understanding, a clear distinction is made with the terms “method” and “procedure”. LE is a 
method whereas Bishop’s simplified (Bishop 1955), Janbu’s simplified (Janbu et al. 1956, Janbu 
1973), Spencer’s (Spencer 1967) and Morgenstern & Price’s (Morgenstern & Price 1965), are 
procedures within the LE method. 

2 THE LIMIT EQUILIBRIUM METHOD 

In current practice, slope stability analyses are usually solved with the LE method using 2D pro-
cedures, due to their simplicity and general understanding. Calculations usually consist of com-
puting a factor of safety (FS) using one of several LE procedures, each one of them using the 
same definition of the FS and compute the FS using equations of static equilibrium (Duncan & 
Wright 2005). In LE, the FS is defined as the minimum factor by which the soil strength must be 
divided to bring the slide mass to the verge of failure. The soil mass is assumed to be at the 
verge of sliding failure and the equilibrium equations are solved for the unknown FS (Akthar 
2011). The FS equations of static equilibrium for all LE procedures can be written in the same 
form if it is recognized whether moment and/or force equilibrium is explicitly satisfied (Fred-
lund & Krahn 1977). 

2D procedures assume that the slope is infinitely wide (plane strain) in the direction perpen-
dicular to the plane of interest and therefore, 3D effects are negligible. Clearly, all slopes and 
failure surfaces are not such infinitely wide and generally not symmetric, so 3D effects influence 
the stability of the slope. Gitirana et al. (2008) found that analyzing 3D models can lead to dif-
ferences in the lowest FS between 15% and 50%. 

2.1 Two-dimensional limit equilibrium procedures 
Traditionally, 2D LE the slice procedure is are used for solving 2D LE stability analysis for 
classified into circular, non-circular and slice procedures, the last ones being the most used in 
practicefailure surfaces. Fredlund & Krahn (1977) compared the most commonly used 2D pro-
cedures of slices in terms of consistent procedures for deriving FS equations and solved these 
equations for a case of composite failure surface, partial submergence and line and earthquake 
loading. 

Table 1 shows the principal characteristics of the most commonly used 2D LE procedures. 
Bishop’s Simplified and Janbu’s Simplified procedures are two of the non-rigorous procedures 
often used by geotechnical practitioners for comparison purposes as they yield acceptable values 
of FS compared to rigorous procedures. Spencer’s, Morgenstern & Price’s and the General Lim-
it Equilibrium (Fredlund et al. 1981) are rigorous procedures that have been successfully im-
plemented in most of the commercially-available software and are among the most used proce-
dures. 

2.2 Three-dimensional limit equilibrium procedures 
Duncan (1996), Akhtar (2011) and Kalatehjari & Ali (2013) made extensive reviews of existing 
3D LE procedures available since 1969.  However, after more than four decades, geotechnical 
practitioners have not yet accepted 3D procedures compared with the several 2D procedures 
used nowadays. Extending 2D LE procedures to 3D necessitates more assumptions for rendering 
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the problem statically determinate (Akthar 2011) and building the 3D geometry of a real slope 
and determining its critical failure surface are issues still not well understood for practitioners. 

Table 2 shows the most important characteristics of the procedures reviewed by Akhtar 
(2011) and Kalatehjari & Ali (2013). As it can be noted, most of the 3D procedures are direct 
extensions of 2D procedures of slices by adding the third dimension and changing them into 
columns. 

 
 

Table 1. Main characteristics of commonly used two-dimensional limit equilibrium method procedures 
(modified after Duncan & Wright 2005). ______________________________________________________________________________________________________ 
Procedure Equilibrium condition Assumptions 
 satisfied ______________________________________________________________________________________________________ 
Bishop simplified Vertical and overall Side forces are horizontal 
 moment 
Janbu simplified Vertical and horizontal Side forces are horizontal 
Spencer All conditions Interslice forces are parallel and normal force 
  acts at the center of the base of the slice 
Morgenstern & Price’s All conditions Interslice shear force is related to the interslice  
  normal force by X/E = Of(x) 
General Limit Equilibrium All conditions Interslice shear force is related to the interslice 
  normal force by X/E = Of(x) ______________________________________________________________________________________________________ 

 
 
Akthar (2011) concluded that 3D FS is greater than 2D FS and showed there were serious in-

accuracies involved in the studies that indicated the opposite. For example, many of the 3D pro-
cedures are based on the ordinary method of slices (Fellenius 1927), which have proven to cal-
culate erroneous FS by as much as 50% (Duncan & Wright 1980). Additionally, past researchers 
used assumptions and geometries that do not represent field behavior. Furthermore, less than a 
half of the references utilize field case histories to validate their formulations, and in these only 
field case histories that were applicable to their formulations were studied instead of a wide 
range of case histories with different conditions. 

Despite the disagreement between researchers and the general confusion between practition-
ers, commercially available software usually perform 3D analysis using columns and published 
3D extensions of 2D LE procedures. 3D software must properly model slope geometry, material 
properties and general failure surfaces. 

2.3 Limit equilibrium accuracy 
Duncan (1996) concludes that even though it is difficult to know the correct FS, it is possible to 
determine sufficiently accurate values of FS. This conclusion is based on findings that all meth-
ods that are considered to be accurate provide a similar FS. The continuum mechanics method 
has the ability to model complex problems without simplifying assumptions, which is an big ad-
vantage over the LE method. Within the continuum mechanics method, finite element (FE) and 
finite difference (FD) are different procedures. Researchers such as Griffiths & Lane (1999), 
Chugh (2003) and Griffiths & Marquez (2007) have performed slope stability analyses using FE 
and FD procedures and show that these procedures provide comparable results to LE proce-
dures.  

Akhtar (2011) compared LE, FE and FD procedures analyzing 2D and 3D slope problems. 
For 2D LE analyses, the procedures of Morgenstern & Price and Spencer yielded reasonable es-
timates of the 2D FS for any shape of failure surface;, however, Spencer is preferred because of 
Morgenstern & Price needs to select an appropriate interslice force function. Bishop and Janbu 
simplified procedures are also suitable for routine analyses. 

For 3D LE analyses, accepted 3D extensions of Bishop’s, Morgenstern & Price’s and Spen-
cer’s 2D procedures provided comparable results with continuum methods and are within 3% of 
each other. As Morgenstern & Price’s and Spencer’s procedures satisfy all conditions of equilib-
rium, they are preferred over Bishop. However, as in 2D, Morgenstern & Price’s procedure re-
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quires the selection of an appropriate function for inteslice forces, so the 3D extension of Spen-
cer’s procedure is preferred. Akhtar (2011) also suggests correction factors for the 3D extension 
of Janbu’s procedure. Using his factor, Bishop’s and Janbu’s procedures are viable alternatives 
to the 3D extension of Spencer’s procedure. 

 
 
Table 2. Principal characteristics of existing 3D procedures based on the limit equilibrium method (modi-
fied after Akhtar 2011 and Kalatehjari & Ali 2013). _______________________________________________________________________________________________________ 
Procedure Theoretical basis Slip surface Factor of safety ratio 
   found (3D/2D) _______________________________________________________________________________________________________ 
Anagnosti (1969) Morgenstern & Price (1965) Unspecified >1 
Baligh & Azzouz Swedish circle (Fellenius Cylindrical with conical >1 
(1975) 1922) or ellipsoidal ends 
Hovland (1977) Ordinary method of slices Cylindrical with conical >1 for cohesive soils, 
 (Fellenius 1927) ends <1 for cohesionless soils 
Chen & Chameau Spencer (1967) Cylindrical with conical >1 for cohesive soils, 
(1983a, b)  or ellipsoidal ends <1 for cohesionless soils 
Thomas & Lovell Spencer (1967) Symmetrical >1 for cohesive and not 
(1988)   always for cohesionless  
   soils 
Dennhardt & Forster Limit equilibrium method Ellipsoidal >1 
(1985)        
Leshchinsky et al. Limit equilibrium method Spherical and cylindrical >1 
(1985) and variational calculus 
Ugai (1985) Limit equilibrium method Cylindrical with curved >1 
 and variational calculus ends 
Hungr (1987) Bishop (1955) Rotational with circular >1 
  central section 
Ugai (1988) Fellenius (1936), Bishop Cylindrical with >1 for cohesive soils, 
 (1955) and  Spencer (1967) ellipsoidal ends <1 for  
   cohesionless soils 
Gens et al. (1988) Swedish circle (Fellenius Cylindrical with planar >1 
 1922) or curved ends 
Xing (1988) Ordinary method of slices Symmetrical elliptic >1 
 (Fellenius 1927) with circular vertical cut 
Hungr et al. (1989) Bishop (1955) and Janbu’s Symmetrical and >1 
 Simplified (Janbu et al. 1956, rotational 
 Janbu 1973)  
Leshchinsky & Limit equilibrium method Expansion of a log-spiral >1 
Huang (1992a, b) and variational calculus function 
Lam & Fredlund General equilibrium method Generalized rotational >1 
(1993) (Fredlund et al. 1981) 
Huang & Tsai (2000) Bishop (1955) Asymmetrical >1 
Hungr (2001) Morgenstern & Price (1965) Symmetrical >1 
Chang (2002) Sliding block analysis Asymmetrical >1 
Huang et al. (2002) Janbu’s generalized (Janbu Generalized >1 
 1954, Janbu 1973) 
Chen et al. (2003) Spencer (1967) Generalized rotational >1 
Jiang & Yamagami Spencer (1967) and Symmetrical rotational >1 
(2004) variational calculus 
Cheng and Yip (2007) Bishop (1955), Janbu’s Spherical >1 
 simplified (Janbu et al. 1956, 
 Janbu 1973) and Morgenstern 
 & Price (1965) 
Zheng (2009) Limit equilibrium method Generalized >1 
Sun et al. (2012) Morgenstern & Price (1965) Generalized >1 _______________________________________________________________________________________________________ 
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3 SLOPE STABILITY ANALYSIS IN CURRENT PRACTICE 

Most slope stability analyses in current practice are solved using 2D LE procedures, such as 
Morgenstern & Price, General Limit Equilibrium and Spencer. Spencer procedure is preferred 
over the other ones because of their need for selecting appropriate functions for interslice forces 
and because they present convergence problems. 

In 2D analyses, a number of 2D cross-sections are selected in such waya manner, that they 
represent the inherent 3D problem, simplifying 3D geometry, 3D failure surface shape, and 
length and soil variability. Hence, the accuracy of the analysis depends on the ability to select 
cross-sections, determine the direction of sliding (DOS) and even assume over-conservative 
simplifications. 

Figure 1 shows some slope stability problems the authors have dealt with in the mining indus-
try. In each one of them, cross-sections used to determine the 2D FS are shown in plan view. For 
these cases, 2D analyses are considered appropriates because of the materials properties and 
configuration involved in the analysis do not vary significantly in the perpendicular direction of 
the cross-section (and the assumed DOS). 

Figure 2 shows examples where 2D analyses may yield over-conservative FS. Cross-sections 
used to analyze each example are also shown in plan view. It can be noted that a large number 
of sections are used, some of them specifically modeled for analyzing particular soil layers and 
geometry configurations; it is hard to determine the main DOS. It is important to mention that in 
all of these examples, a extensive program of geotechnical investigations were carried out to 
characterize all materials involved in each section. 

 
 

     
 
Figure 1. Mining facilities such as waste dump (left), tailings dams (middle) and heap leach pad (right) 
where 2D limit equilibrium slope stability analyses are sufficient. 

 

   
 
Figure 2. Examples of heap leach pads where 2D LE will yield to over-conservative results. 
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The focus of this paper is to present a 3D analysis of a mining facility, such as the ones 

showed in Figure 2. During the authors’ consulting experience, they have designed and analyzed 
many mining facilities, such as tailing dams, heap leach pads, mine waste dumps, earth dams, 
among others, all of them located in the rugged, mountainous and many times aggressive South 
American Andes’ terrain. Dykes and dams are usually located in very narrows valleys, and heap 
leach pads and mine waste dumps are located in heterogeneous terrains and in consequence they 
have complicated layouts. Furthermore, many times these facilities are built over loose moraine, 
residual and alluvial soil deposits. Stabilization solutions based on 2D analysis for cases such as 
the ones showed in Figure 2, include the use of stability platforms, gentle slopes, buttressing, 
massive inadequate material removal, and also limiting the height of the facility. To overcome 
such apparent 2D instability and over-conservative design (and high associated costs), a 3D 
model should be created. 

As the accuracy of the LE method have been cleared out in previous sections, this method is 
recommended for 3D slope stability analysis mainly because its mechanics and parameters are 
easier to understand. In consequence, model geometry, failure surface and DOS are the main is-
sues when a 3D model is analyzed. Model geometry is usually build based on interpolating input 
cross-sections or creating several 3D surfaces, so realistic models depend on the amount of 
topographical, geological and geotechnical information available. Failure surfaces should match 
field failure mechanisms. 

Akhtar (2011) reviewed field case histories and determined the nature of slides. Rotational 
failures are ellipsoidal, with aspects ratios varying from 0.8 to 2.67. Translational failures com-
monly occur when a stronger material underlays a weaker one; Akthtar (2011) presented a 
method that includes the effect of side resistance based on the research of Arellano & Stark 
(2000). A 3D analysis is strongly recommended for back-analysis of slope failures, because of a 
2D analysis back-calculates in a conservative way the shear strength (Arellano & Stark 2000). 
The unique DOS is hard to determine because of common commercially available software ana-
lyzes models in one direction only. It is strongly recommended to put a lot thought inconsider 
choosing the most suitable software, depending on the characteristics of the slope stability anal-
ysis. 

4 THREE-DIMENSIONAL SLOPE STABILITY ANALYSIS OF A MINE WASTE DUMP 

4.1 General background 

One of the fastest-growing gold producer mining companiesy in Peru had a long-term expansion 
plan that included the expansion of its heap leach pad, design of a brand new tailing dam, and 
the redesign of its mine waste dump. The most challenging one the authors dealt with was the 
last one, not only because the limited space available, but also because of previous geotechnical 
field work had shown soft alluvial clayey soils and loose residual soils around the existing 
dump. In addition, the redesign made the mine waste layout complicated because of the topog-
raphy. Figure 3 shows the original design and the proposed layout. 

The mine waste dump needed a redesign to get reach a capacity of 113 million tones (66 mil-
lion cubic meters), within an area of 118 Ha. The angle of repose of the waste rock formed a 
slope of 1.5H:1V and had an overall slope of 2.5H:1V. 

4.2 Geotechnical characterization 

The authors’ consulting company worked on the redesign of the mine waste dump. This project 
included and extensive geotechnical investigation program for waste rock and soil foundation 
characterization. This investigation involved a large quantity of field work which included; geo-
logical-geotechnical mapping, 123 test pits, 31 dynamic penetration tests, 91 standard penetra-
tion tests, 30 large penetration tests and 21 geotechnical boreholes, among an extensive labora-
tory test program in order to model accurately the soil and rock materials founded. Shallow 
water table was conservatively assumed at constant level. 
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Site investigation and laboratory tests found many soil layers in the foundation, each one with 
different depth, location and shear strength parameters. Figure 4 shows two cross-sections (pre-
viously presented in plan view in Figure 3) and; soil layers identification and strength parame-
ters are presented in Table 3. 

 

   
 
Figure 3. Original design (left) and proposed layout (right) of the mine waste dump. 

 
 

   
 
Figure 4. Critical cross-sections 1-1’ (left) and 2-2’ (right) from Figure 3 for Zones 1 and 2, respectively. 

 
 

Table 3. Mohr-Coulomb shear strength parameters for soil layers involved in the analysis. ____________________________________________________________________________ 
Material        Specific Total unit weight  Cohesion  Friction angle  
          (kN/m3)     (kPa)    (º) ____________________________________________________________________________ 
Mine waste rock     19       0     37 
Soft clay       14       0     12 
Coluvial soil      17       0     30 
Clayey alluvial soil    19       30     16 
Silty alluvial soil     18       10     13 
Sandy alluvial soil     18       14     23 
Gravelly alluvial soil   19       0     30 
Sandstone residual soil  19       25     18 
Granodiorite residual soil  17       30     17 
Bedrock        23       120    20  ____________________________________________________________________________ 

 

4.3 Two- dimensional slope stability analysis 

Given the heterogeneous soil layer distribution and waste mine layout, the dump was divided in 
two areas named Zone 1 and Zone 2, (as shown in Figure 3), each one having different soil lay-
ers distribution in their foundations and also waste rock layout. The most critical sections 
(showned in Figure 3 and 4) of each zone were used in a short term 2D LE slope stability analy-
sis (using Spencer’s procedure) as a first order conservative approach. Results showed FS lower 
than the minimums required by the design criteria for static and pseudo-static conditions on both 
sections. Additional cross-sections were evaluated to further analyze the effect of foundation 
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configuration for each zone; results showed lower and higher FS around the main critical sec-
tions. Table 4 presents FS calculated for the two most critical sections from the 2D analysis. No 
stability platforms, pre-loads, buttressing or change in the overall slope were considered due to 
the limited space and minimum storage capacity specified. Thus,,  so a 3D analysis was consid-
ered to overcome such apparent instability. 

4.4 Three-dimensional slope stability analysis 

As previously pointed out, a realistic and comprehensive 3D model should be built that accounts 
for sufficienttaking into account the enough information to properly represent the geometry of 
the slope, soil layer distribution and geotechnical parameters. For this particular case, detailed 
topography and waste rock layout were available as well as enough boreholes, laboratory and in 

situ test for modeling the foundation. In consequence, a 3D analysis would improve the over-
conservative simplifications assumed in the previous 2D analyses. 

The SVSLOPE-3D software package (Fredlund & Thode 2011) from SoilVision Systems 
(2011) was used to create a 3D model for each zone. SVSLOPE-3D performs LE analyses using 
the columns method and 3D accepted extensions of classical 2D procedures (Fredlund & Thode 
2011), accordingly to most of the recommendations presented on Akhtar’s (2011) research.  

SVSLOPE-3D allows creating a 3D model by, among other methods, interpolating cross-
sections, which was the best option for this analysis because of the numerous soil layers for each 
zone and the abundant borehole data. In order to create a 3D model for two sections, fifteen ge-
otechnical sections were developed for Zone 1 and nineteen for Zone 2 by geotechnical and geo-
logicalst engineers. Cross sections were separated laterally, separated each one by 50 m. Each 
section was drawn in a CAD software and all the point data was exported to Microsoft Excel 
files. Subsequently, SVSLOPE-3D imported every Excel file and successfully interpolated over 
30 sections in both models. During this process 11 layers were created, representing accurately 
the mine waste dump’s complex foundation and layout, even modeling small lenses of loose 
soils. Figure 5 shows models for Zone 1 and Zone 2 as presented in SVSLOPE-3D. Figure 6 
presents sections for each zone, where variability can be noted. 

The DOS was assumed to be parallel to the slope direction of both the layout and topography. 
SVSLOPE-3D allows searching for the DOS;, however, sections were built parallel to the as-
sumed DOS in order to focus the analysis on 3D failure surface shape and location. The failure 
surface search method used was the 3D grid and tangent, where several searches were per-
formed, each one increasing the grid density and location in the most critical zones. As a rota-
tional failure was expected, the failure surface shape was assumed to be ellipsoidal, and in the 
analysis the critical aspect (eccentricity) ratio was determined by trial and error. The 3D exten-
sion of Spencer’s procedure was used in order to compare it with the 2D results. Finally, soil pa-
rameters were the same from the 2D analysis since previous effort was made in characterizing 
soil variability in both zones. 

Table 4 presents the results from the 3D analyses for both zones. Figure 5 shows 3D critical 
failure surfaces for Zone 1 and Zone 2 static analysis. A ratio of 3D/2D FS is presented, compar-
ing the minimum 3D FS and the minimum 2D FS for the models (Cavounidis 1987), showing 
that 3D FS is about 14% to 18% greater than 2D FS. Table 4 also presents the critical aspect ra-
tios determined for both Zones. It can be noted that 3D FS is greater than 2D FS for static and 
pseudo-static conditions and for both zones. It is important to mention as well that the location 
of the 2D critical section does not necessarily match the location of the center of the 3D failure 
surface. 

 
 

Table 4. Calculated factors of safety from 2D and 3D analysis for the mine waste dump. _______________________________________________________________________________________________________ 
Analysis  Section/Zone  Static factor  Pseudo-static  Static 3D/2D Pseudo-static  Aspect 
type    analyzed   of safety    factor of safety ratio    3D/2D ratio  ratio _______________________________________________________________________________________________________ 
2D    1-1’     1.430     1.093     -     -      - 
3D    Zone 1    1.689     1.255     1.181    1.148     1.0 
2D    2-2’     1.237     0.932     -     -      - 
3D    Zone 2    1.419     1.066     1.147    1.144     1.7 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

134



 
As 3D FS was greater than the minimum required by the design criteria and the 2D analysis 

was shown to be over-conservative; the stability of the mine waste dump was guaranteed by the 
authors. Nevertheless, the “3D effect” was expected to be higher, but the irregular layout and 
heterogeneous foundation had different effects on the overall FS for Zones 1 and 2, respectively. 
Figure 7 shows which soil layer parameters are used to calculate the shear resisting force in the 
base of each column for the static analysis. It can be seen that the failure surfaces cross weak 
and strong soil layers in the perpendicular direction of the slope movement. 

Because of the potential variability of the operational aspects related to the waste rock quality 
and geotechnical properties and rate of raise of the waste dump, geotechnical instrumentation 
for monitoring the dump behavior was implemented. Also a constant reevaluation of the waste 
rock shear strength parameters were recommended. 

This analysis represents a benchmark for Peruvian geotechnical practitioners and the mining 
industry, and is a starting point for performing 3D stability analysis in mining facilities. 
 

 
(a) 
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(b) 
Figure 5. 3D models for Zones 1 (lefta) and 2 (rightb). Critical failure surfaces for the static analysis are 
shown for both models. 

 

     
 

     
 

     
 

     
 

     
 
Figure 6. Sections from models of Zone 1 (left) and 2 (right). Note mine waste rock layout and soil layer 
variability. 
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Figure 7. Caption showing which soil layers contribute to shear resisting force calculation in the base of 
each column for the failure surfaces in Zone 1 (left) and 2 (right). Direction of sliding from left to right. 

5 CONCLUSIONS AND RECOMMENDATIONS 

Current state of the art for evaluating slope stability involves 2D LE analysis and the use of rig-
orous procedures, such as Spencer, in cross-sections which that neglects 3D effects. 3D analysis 
can be a viable solution when geometry and soil strength parameters are know in detail and it is 
relatively simple to assume the DOS and the failure surface shape. Using 3D analysis in design 
needs special considerations and understanding on the mechanics of 3D modeling and should be 
performed with care. It is the authors opinion that 3D analysis can be used in design if 2D analy-
sis are over-conservative and its simplifications are too unrealistic. 

Software’s The potential for 3D analysis in a given slope stability software should be evaluat-
ed before its use, as it needs to accurately model slope geometry and soil strength. Additionally, 
it must allow the user to evaluate the methods and techniques of 3D LE procedures, understand 
failure surfaces search techniques and failure surface geometry. 

A 3D analysis of a mine waste dump was carried out. The 2D analysis of the dump was over-
conservative because it had a complex mine waste rock layout and was located in a site with 
complicated topography and foundation. A complete and detailed geometry of the slope and 
enough geotechnical data to model all the materials involved, were available to built 2 create 
two large 3D models. 3D FS proved to be greater than 2D FS in a real and complete 3D analy-
sis, and these results were used in design. However, common design of slopes should be per-
formed using 2D analysis to maintain the current conservatism inherent in a 2D analysis. Regu-
latory agencies and codes should specify a “minimum 2D FS” as a design criteria and further 
research is needed to properly specify proper criteria for 3D analyses. 
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1 INTRODUCTION 

Coarse tailings are the major material component used for the construction of dykes in the tail-
ings basin area at the Bloom Lake Tailings Site. The grain size distribution, particle shape and 
mechanical characteristics of the tailings are influenced by the nature of parent rock and pro-
duction and disposal processes. The geo-mechanical properties of the tailings materials have to 
be adequately defined for the purpose of validating the dyke stability analyses and forecasting 
the geotechnical behavior of the future tailings stockpile that will be built hydraulically. The in-
ternal friction angle is the main mechanical parameter used in the slope stability analysis of tail-
ings embankments and design process of projected dykes. Hence, the main purpose of this study 
was to determine the friction angle of the tailings materials to be used in construction of the 
tailings containment dykes.   
A soil sampling program and in situ and laboratory testing was planned to determine the main 
physical and mechanical properties of the coarse tailings materials. The testing program and re-
lated results are presented in this paper. 

2 SAMPLING PROGRAM 

Within the stream developed from the hydraulic deposition process, the large particles settle 
faster than the fines; thus, the grain size distribution of the deposited materials in the discharge 
stream is a function of distance from the pipe discharge point. Larger particles are found near 
the pipe discharge point whereas the finer particles travel further downstream. 
A specific discharge area (called PRG-2) has been and will continue to serve as the main bor-
row source of coarse tailings for the tailings dyke construction activities. Samples for this test-
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ABSTRACT: Coarse tailings are utilized in the construction of dam and dyke at the Bloom 
Lake Mine. In situ and laboratory testing program was executed in order to determine the phys-
ical and mechanical properties of the coarse tailings materials. To test the effect of the hydrau-
lic sorting, samples were obtained from three locations along discharge stream. Considerable 
variation was observed in grain size, specific gravity and minimum density of samples. Tailing 
materials became finer as a function of distance from the discharge point. Results from the di-
rect shear tests showed that while the highest peak friction angle was obtained for the mid-
stream sample, the residual friction angle is relatively identical for samples from the three loca-
tions. The CU triaxial tests also showed higher friction angles for the midstream and tail-end 
samples. Low variation was observed in the hydraulic conductivity coefficient. Particles angu-
larity was examined by Scanning Electron Microscope imaging.  
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ing program were collected from this discharge area. In order to obtain representative samples 
of the above mentioned hydraulic sorting, tailings samples were obtained from three locations 
along discharge stream: near the upstream end, midstream, and near the downstream end of the 
discharge stream (referred to as upstream, midstream and downstream samples). Prior to col-
lecting the samples, the discharge flow was diverted to another area to secure the sampling sites 
and provide safe ground conditions for the field work. The first sample was taken immediately 
under the pipe discharge point (MA-UP-01) whereas other samples were taken at about 100 me-
ter intervals along discharge stream (MA-MI-02 and MA-DN-03). 

3 IN SITU DENSITY TESTING PROGRAM AND RESULTS 

A large number of density measurements of the coarse tailings material are available from the 
previous and ongoing construction of the tailings dykes. These Nucleo-densimeter tests were 
carried out during the quality control process of coarse tailings placement and compaction using 
roller compacters. An overall analysis of the available data shows that the measured dry densi-
ties vary from 17 to 21 kN/m3 for roller compacted tailings subjected to 95% Modified Proctor 
Maximum Dry Density (MPMDD). Due to the wide range densities observed in the field, an in 
situ density testing program was carried out at the PRG-2 dozer compacted area to determine 
target densities for the laboratory testing program. The objective of this in situ testing program 
was to determine the realistic density of the tailings materials on site and thereby to obtain rep-
resentative values to be reproduced in the laboratory. 
Density tests were carried out at 3 locations in the dozer compacted area using nucleo-
densimeter. Density tests were carried out as well at two locations in the existing dykes (con-
structed using roller compacted coarse tailings materials) in order to evaluate the density of 
roller compacted tailings materials (ND-01-13 to ND-05-13). Tables 1 and 2 provide results of 
the in situ density testing program, carried out at PRG-2 and HPA-South Dyke, respectively. 
In situ density testing results at PRG-2 discharge area (dozer compacted materials, Table 1) 
show the dry density decreasing as a function of flow travel distance in the discharge stream 
(i.e., higher densities are achieved for coarser upstream tailings). 
Comparing the results of the in situ density tests performed using the nucleo-densimeter and 
sand cone methods revealed minor differences (2 and 5 %), which may be attributable to several 
factors including: equipment accuracy, mineralogy and samples iron content (Table 2). 

 
Table 1.  In situ testing results at PRG-2 discharge area (dozer compacted materials) 

 Upstream Midstream Downstream 

Number of tests 4 4 4 
Average wet density (kg/m3) 2,057 2,046 1,937 
Average dry density (kg/m3) 1,922 1,694 1,516 
Average moisture content (%) 6 21 28 
 
 

Table 2. In situ density testing at HPA-South dyke (roller compacted coarse material) 

 Nucleo-densimeter Sand cone 

Location 1 (ND-04-13, CD-04-13) 
Number of tests 4 1 
Average wet density (kg/m3) 1,859 1,826 
Average dry density (kg/m3) 1,742 1,703 
Average moisture content (%) 6.7 7.2 

Location 2 (ND-05-13, CD-05-13) 
Number of tests 4 1 
Average wet density (kg/m3) 1,982 1,917 
Average dry density (kg/m3) 1,873 1,788 
Average moisture content (%) 5.9 7.2 
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4 LAB TESTING PROGRAM AND RESULTS 

4.1 Grain Size Distribution 
Results show that the tailings materials from PRG-2 can be considered as coarse to fine sand 
with some to trace silt. Table 3 shows a summary of results from the grain size distribution 
analyses. Test results indicate that the fine contents (particles < 75 Pm) increases as a function 
of distance from initial discharge point. 

 
Table 3. Sieve Analyse results 

Specimen Sample location Fines (%) 
(particles < 75 Pm) 

MA-UP-01 Upstream 6 
MA-MI-02 Midstream 8 
MA-DN-03 Downstream 15 

4.2 Specific Gravity Tests 
Test results (Table 4) show that the SG of samples decreases as a function of distance from dis-
charge point, with the SG of the upstream sample about 15 % higher than the SG of the down-
stream sample. This may be related to higher iron content in the upstream sample. The specific 
gravity of the midstream and downstream samples are practically similar. 

 
Table 4. Specific Gravity test results 

Specimen Sample location Number of tests Specific gravity 

MA-UP-01 Upstream 3 3.30 
MA-MI-02 Midstream 3 2.90 
MA-DN-03 Downstream 3 2.87 

4.3 Minimum Density Tests 
The density of hydraulically deposited non-compacted tailings materials may be represented by 
their minimum density, as defined by ASTM D-4254 (Table 5). It is shown that the minimum 
density decreases as a function of sampling distance from discharge point. The minimum densi-
ty of the coarse tailings was between 8 and 12% less than the dry density of dozer compacted 
tailings.   

 
Table 5. Minimum density tests results 

Specimen Sample location Number of tests Minimum dry density 
(kg/m3) 

MA-UP-01 Upstream 3 1,776 
MA-MI-02 Midstream 3 1,507 
MA-DN-03 Downstream 3 1,383 

 
4.4 Permeability 
The hydraulic conductivity test was conducted according to the ASTM D5084, results of which 
are presented in Table 5. The hydraulic conductivity measured for all samples ranged between 
1.1 and 2.3 x 10-5 m/sec. 
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Table 5. Hydraulic conductivity tests results 

Specimen Initial bulk unit 
weight (kN/m3) 

Initial moisture 
content (%) 

Final bulk unit 
weight (kN/m3) 

Final moisture 
content (%) 

Permeability 
(m/s) 

UP-01 20.3 11.0 23.7 22.7 1.09 x 10-5 
19.4 11.0 22.2 23.8 1.17 x 10-5 

      

MI-02 18.5 11.0 21.0 23.5 1.18 x 10-5 
17.5 11.0 20.6 26.6 2.25 x 10-5 

      
DN-03 17.8 11.0 20.1 27.0 1.88 x 10-5 

 
4.5 Direct Shear Tests 

4.5.1 Sample reconstitution in laboratory 
The coarse tailings fill material at Bloom Lake mine site is placed in lifts and compacted either 
with dozer or roller passes. The specimens were reconstituted at unit weights of 19.5 and 17.5 
kN/m3 to represent roller and dozer compacted materials, respectively.  
A third placement condition, which may occur is when tailings materials are placed hydraulical-
ly and left in place without any further compaction. Additional series of tests were carried out 
on the midstream sample specimen at a minimum dry density of 1,507 kg/m3 (14.8 kN/m3) rep-
resenting this hydraulically deposited condition. 
The specimens were reconstituted in the shear box and compacted in thin layers to the specified 
dry densities and water contents. 

4.5.2 Test type and specification 
Direct Shear tests were carried out according to the ASTM D3080. Shear boxes which can hold 
2.5 in. diameter specimens were used to carry out the shear tests. Readings were taken using an 
automated logging system. 
The test samples were kept under target normal loads and inundated in order to saturate prior to 
shearing. For each type of samples, three tests were carried out at different normal stresses. The 
tests were carried out under Consolidated Drained (CD) conditions. Normal loads were planned 
to be within the usual range of in situ stresses. 

4.5.3 Direct shear test results 
Tables 6, 7 and 8 present summaries of the direct shear tests results carried out on the samples 
collected from the upstream, midstream and downstream zones, respectively. Results from the 
direct shear tests show that the overall peak fiction angles vary from 33 to 40 degrees, whereas 
the residual friction angles vary from 33 to 36 degrees. 

 
Table 6. Direct shear test results for upstream tailings (Sample MA-UP-01) 

Target dry unit weight 
�(kN/m3) Test number Normal pressure 

(kPa) 
Peak friction 

Angle (degree) 
Residual friction 
Angle (degree) 

19.5 
UP-S-1.1 80 

36 34 UP-S-1.2 150 
UP-S-1.3 300 

     

17.5 
UP-S-2.1 80 

33 33 UP-S-2.2 150 
UP-S-2.3 300 
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Table 7. Direct shear test results for midstream tailings (Sample MA-MI-02) 

Target dry unit weight 
(kN/m3) Test number 

Normal 
pressure 

(kPa) 

Peak friction Angle 
(degree) 

Residual friction 
angle (degree) 

19.5 
MI-S-1.1 80 

40 33 MI-S-1.2 150 
MI-S-1.3 300 

     

17.5 
MI-S-2.1 80 

37 34 MI-S-2.2 150 
MI-S-2.3 300 

     

14.8 
MI-S-4-1 20 27° 

(at 4% shear strain, 
no peak resistance) 

31° 
(at 10% shear strain) MI-S-4-2 40 

MI-S-4-3 80 
 

 

Table 8. Direct shear test results for downstream tailings (Sample MA-DN-03) 

Target dry unit weight 
(kN/m3) Test number Normal pressure 

(kPa) 
Peak friction 

angle (degree) 
Residual friction 
angle (degree) 

19.5 
DN-S-1.1 80 

37 36 DN-S-1.2 150 
DN-S-1.3 300 

     

17.5 
DN-S-2.1 80 

36 35 DN-S-2.2 150 
DN-S-2.3 300 

 
 
Figure 1 shows the variation of peak friction angle from direct shear tests for the three types of 
samples. This figure shows that the highest peak friction angle was obtained for the midstream 
sample for both target dry densities. This may be related to the better grain size distribution, 
which results better packing of particles, in comparison with the upstream and downstream 
samples. 
Figure 2 shows a graphical presentation of residual friction angles from direct shear tests for the 
three types of samples. This figure shows that the residual friction angle is practically identical 
for upstream and midstream samples. The highest residual friction angle was obtained for 
downstream samples. 
Figures 1 and 2 show that, as a general trend, both peak and residual friction angles increase as 
a function of distance traveled by sample along the discharge stream. 
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Figure 1. Peak friction angles from direct shear tests 
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Figure 2. Residual friction angles from direct shear tests 
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4.6 Consolidated Undrained (CU) Triaxial Tests 

4.6.1 Sample reconstitution in laboratory 
The reconstitution process and results of the direct shear tests showed that a unique unit weight 
may not be an adequate representation of the three types of samples. Indeed, the reconstitution 
of midstream and downstream samples required significant effort in order to reach the target 
density. It should be mentioned that the use of unrealistic compaction effort may lead to inaccu-
rate representation of the actual shear strength of materials. As a result, a new approach was 
adopted for reconstitution of samples for triaxial tests. 
This new specimen preparation approach is based on the degree of compaction according to the 
Modified Proctor Maximum Dry Density (MPMDD) conducted on a number of samples. It was 
decided to reconstitute specimens at 95 % of MPMDD representing roller compacted materials 
and at 90 % of MPMDD representing dozer compacted materials. Summary of results and re-
vised target densities are presented in Table 9. Figure 3 shows a graphical presentation of all 
gathered data in order to provide an overall view of the density related tests results. 

 
Table 9. Modified Proctor test results and revised target dry unit weight for triaxial test samples 

 Dry unit weight (kN/m3) 

 Upstream Midstream Downstream 
Maximum dry unit weight from modified Proctor 
test 19.23 17.52 16.84 

Revised target dry unit weight for roller compacted 
case (95% of modified Proctor) 18.3 16.6 16.0 

Revised target dry unit weight for dozer compacted 
case (90% of modified Proctor) 17.5 15.8 15.2 
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Figure 3. Graphical representation of measured and target unit weights  
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4.6.2 Test type and specification 
Consolidated undrained triaxial tests were carried out according to the ASTM D4767 in triaxial 
cells which can hold 71 mm diameter specimens. Pore-water pressure, strains, and applied loads 
were measured using an automated logging system. Each type of samples was prepared and was 
tested under three different confining pressures. The specimens were saturated using the back 
pressure technique. 

4.6.3 Triaxial test results 
Tables 10, 11 and 12 present summaries of results from Triaxial Tests carried out on collected 
in the upstream, midstream and downstream zones, respectively.  

 
Table 10. Triaxial test results for upstream tailings (Sample MA-UP-01) 

Specimen Target dry unit 
weight�(kN/m3) Test number Normal pressure 

(kPa) 
Effective friction angle 

(degree) 

UP-1 18.3 
UP-C-S-1.1 80 

36 UP-C-S-1.2 150 
UP-C-S-1.3 300 

     

UP-2 17.5 
UP-LC-S-2.1 80 

35 UP-LC-S-2.2 150 
UP-LC-S-2.3 300 

 
Table 11. Triaxial test results for midstream tailings (Sample MA-MI-02) 

Specimen Target dry unit 
weight�(kN/m3) Test number Normal pressure 

(kPa) 
Effective friction 

angle (degree) 

MI-1 16.6 
MI-C-S-1.1 80 

38 MI-C-S-1.2 150 
MI-C-S-1.3 300 

     

MI-2 15.8 
MI-LC-S-2.1 80 

36 MI-LC-S-2.2 150 
MI-LC-S-2.3 300 

 
Table 12. Triaxial test results for downstream tailings (Sample MA-DN-03) 

Specimen Target dry unit 
weight�(kN/m3) Test number Normal pressure 

(kPa) 
Effective friction 

angle (degree) 

DN-1 16.0 
DN-C-S-1.1 80 

39 DN-C-S-1.2 150 
DN-C-S-1.3 300 

     

DN-2 15.2 
DN-LC-S-2.1 80 

35 DN-LC-S-2.2 150 
DN-LC-S-2.3 300 

 
Figure 4 shows the effective friction angle obtained from triaxial tests results. Higher friction 
angles were measured for midstream and downstream tailings. Trends observed in the triaxial 
tests are quite similar to those obtained from the direct shear tests. Figure 5 summarizes the fric-
tion angle measured in both direct shear and triaxial tests. Peak friction angle varied from 31° at 
unit weight of 15 kN/m3 to 35° at unit weight of 17 kN/m3, and 37° at unit weight of 
19.5 kN/m3. The residual friction angle also varied from 31° at until weight of unit weight of 15 
kN/m3 to 33° at unit weight of 19.5kN/m3. 
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Figure 4. Effective friction angles from CU triaxial tests 
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Figure 5. Fiction angle from triaxial and direct shear tests 

5 SCANNING ELECTRON MICROSCOPE (SEM) 

In order to verify the angularity of particles, three coarse tailings samples from PRG-2 were ex-
amined by Scanning Electron Microscope (SEM) imaging at GMETS Cliffs Technology Center 
at Ishpeming in Michigan State. Figures 6 show the obtained SEM images for upstream, mid-
stream and downstream samples, respectively. 
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Figure 6. SEM images of tailings samples from PRG-2 area (x60 enlargement) 

 
Rodriguez & Edeskär (2013) investigated the relationship between particle shape and friction 
angle of tailings concluding that smaller fractions appear to be more angular than larger frac-
tions.  In order to measure fine aggregate angularity, a research group in the University of Flor-
ida (Roque & Birgisson 2002) has developed a scale ranging from 1 to 5, with 1 being very 
rounded to 5 being very angular, as shown in Figure 7. A similar scale was chosen for texture 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

150



(roughness) ranging from 1 to 5, with 1 being very smooth to 5 being very rough. These scales 
were used for the evaluation of the angularity of the samples. 

 

 
Figure 7. Angularity index as defined by Florida University research group (Roque & Birgisson 2002) 

 
The visual analyses of SEM images show that the particles in all three samples are highly angu-
lar and grains have sharp edges. Using the above scales, the highest index of 5 can be assigned 
to the tested samples for both angularity and texture. This high angularity and rough texture can 
explain the relatively high internal friction angles obtained from both triaxial and direct shear 
tests. 
Results from triaxial and direct shear tests in the current testing program showed an increase in 
friction angle for finer samples. As shown by the hypothetical dashed red lines on the SEM im-
ages of Figure 6, the potential sliding surface becomes rougher gradually for midstream and 
downstream samples providing higher interlock shear strength in comparison with the upstream 
sample. This may provide an explanation for the increase in the friction angle of finer samples. 

6 CONCLUSION 

Coarse tailings are utilized in the construction of various structures at the Bloom Lake Mine. 
An extensive laboratory test program was planned and executed to determine the strength and 
hydraulic properties of the tailings, which are used for design of the various dykes at the site. 
In order to obtain representative samples from the deposition areas and examine the impact of 
hydraulic sorting, samples were collected at three locations along discharge stream. 
The impact of hydraulic sorting was observed in grain size, specific gravity and minimum den-
sity. Grain size distribution analyses showed that the coarse tailings materials can be considered 
as coarse to fine sand with some silt fraction. The maximum grains size reduces and the fines 
content increases as a function of distance from the discharge point. The specific gravity of the 
upstream sample is about 15 % higher than the specific gravity of the downstream sample, 
which may be related to a higher iron content in the upstream samples. It was shown as well 
that the minimum density decreases as a function of sampling distance from the discharge point. 
The hydraulic conductivity coefficient (permeability) of tailings material generally varied from 
1.1 to 2.3 x 10-5 m/s. 
Triaxial and direct shear tests were carried out for determination of shear resistance of sampled 
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coarse tailings materials. Results from the Consolidated Drained (CD) direct shear tests showed 
that the overall peak friction angles vary from 33 to 40 degrees whereas the residual friction an-
gles vary from 33 to 36 degrees. The results show that while the highest peak friction angle was 
obtained for the midstream sample, the residual friction angle is relatively identical for all sam-
ples. The Consolidated Undrained (CU) triaxial tests also showed that the peak effective fric-
tion angle varies from 36 to 39 degrees for samples compacted to 95 % of MPMDD (represent-
ing roller compaction); and varies from 35 to 36 degrees for samples compacted to 90 % of 
MPMDD (representing dozer compaction). Similar to the direct shear results, higher friction 
angles were obtained for the midstream and downstream samples. The above trend can be at-
tributed the higher roughness and better packing of tailings particles, which was observed for 
midstream and downstream samples. 
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1 INTRODUCTION 

1.1 Background 
Design of engineering structures over soft soil foundations often requires mitigation of 
excessive settlements and control of tension cracks within the embankment fill.  As these cracks 
are caused by lateral displacement of the underlying foundation materials, they initiate at the 
bottom of the fill and may not be detected until embankment is already failing (Chirapuntu & 
Duncan, 1977).  Failure mechanisms that are typically considered when designing embankments 
over soft foundations include bearing capacity failure of the foundation soil, lateral sliding of an 
embankment wedge/block along the weak foundation soils and a conventional slip circle-type 
failure utilizing limiting equilibrium methods (see e.g., Rowe and Li, 2005).   

In order to assign strength parameters required for the limit equilibrium analyses, one needs 
to account for the non-linear behavior of the foundation soils and evaluate effective stresses dur- 
ing the loading process.  Designers often rely on undrained residual strengths for foundation ma- 
terials expressed as a function of the normal effective stress.  Consequently, the determination of 
excess pore pressures during the loading process is typically required to evaluate the magnitude  

 

Embankment stability on soft soil foundations 
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ABSTRACT: Earth structures built on soft soil deposits present significant design and 
construction challenges.  Tailings practitioners are often faced with a task of constructing access 
roads, perimeter berms and large-scale embankments over soft foundation soils consisting either 
of native soil deposits or previously deposited tailings.  Typically, embankments constructed on 
soft foundations exhibit cracking, excessive settlement and other signs indicating potential 
stability loss caused by deformations of the foundation material when subjected to the weight of 
the embankment. 

This paper presents a simplified method used to determine a factor of safety for the 
embankment built on soft soil deposits.  The method accounts for continuous deformation of 
foundation soils and allows for coupling between the consolidation, critical state and stability 
analyses.  The proposed method accounts for the continuous changes in embankment geometry 
allowing for the flexible construction schedule.  A comparison between the proposed simplified 
method and the finite element analysis demonstrates favourable agreement in the calculated 
factors of safety. 

Due to its relative simplicity, the proposed method may be used as a screening tool to provide 
decisions on the number of construction stages and to determine required individual stage 
duration for different embankment design scenarios.  The method may be used for a wide range 
of embankment and foundation material properties, as well as various drainage conditions by 
utilizing solutions available from classical consolidation theory.   
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of effective stresses and to determine appropriate strength parameters for the limiting equilibri-
um analyses.   

2 APPROACH 

In order to estimate the factor of safety for the embankment on soft foundation without resorting 
to a fully coupled hydro-mechanical analysis, one can adopt a step-wise approach utilizing 
standard geo-mechanical models: 

1) Estimate degree of consolidation due to the placement of embankment load using classi-
cal consolidation theory.  At the minimum, calculate the degree of consolidation at the 
beginning and at the end of each construction stage. 

2) Based on the calculated degree of consolidation, update effective vertical stresses and 
determine undrained shear strength, su, along the estimated embankment-soil foundation 
interface.  Typically, the undrained shear strength is expressed as a function of the verti-
cal effective stress, e.g.  su/ı’v = const. 

3) Determine the factor of safety assuming that embankment failure is caused by lateral 
sliding of the embankment along the underlying weak foundation soils.  Considering the 
assumed failure mechanism, the factor of safety can be determined utilizing the active-
passive wedge calculation, see e.g. Campbell (1986).  Alternatively, the factor of safety 
can be determined based on the conventional limiting equilibrium analysis (e.g., by uti-
lizing method of slices). 

4) Repeat steps 1 to 3 at arbitrary time increments accounting for the dissipation of excess 
pore pressure and increased embankment loads. 

3 METHODOLOGY 

3.1 Consolidation Mechanism 

Based on the average vertical effective stress prior to embankment construction, ı’0, determine 
the initial void ratio e0.  For a given number of loading stages, i=1, 2, 3, …, n, and for the corre-
sponding embankment heights, Hi, determine the load on the underlying soft foundation materi-
al, pi, based on the embankment fill density ȖFILL:  

iFILLi Hp J  (1) 

For a fully consolidated material, i.e. for the case where excess pore pressures are equal to zero, 
the average effective stress can be determined as: 

ii p� 0'' VV . (2) 
Maximum theoretical settlement due to the embankment loading during the i-th stage of con-
struction can now be calculated as  
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where H denotes the thickness of the underlying soft soil layer.  The void ratio change is deter-
mined from the following equation: 
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Equation (4) is used to evaluate settlements for a fully consolidated foundation material, i.e. as-
suming zero excess pore pressures.  For a partially consolidated soil, one can calculate settle-
ments during the i-th loading stage at any time as 

max,)( iiii Ut GG  ,  (5) 
where ti denotes the time from the start of the loading stage i, and Ui stands for the degree of 
consolidation defined as 
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Assuming free-draining upper and lower boundaries, the time factor, Tvi, in the above equation 
can be expressed as 
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Consolidation coefficient, cvi, is calculated independently for each stage as 
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, (8) 

where k stands for the hydraulic conductivity of the soft foundation deposit.  Alternatively, the k 
value may be expressed as a function of the average void ratio and updated at the start of each 
loading stage.  The coefficient of volume compressibility, mvi, is defined as 

¸̧
¹

·
¨̈
©

§
�
�

�
 

0

0

0 ''1
1

VV i

i
vi

ee
e

m
. (9) 

Note that the time factor defined by Equation (7) is calculated based on the time measured from 
the beginning of a specific stage ti, augmented by ti* defined as  
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where Ui

-1 denotes the inverse function of Ui.  Equation (10) is used to calculate the “offset” 
time as a function of the degree of consolidation at the beginning of i-th stage, i.e.  

max,max, /)()0( iiiii ttU GG 11 ��  . (11) 
Except for the first stage, for which the initial degree of consolidation is equal to zero, all other 
construction stages exhibit initial degrees of consolidation greater than zero due to antecedent 
settlements caused by previous stages of construction.  Note that the initial degree of consolida-
tion defined by Equation (11) is calculated based on the settlement at the end of previous load-
ing stage, įi-1(ti-1,max) , effectively accounting for the effects of stage loading. 

3.2 Undrained Strength 

From known degree of consolidation and maximum settlement values, one can determine the 
settlement for a partially consolidated soft soil layer as defined by Equation (5).  Assuming that 
foundation soil is following the stress path for a normally consolidated sample, one can deter-
mine values for the void ratio and the effective stress after re-arranging Equations (3) and (4) as 
follows: 
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The undrained strength can now be calculated as 

)(' iviSSAu tks V ,  (14) 
where kSSA denotes the constant typically determined from laboratory measurements.  The 
strength value for the soft soil element at failure may be expressed by utilizing Cam clay model 
(see e.g.  Wood, 1990) as  
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, (15) 
where ı’mf  stands for the mean effective stress at failure and M  is typically defined as a func-
tion of the effective friction angle, ĳ’, determined from triaxial compression tests: 

'sin3
'sin6
I
I

�
 M

, (16) 
One can combine equations (14) and (15) to determine the expression for the undrained strength 
constant kSSA as: 
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During the shearing process, normally consolidated samples exhibit contraction leading to de-
velopment of excess pore pressures in undrained conditions.  Consequently, the ratio, ı’mf/ ı’vi, 
for soft soil deposits at failure is expected to be smaller than unity, even for materials that were 
initially consolidated under isotropic conditions.  During the embankment construction, it is im-
portant to maintain conditions which will prevent reduction of mean effective stresses below 
levels that may lead to development of critical failure mechanisms.  The kSSA values for the se-
lected range of friction angles and ı’mf/ ı’vi ratios are summarized in Table 1. 

Table 1.  Estimated range of kSSA values for typical loading conditions. 
Friction angle  
(°) M 

kSSA values 
ı’mf/ ı’vi=0.4 ı’mf/ ı’vi=0.6 ı’mf/ ı’vi=0.8 

15 0.57 0.11 0.17 0.23 
20 0.77 0.15 0.23 0.31 
25 0.98 0.20 0.30 0.39 
30 1.20 0.24 0.36 0.48 

4 EXAMPLE 

Consider the embankment with the maximum height of 12 meters constructed over slow drain-
ing foundation deposits.  The foundation soil with the thickness of 15 meters is underlain by 
more pervious soils, i.e. stability analyses can be performed assuming double drained founda-
tion conditions.  The phreatic surface coincides with the top of the soft foundation layer.  The 
embankment with overall side-slopes of 4H:1V is proposed to be constructed in three stages as 
illustrated in Figure 1.    
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Figure 1.  Conceptual model of embankment on soft soil foundation. 

The embankment fill placed in stages 1 and 2 is allowed to consolidate for one year prior to 
loading with the subsequent stage.  Material parameters used for the simplified stability analysis 
(SSA), i.e. based on the step-wise approach using standard geo-mechanical models, are com-
pared to parameters required for the fully coupled finite element method (FEM) analysis in Ta-
ble 2.  The FEM analysis was performed using the computer program PLAXIS. 

Table 2.  Material parameters used for simplified and FEM/PLAXIS analyses. 

Parameter 
Name/
Unit

Embankment
SSA

Foundation
SSA1

Embankment 
PLAXIS 

Foundation
PLAXIS

General 
Material model Model Mohr -

Coulomb
su= kSSA ı’v Hardening  

Soil
Soft Soil / 
Cam-Clay

Soil unit weight Ȗ (kN/m3) 18 18 18 18 
Initial void ratio2 e0 (-) 0.5 1.5 0.5 1.5 
Parameters 
Cohesion c’(kPa) 0.0 - 1.0 1.0 
Friction Angle ĳ'(°) 30.0 - 30.0 15 to 25
Secant stiffness in standard  
drained triaxial test 

E50 (kPa) - - 10,000 - 

Tangent stiffness for primary  
oedometer loading 

Eoed (kPa) - - 10,000 - 

Unloading/reloading stiffness Eur (kPa) - - 30,000 - 
Compression index Cc (-) - 0.25 (0.0345)3 0.25 
Swelling index Cs (-) - - (0.0104)3 0.05 
Hydraulic conductivity k (m/day) - 1.73 x 10-4 7.13 1.73 x 10-4

1) Foundation SSA strength was calculated from su= kSSA  ı’v ,  with kSSA=0.2   
2) Void ratio at 1 kPa, i.e. void ratio at unit stress (Brinkgreve, 2002). 
3) Cc and Cs values for the hardening soil embankment model are calculated in PLAXIS based on E50, 

Eoed and Eur data. 

Calculated foundation displacements directly below the crest of the embankment are shown in 
Figure 2.  Calculated displacements illustrate favorable agreement between the conducted 
PLAXIS analyses and SSA methodology.   
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Figure 2.  Predicted foundation displacements using SSA and PLAXIS/FEM analyses. 

Maximum calculated displacements below the embankment crest at the end of each construction 
stage are summarized in Table 3. 

Table 3.  Maximum vertical displacements of foundation surface below embankment crest (m) 

Stage 
SSA PLAXIS PLAXIS PLAXIS 
Su/ı’v=0.2 ĳ’=15 ĳ’=20 ĳ’=25 

1 0.24 0.25 0.25 0.25 
2 0.49 0.52 0.51 0.51 
3 1.19 1.09 1.10 1.06 

The SSA approach enables determination of the factor of safety throughout the loading process 
while the FEM analyses performed in PLAXIS allow for the factor of safety determination at the 
end of each construction stage.  Calculated factors of safety are displayed in Figure 3. 

 
Figure 3.  Predicted factors of safety using SSA and PLAXIS/FEM analyses. 

Factors of safety at the end of each construction stage are summarized in Table 4. 

Table 4.  Calculated factors of safety at the end of construction stage 

Stage 
SSA PLAXIS PLAXIS PLAXIS 
Su/ı’v=0.2 ĳ’=15 ĳ’=20 ĳ’=25 

1 1.34 1.18 1.41 1.64 
2 1.29 1.08 1.33 1.54 
3 1.49 1.08 1.33 1.53 
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5 CONCLUSIONS 

This paper proposes a step-wise approach based on standard geo-mechanical models to estimate 
stability of embankments built on soft soil deposits.  The proposed simplified stability analysis 
(SSA) provides a straight forward method to rapidly evaluate the influence of geometry, consol-
idation and critical state parameters to embankment stability.  In addition, the method provides a 
continuous record of the factor of safety (FOS), even for cases indicating embankment instabil-
ity, i.e. it alleviates convergence issues commonly encountered in FEM analyses. 

The proposed SSA can be used to identify erroneous inputs and troubleshoot convergence 
problems when employing advanced constitutive models and fully coupled hydro-
geomechanical analyses. 

Stability of embankments constructed on soft foundation materials requires consideration of 
strength, deformation and hydraulic parameters.  Prior to conducting stability analyses, the de-
signer should carefully scrutinize available field and laboratory measurements and develop de-
sign parameters that are supporting observed material behavior.  Results of the advanced numer-
ical analyses should be checked to verify that the calculated stress path, deformations and 
variable material parameters are within the range expected for modeled materials.   

In order to account for the generation and dissipation of excess pore pressures, one needs to 
take into account possible variation of consolidation properties and drainage conditions of the 
underlying deposits.  The proposed method is amenable to implementing solutions for various 
boundary conditions available from classical consolidation theory. 

Undrained shear strength parameters should be selected based on the available laboratory data 
and the anticipated stresses during construction.  The undrained shear strength “constant,” kSSA, 
depends on the level of the vertical effective stress but also on the stress path, namely the mean 
effective stress at failure.  Hence, it is recommended to utilize residual strength values when 
conducting SSA calculations. 

6 REFERENCES 

Brinkgreve, R.B.J.  2002.  PLAXIS 2D - version 8 material models manual, A.A.  Balkema Publishers, 
Netherlands. 

Campbell, D.B.  1986.  Stability and Performance of Waste Dumps on Steeply Sloping Terrain.  Proceed-
ings of the International Symposium on Geotechnical Stability in Surface Mining.  Calgary, November, 
pp.  317-325. 

Chirapuntu, S., and J.M. Duncan.  1977.  Cracking and Progressive Failure of Embankments on Soft Clay 
Foundations.  International Symposium on Soft Clay, Bangkok, Thailand, 5-6 July 1977: 453-469.   

Rowe, R.K., and A.L. Li.  2005.  Geosynthetic-reinforced embankments over soft foundations.  Geosyn-
thetics International, Special Issue on the Giroud Lectures, Vol 12, No.  1: 50-85. 

Wood, D.M.  1990.  Soil behavior and critical state soil mechanics.  Cambridge University Press. 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

159



Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

160



Wick drains for various geotechnical and environmental issues at 
mine tailings facilities 

J. R. Hill, P.E. 
Hayward Baker Inc., St. Louis, Missouri, USA 

J. Kolz, P.E. 
HB Wick Drains, Kiowa, Colorado, USA 

ABSTRACT: Ground improvement provides solutions for a variety of geotechnical and 
environmental issues faced by operators of mine tailings facilities.  Typical challenges include 
excess fluid waste that does not decant water naturally due to fines content, global instability 
and settlement concerns of tailings dams, leaking beneath dams causing instability, and the 
inability of operators to cap existing tailings facilities.  Issues of concern during reclamation 
include the inability to place solid material and vegetation on top of the pond during the 
reclamation phase. This paper will present case histories involving wick drains, a ground 
improvement technique providing drainage paths for pore water in soft compressible soils using 
prefabricated vertical drains, which often provide solutions for the challenges mentioned above.  

Wick drains have routinely been utilized to accelerate the consolidation of mine tailings.  The 
wick drains, or vertical strip drains, accelerate the dissipation of excess pore water pressure in 
nearly all types of tailings, including those that consist of nearly 100% fines.  The wick drains 
can allow for the collection of this trapped water, which can then be reintroduced to the mining 
process.  Accelerated consolidation causes settlement of the ground level, allowing for increased 
capacity of the tailings facility.  

Wick drains have also been utilized for improvement beneath proposed mine tailings waste 
dikes.  In this capacity the wick drains accelerate consolidation of the soils below the dam, 
allowing for accelerated strength increase associated with consolidated materials.  The wicks 
allow for construction to take place that would normally require staged construction techniques 
to prevent global instability. 

Finally, wick drains have been used to prevent excess pore water pressure build up in heap 
leachate pads.  The wick drains provide a positive means for draining leachate solution.  
Drainage issues can be the result of impermeable layers that occur during the heap leach 
process.  
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1 HISTORY OF WICK DRAINS 
1.1 Wick Drain or Pre-Fabricated Vertical Drain 
Wick drain has become an industry-accepted name for Pre-Fabricated Vertical Drains (PVDs), also 
known as Vertical Strip Drains (VSD) (Figure 1).  This is important to note because wick drains do not 
actually wick water out of a formation.  Generally to produce outflow of pore water from the subsurface 
soils a surcharge load must be applied after installation of the wick drains.  This surcharge increases the 
overburden pressure on the soils in question.  This increase in the subsurface pressures results in 
“squeezing” water out of the soil matrix.  The wick drains provide a shorter path for this water to take, 
thereby reducing the time required to squeeze the water from the soil, which in turn results in 
consolidation occurring much more quickly.  Mine tailings ponds, or stockpiles and recently deposited 
natural soils, are often underconsolidated.  This means that there are excess pore water pressures within 
the soil deposit or tailings and that there is ongoing consolidation and settlement as the material is coming 
to equilibrium under the stresses from its self-weight.  The installation of wick drains will accelerate this 
process.. 

1.2 Closure of Tailings Ponds 
Wick drains have become a standard and accepted solution for consolidation of mine spoils as well as 
native soils.  It is important to note that wick drains are not intended to reduce the magnitude of 
consolidation settlement, but are used to produce the same levels of consolidation more quickly.  In native 
clayey soils, consolidation periods can be reduced from years to as little as a few months.  Tailings and 
spoils consolidation without treatment can take decades or longer (Figure 2). Wick drains can reduce this 
consolidation period to times that fit within government regulation periods for capping and closing mine 
tailings facilities.  

1.3 Increase in Pond Capacity 
Sometimes a facility is not prepared to close and cap the tailings pond within the required time.  However, 
consolidation provided by wick drains can often increase the service life of an existing pond structure.  
This increase in service life results from a decrease in volume of the tailings stored in the pond after 
installation of the wick drains.  As the pore water is pushed from the tailings, settlement of the surface of 
the tailings pond will be observed.  This settlement of the surface may result in gaining additional 
working life out of the pond in an economic manner.  Reduction of the volume of the tailings in the pond 
can allow additional tailings to be added to the pond without the need to increase the height of the dams 
and levees designed to impound the tailings.   

1.4 Water, a Precious Commodity 
As described above, wick drains can remove water from tailings. For mine operators in arid regions, 
water is often a critical and costly resource required for the mine to survive.  Wick drains can be 
channeled into horizontal strip drains near the surface.  These horizontal drains collect the water.  The 
water can then be channeled and reintroduced into the mining operation.  The release of water that was 
considered out of reach can provide an economic incentive to complete this work. 

 
 
 
 
 
 
 
 

Figure 1: Wick drains are composed of a central plastic core surrounded by a filter sleeve. 
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Figure 2: Influence of wick drains on the rate of settlement. 
 

Wick drain installation is perhaps the most economical ground improvement solution available.  This is 
a key characteristic considering that many mine tailings facilities are very large and even reasonable 
treatment costs spread over a large area can result in high costs.  Additionally, as the treatment of 
facilities for capping and closure is not a revenue generating operation for the mine, additional concerns 
are raised about the costs of such operations.  Wick drains can be installed in a variety of conditions to 
provide an economic solution in questions of closure.  Finally, wick drains can be installed from 
amphibious or even barge-mounted equipment.  Working on top of the facility on floating equipment can 
reduce some of the safety concerns of trying to cap the material through the use of geotextile-improved 
layers.  Conventional capping in this manner requires heavy equipment working on a potentially unstable 
surface. 

1.5 Heap Leachate Facility 
While closure considerations are important, wick drains can be utilized for other reasons within the 
mining industry.  Wick drains have been utilized to successfully increase the factor of safety for global 
stability on heap leachate facilities.  While increasing the global factor of safety, the productivity of the 
heap leachate facility is also increased.  The wick drains provide a shorter path for the leachate to travel 
through the ore and then be collected for the mining process.  This increase in productivity at one mine 
site resulted in a significant increase in mineral recovery.  Each dollar spent for the wick drain installation 
yielded an increase in mineral productivity valued at nine dollars. 

1.6 Tailings Pond Dikes with Inadequate Factor of Safety 
To begin a new tailings pond, a series of dikes and dams are often constructed.  The mining industry does 
not generally design these to the same factor of safety as  those used in the civil engineering industry.  
However, these structures must behave as designed, and must provide a safe working environment for the 
mine.  Dikes with global stability concerns can negatively impact the profitability of the mine, and a 
failure of a tailings pond can have a negative impact on  the industry and result in increased scrutiny by 
regulators.  While there are many failure modes for dikes subjected to fluid loads from tailings, one 
particular concern is the global stability issue.  Global stability can be increased by making the dike wider 
at the base, which requires more material.  Conversely, global stability can be increased by decreasing the 
moisture contents in the native soils that form the foundation for the dike.  Wick drains have proven to be 
effective in this capacity.  The wick drains are installed prior to construction of the dike. As the dike 
height is increased, the surcharge load from construction consolidates the material.   As the material soil 
consolidates, pore water is expelled from the material, and the strength of the soil increases. 

Another failure mode of a dike results from excessive or differential settlement.  Settlement of the 
crown of the dike can result from the consolidation of the soils forming the dyke.  However, if the fill is 
placed to design compaction effort, these consolidations can be taken into account in the design.  A 
greater area of concern for consolidation lies with the native soils beneath the dike.   Excessive settlement 
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of the native soils over the life of the structure can result in ongoing maintenance during the life of the 
structure, a decrease in capacity of the structure, or in rare instances overtopping of the dikes, which could 
result in catastrophic failure of the tailings pond.  Installation of wick drains prior to construction of the 
dike will allow the consolidation of the native soils during the construction of the dike.  As the dike grows 
in height, the wick drains allow for quick dissipation of the pore water pressures which results in 
settlement.  Because the settlement occurs relatively quickly, the dike’s construction process or schedule 
is not hampered.  The dike then behaves as designed throughout the design life of the facility.  
 
2 CASE HISTORIES 
2.1 Heap Leach Pad Slope Failure 
2.1.1 Introduction 
A copper mine in Arizona experienced a slope failure on a heap leach pad which threatened to leak ore 
material containing sulfuric acid outside of the containment system. Because of the potential 
repercussions to the facility, including massive cleanup efforts to remove the contaminants from the 
watershed, as well as the revocation of the mining permit, the geotechnical contractor mobilized on an 
emergency contract.  

The cause of the initial instability is believed to be an effect of the deposition process. The ore mined 
out of the ground was pelletized into round, gravel-sized pieces, transported from the crusher to the heap 
leach pad by conveyor, and deposited in 16-foot lifts. In addition, the high saturation/degradation process 
of the upper portion of the layer by acid solution broke down the ore into a clay-like consistency with low 
permeability, resulting in saturated perched layers of solution. 

2.1.2 Geotechnical Investigations 
Immediately following the slope failure, a comprehensive field program undertaken for Phase 1 of 
construction included 144 Cone Penetrometer Tests (CPTs), 65 piezometers, 92 horizontal drains, and 
wick drains. The irrigation of the heap leach stockpile and extraction of the solution continued throughout 
most of the field investigations.  

The wick drains installed during field investigations were spaced at 25 feet on center throughout the 
heap leach stockpile to various depths. In select areas, the wick drains were spaced at 15 feet on center.  

2.1.3 Construction 
The geotechnical contractor installed wick drains up to 105 feet from the working surface initially. After 
the preliminary stabilization efforts, mine officials observed an increase in solution into the pond, as well 
as a higher concentration of copper.  An additional wick drain program was developed to increase the 
drainage over the entire ore pad, an area of ~8.9 million square feet. Wick drains were installed to 
maximum depths of 180 feet.  A total of 15,500 wick drains were installed deeper than 125 feet while 
2,750 were installed less than 125 feet deep. This innovative use of ground improvement ultimately 
allowed the mine to recover an extra 27 million pounds of copper within a 1-year period. 

The combined weight of the rig utilized for the installation of wick drains deeper than 125 feet was 
approximately 425,000 pounds (Figure 3).  

2.1.4 Quality Assurance 
The geotechnical contractor utilized a proprietary data acquisition (DAQ) system, providing location 
number, northing and easting, pushing force required to install the drain, depth of drain, time began, 
elapsed time to install the drain, elevation at surface, and elevation at anchorage for each wick location. 
The DAQ system then produced individual wick location reports and generated graphs representing each 
completed location with location number.  
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2.2 Oil Sands Tailings Impoundment 
2.2.1 Introduction 
A major oil sands company in Fort McMurray, Alberta, Canada, committed to close and carry out a final 
reclamation program of soft mature fine tailings (MFT) impoundments. Because of the oil sands ore 
processing, the MFT in the impoundments consisted of a low-density, high-fines sand, bitumen, and 
water mixture with a consistency similar to a milk shake. At the center of the vast impoundments, which 
were many hectares in size (Figure 4), the MFT was in excess of 40 m (131.2 feet) in depth. A 
geotextile/geogrid reinforced floating cap was placed over the MFT to allow a trafficable surface for 
personnel and equipment to carry out further reclamation activities.  

2.2.2 Geotechnical Problems 
A new directive stated that the oil sands tailings required a shear strength of a least 10 kPa within 5 years 
after the active deposition ceased. Due to the high fines content of the MFT, it exhibited a very low 
hydraulic conductivity, requiring significant time to dewater and increase in shear strength. The MFT 
required an acceleration of the dewatering process to meet the new directive.  

2.2.3 Design Solution 
Different solutions for the dewatering of the soft tailings were reviewed, and extensive laboratory testing 
and Fast Langarian Analysis of Continua (FLAC) modeling on wick drains and MFT followed. Three 
small-scale wick drain trials were later completed in various locations in an impoundment. This testing 
confirmed that the wick drains could be installed successfully into the MFT.  

Figure 3: A 200-foot tall, 425,000 pound rig capable of installing wick drains to depths of 180 feet. 
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2.2.4 Construction 
Because work was completed on the geosynthetic reinforced floating coke cap (Figure 5), the design 
engineers applied restrictions on the size of equipment. Thus, new wick drain installation leads were 
fabricated. Modifications were made to excavators to further reduce the weight, providing a greater factor 
of safety while performing work.  

2.2.5 Quality Assurance 
The geotechnical contractor utilized a proprietary data acquisition (DAQ) system (Figure 6), providing 
location number, northing and easting, pushing force required to install the drain, depth of drain, time 
began, elapsed time to install the drain, elevation at surface, and elevation at anchorage for each wick 
location. The DAQ system then produced individual wick location reports and generated graphs 
representing each completed location with location number (Figure 7).  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 4: Aerial view of impoundment to be treated using wick drains. Impoundment was sectioned into polders to 
accommodate construction sequencing. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Wick drains installed into a tailings impoundment in northern Alberta, Canada, to decrease the tailings 
consolidation time. 
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3 CONCLUSION 

Wick drains have a long track-record of successful solutions to many issues faced by mine operators. 
Issues can include insufficient factors of safety for global stability or settlement, capping of tailings 
ponds, recapture of water from tailings ponds, and increased working capacity of ponds. The case 
histories discussed within this paper represent the effectiveness of wick drains utilized for heap leach 
mining to increase the distribution of acid into the ore pile, ultimately increasing production. In addition, 
wick drains effectively accelerated the dewatering process for oil sands tailings with high fines content.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Equipment operator monitoring progress on the DAQ system computer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

167



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Wick drain DAQ report. 
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1 INTRODUCTION 
 
Mine operators face challenging conditions on a daily basis outside of the day-to-day challenges 
of operating a mine, including the changing regulatory environment, changing commodity and 
shipping prices, safety concerns, and environmental concerns.   

The mining industry can rely on specialist firms to take some of the risk out of mine opera-
tions. This is particularly true when those risks are not critical to mining activities, but instead 
pertain to tailings containment and disposal.  Specialist geotechnical firms have a long record of 
accomplishment in providing solutions using ground improvement methods.  These methods 
may be outside of the techniques generally considered by active mines; however, there is prece-
dence in using many techniques in North America and abroad. In addition, regulatory agencies 
have openly accepted many of these techniques. 

Geotechnical investigations are necessary in understanding subsurface conditions at mines, 
and allow the development of effective ground improvement solutions. Ground improvement 
techniques have treated issues as diverse as mine tailings decantment, leaking of dikes and 
dams, consolidation of both solid and liquid mine tailings, water infiltration into open pits and 
below grade mines, improvement of dikes to allow for the increase in pond volumes, acidic 
runoff and many other issues.  With these diverse issues, a universal solution is not practical nor 
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ABSTRACT: This paper presents solutions for a variety of geotechnical and environmental 
issues faced by operators of mine tailings facilities.  Typical challenges include excess fluid 
waste that does not decant water naturally due to fines content, global instability and settlement 
concerns of tailings dams, leaking beneath dams causing instability, and the inability of opera-
tors to cap existing tailings facilities.  Issues of concern during reclamation include the inability 
to place solid material and vegetation on top of the pond during the reclamation phase. This pa-
per will present case histories involving rigid inclusions and grouting techniques that provide 
structural ground improvement solutions for each of the issues above.  

A description of a project requiring bedrock fissure grouting at an open pit and underground 
goldmine is provided. The grouting was performed for the foundation of numerous proposed 
earth dams to enable raising of the existing tailings impoundment ponds adjacent to the mine.  
The grouting was designed to reduce the flow of water beneath the dam, increasing the factor of 
safety of the dam.  

Secondly, a case history of the use of a rigid inclusion ground improvement system to stabi-
lize an existing phosphate mine spoil pond for a large transportation project is provided.  This 
material was adequately improved to allow for the construction of a major roadway embank-
ment. If the embankment was constructed without ground improvement it would exhibit exces-
sive settlement and possible global stability issues. 

This presentation will discuss the advantages and disadvantages of each of the applications 
outlined above. 
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plausible.  The improper selection of a technique will only result in future failures and require 
further remediation. 

Most of the issues described above have several ostensible solutions; however, the specialist 
firm contracted must have proper experience with both the subsurface conditions and the tech-
nique selected to most effectively correct the issues.  A collaborative approach in which all 
team members share available information to determine a solution is the approach that effec-
tively provides a permanent solution for the problem at hand.  For example, a cost-plus-fee ap-
proach can be utilized to take advantage of each team members’ collective knowledge and expe-
rience. 

If alternative contracting methods cannot be utilized, at minimum, then performance based 
specifications should be considered to allow successful delivery of the project.  Prescriptive 
specifications in this industry may limit competition to a single proprietary method and provid-
er. The author of the specification is generally not as knowledgeable about the system specified 
as the contractor that will eventually complete the installation of the system.  

The specialist contractor community provides guidance for challenging projects, and is often 
capable of providing the design and implementation of the ground improvement system.  Allow-
ing contractor involvement at an early stage in the project will result in the most cost effective 
solution for the issue at hand. 

2 GROUND IMPROVEMENT OPTIONS FOR MINING FACILITIES 

2.1 Rigid Inclusions 
Rigid inclusions (RIs), a displacement and replacement ground improvement technique, trans-
fers loads through weak strata to an underlying bearing stratum using high modulus, controlled 
stiffness columns (Figure 1).  A bottom-feed mandrel with a top-mounted vibrator is advanced 
through the weak strata to the underlying stratum.  Displacement densifies the granular bearing 
soils. Concrete is then pumped through the mandrel, which opens as it is raised.  The mandrel 
may be raised and lowered several times within the bearing depth to construct an expanded base 
if required by the design.  The mandrel is then extracted while a positive concrete head is main-
tained.  The concrete fills the void created by the mandrel during extraction, and terminates in 
an upper strong stratum, or is subsequently overlain by an engineered load transfer platform.  
The improved performance results from the reinforcement of the compressible strata with the 
high modulus columns.  The technique has been used to increase allowable bearing pressure 
and decrease settlement for planned structures, embankments, and tanks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: RI installation procedure. 
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2.1.1 Rigid Inclusions for Embankment Support over Waste Phosphatic Clay 
The East-West Connector, a major road expansion project in central Florida, involved extend-
ing Edgewood Boulevard to the west, from Harden Boulevard to South Florida Avenue.  The 
project scope involved constructing a new 15-foot-high roadway embankment through an area 
formerly strip mined for phosphate ore (Figure 2).  Post-construction settlement was required to 
remain less than 3 inches, despite predicted settlement of several feet without ground improve-
ment.  

2.1.2 Subsurface Conditions 
A portion of the proposed roadway alignment was located over settling ponds residual from the 
former mining operation.  The ponds contained up to 40 feet of soft phosphatic clay, referred to 
locally as slimes (Figure 3).  The material resulted from phosphate strip mining, and was char-
acterized by a high moisture content and low shear strength (~150 psi or less).  Thus, the weak 
soils would not support the planned roadway embankment safely. 

2.1.3 Ground Improvement Solution 
The design-build team, consisting of the general and geotechnical contractors, proposed a rigid 
inclusion (RI) system with a geosynthetic load transfer platform (LTP) to adequately transfer 
the embankment and roadway loads through the phosphatic clays.  The RI columns, arranged in 
a grid pattern, extended to the competent layer below the soft zone of soft phosphatic clays.  
The LTP consisted of bi axial geogrid and crushed stone. 

2.1.4 Design Testing 
 
The RI contractor completed the design of the RI system and LTP.  To verify the design, the RI 
contractor constructed a sacrificial full-scale test embankment.  The proprietary data  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Historical aerial view of mine pits in 1968 
 
 
 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

171



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Close up of slimes on site. 
 
acquisition system (DAQ) was also designed and installed by the RI contractor (Figure 4).  It 
included vibrating wire (VW, Piezometers at 2 locations with 2 elevations per location, VW 
Earth Pressure Cells at the base and the top of the LTP, VW settlement plates at the top of the 
LTP and near the top of the embankment, and VW strain gauges on each of the 3 geogrid layers 
in the LTP. 

After an initial 10- by 10-foot plate load test, surcharge was placed over the entire 40- by 40-
foot load test area for additional testing.  The remainder of the RIs were constructed while the 
full-scale surcharge load test was conducted.  

Conventional settlement plates with telltales were also installed for redundancy. This system 
was monitored for approximately 4 months, and all data were accessible via Internet (Figure 5).  

Finite Element Modeling (FEM) predicted the performance of the RI system.  This model 
was further calibrated with the actual results from the DAQ system to verify that the design cri-
teria was met.  Instrumentation installed in the embankment and underlying slimes measured the 
actual performance of the system. 

2.1.5 RI Construction 
The RI contractor utilized a bottom-feed mandrel with a top-mounted vibrator to advance the 
mandrel through the weak phosphatic clays to the underlying bearing strata.  Granular bearing 
soils were densified by displacement during this advancement.  When the mandrel reached the 
limit of design depth, it was opened and concrete was pumped through it as it was raised.  The 
mandrel was then extracted while maintaining a positive head of concrete. The concrete filled 
the void created by the mandrel during extraction and terminated at the surface.  

The RIs were constructed to depths ranging from 10 to 40 feet.  A relieving platform com-
posed of geosynthetic-reinforced, compacted aggregate constructed directly atop the RI ensured 
uniform support of the embankment.  Arching within this layer distributed all overburden 
stresses to the RI columns. 

2.1.6 RI Quality Control 
The RI contractor utilized proprietary DAQ equipment and software throughout construction to 
provide real-time monitoring of all parameters.  These included the x, y, and z location of each 
column, driving force, volume, and the pressure of the concrete placement.  In-cab monitors 
displayed real-time quality control feedback to the operator and field engineer.  All data were 
transmitted to an online central database via cell modem. 
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Figure 4: Remote DAQ system (foreground) and test section (background). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Settlement monitoring data accessible via the Internet. 
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2.2 Rock Fissure Grouting 
Rock fissure grouting, performed in fissured rock masses, reduces the flow of water along the 
joints and discontinuities in rock formations using staged grout injection from boreholes drilled 
using rotary percussive drills.  Reduction in permeability results from the grouting material, the 
rock, and grout design.  Typically, general purpose, ultra-fine, or micro-fine cements are used.  

This method consists of drilling, water testing, and grouting an array of primary grout holes 
installed at regular intervals, then secondary and tertiary grout holes located centrally between 
adjacent primary holes.  Rock fissure grouting seals fissures in fractured bedrock to create a low 
permeability barrier.  

2.2.1 Tailings Dam Raises 
An open pit and underground gold mine located off Highway 17 between White River and Mar-
athon, Ontario, Canada, 15 km (9.3 miles) from the northeast shore of Lake Superior, proposed 
to construct numerous earth dams to enable raising of the existing tailings impoundment ponds 
adjacent to the mine.  However, bedrock fissure grouting was required below the undersides of 
the dams. Leakage below the dam could result in dam instability if no grouting took place. 

2.2.2 Construction 
New dam sections as well as extensions to existing dams were constructed.  The geotechnical 
contractor’s scope included drilling holes ranging from depths of 5 to 30 meters (Figure 7), wa-
ter testing, and pressure injection of cement based suspension grouts (Figure 8).  All grouting 
was performed utilizing Portland cement based grouts.  Admixtures were used for rheology and 
stability control of the grout mixes. Final project quantities included 1,500 lineal meters of 
grout curtain.  

2.2.3 Quality Control 
A total of 8 different grout mix designs were batched and bench-scale tested to provide the en-
gineer flexibility in addressing the highly variable rock conditions encountered in subsurface 
investigations. Grout curtains were constructed using a 3-row design approach.  All water test-
ing and grouting was monitored and recorded in real-time utilizing a proprietary DAQ system. 
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Figure 7: Drilling of grout holes. 
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Figure 8: Grout efflux from fissures/cleavage planes. 
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3 CONCLUSION 

The case studies discussed in this paper included thorough pre-planning and design calculations 
conducted by the contractor, providing cost effective solutions to difficult geotechnical design 
challenges.  The contractor used state-of-the-art monitoring combined with current design prac-
tices to provide turnkey solutions. Specialty foundation contractors can be an ally for mine op-
erators.  Consider collaborating with these contractors to take greatest advantage of their 
knowhow and technical abilities. 
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ABSTRACT: This paper describes the Clean Water Act (CWA) Use Attainability Analysis 
(UAA) process and how it may be used in determining the beneficial uses of a surface water, its 
applicable water quality standards (WQS) and therefore, the cleanup goals or Applicable or 
Relevant and Appropriate Requirements (ARARs) for a remedial action under the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA, aka 
Superfund), where a site has potential impacts to surface waters.  
   Any CERCLA remedial action must include development of a remedy that meets the threshold 
criteria that drive the CERCLA process.  The chosen remedy must be deemed protective of 
human health and the environment and meet ARARs.  CERCLA allows for waivers of ARARs 
for various reasons, including technical impracticability.  This paper addresses the process for 
obtaining a waiver for WQS, based on the inability to meet the standards, whether that is due to 
discharges from the site, natural site conditions or other factors.  
   To obtain the waiver, a site-specific process basically equivalent to what a State uses to 
classify surface water must be followed.  Many States have established protocols for 
determining the attainability of beneficial uses, e.g., recreation, aquatic life, water supply and/or 
wildlife habitat.  The scope of a UAA would include collection of the site-specific information 
required by the applicable State protocol.  This may include water quality, stream flow, 
hydrological, aquatic biota and habitat assessment data.  Once the UAA is complete and the 
appropriate beneficial use approved, the waiver is documented and incorporated into the 
CERCLA Record of Decision and remedial action planning and design. 

1  INTRODUCTION 

The purpose of the UAA process is to evaluate whether the beneficial uses designated for a 
given stream can be supported, given existing water quality, hydrology and habitat value.  This 
can be particularly important in cases where a surface water has been classified by default, i.e., a 
state has not assessed each surface water, but assumes certain beneficial uses are supported 
state- or region-wide, until proven otherwise.   
   If the existing beneficial uses cannot be supported, then the WQS can be evaluated for a 
potential ARARs waiver under CERCLA.  This paper addresses the process that would be 
considered in the State of Idaho, as one example.  It identifies the major steps to demonstrate 
that a ARARs waiver is appropriate under both the CWA and Superfund.   

2  REGULATORY ASPECTS 

The National Oil and Hazardous Substance Pollution Contingency Plan (NCP) is the regulation 
that implements CERCLA.  It includes the evaluation criteria, divided into three groups based 
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on the function of each group of criteria in selecting the remedial action.  The threshold criteria 
are those statutory requirements that must be met in the choice of a remedy, including overall 
protection of human health and the environment and compliance with ARARs (40 CFR 
300.430).  
   The CERCLA Compliance with Other Laws Manual (United States Environmental Protection 
Agency, 1988) includes the following discussion of how WQS are to be used as ARARs for 
Superfund actions and illustrates some of the complexity involved in determining when and how 
they are to be applied: 

CERCLA §121 states that remedial actions shall attain Federal water quality criteria 
where they are relevant and appropriate under the circumstances of the release or 
threatened release. This determination is to be based on the designated or potential use 
of the water, the media affected, the purposes of the criteria, and current information.  
Water quality criteria are non-enforceable guidance developed under Clean Water Act 
(CWA) §304 and are used by the State, in conjunction with a designated use for a 
stream segment, to establish water quality standards under §303. In determining the 
applicability or relevance and appropriateness of water quality criteria, the most 
important factors to consider are the designated uses of the water and the purposes for 
which the potential requirements are intended.  A water quality criteria component for 
aquatic life may be found relevant and appropriate when there are environmental factors 
that are being considered at a site, such as protection of aquatic organisms. With respect 
to the use of water quality criteria for protection of human health, levels are provided 
for exposure both from drinking the water and from consuming aquatic organisms 
(primarily fish) and from fish consumption alone.  Whether a water quality criterion is 
relevant and appropriate and which form of the criterion is appropriate depends on the 
likely route(s) of exposure. 

 
A summary table of current recommended water quality criteria for the protection of aquatic 
life and human health in surface water can be found at on-line (United States Environmental 
Protection Agency).  These criteria have been developed and updated on a regular basis as per 
Section 304(a) of the CWA to provide guidance for states/tribes to use in adopting their own 
water quality standards. 
   CERCLA provides for the use of Technical Impracticability (TI) and other waivers where 
ARARs cannot be met (United States Environmental Protection Agency, 1989).  In addition, the 
CWA provides options regarding the designation of beneficial uses and temporary waivers.  
This is an important point to understand, as the CWA is a major regulatory driver at many 
mining and other Superfund sites.  Remedial actions selected must attain ARARs that are    
identified in the ROD or provide grounds for a waiver (40 CFR 300.430).   
   If approved, a waiver allows for the remedy to proceed without “attaining” ARARs as part of 
the Feasibility Study process (40 CFR 300.430).  
   Additional points that are relevant to the UAA process are that when identifying ARARs, they 
are to be based upon site-specific conditions and the circumstances of the release.  They must 
also be measurable and attainable, as their intended purpose is to provide a standard that a 
chosen remedial action can actually attain.  The ROD is to include both federal and state 
ARARs that the remedial action will or will not meet, the waiver to be invoked, and the 
justification for invoking the waiver (40 CFR 300.430).   

2.1  Case Studies 

Two precedent case studies for successful use of such waivers at other CERCLA projects 
include the New World Mining District near Yellowstone National Park (United States 
Environmental Protection Agency) and Blackbird Mine near Salmon, Idaho (Idaho Department 
of Environmental Quality, 2002) .  These case studies demonstrate the use attainability waiver 
as an appropriate component of the ROD and that it has been successfully invoked in the past.   

 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

178



2.1.a  State of Idaho Applicable UAA Guidance 

The following guidance documents are to be utilized to develop the UAA and waiver: 

x Rules of the Department of Environmental Quality, Water Quality Standards (IDAPA 
58.01.02).  

x Protocols for Conducting Use Attainability Assessments for Determining Beneficial 
Uses to be Designated on Idaho Stream Segments Water Quality Monitoring Protocols – 
Report No. 7, (Idaho Department of Health and Welfare, Division of Enviromental 
Quality, 1991). 

x Rapid Bioassessment Protocols for Use in Wadeable Streams and Rivers, Periphyton, 
Benthic Macroinvertebrates, and Fish, EPA 841-B-99-002, Second Edition, (United 
States Environmental Protection Agency, 1999). 

x Clarification of OSWER's 1995 Technical Impracticability Waiver Policy, OSWER 
Directive #9355.5-32 (United States Environmental Protection Agency, 2011).  

x Summary of Technical Impracticability Waivers at National Priorities List Sites (United 
States Environmental Protection Agency, 2012). 

2.1.b. Preparation of the Work Plan 

The UAA Work Plan will largely be based upon the Protocols for Conducting Use Attainability 
Assessments for Determining Beneficial Uses to be Designated on Idaho Stream Segments 
(Idaho Department of Health and Welfare, Division of Enviromental Quality, 1991).  The work 
plan will address the characterization of water quality, aquatic life, physical habitat, hydrology 
and other conditions as required by the Protocol.  This characterization will determine whether 
or not the designated beneficial uses are being attained and/or are attainable.  The work plan will 
address numeric water quality standards (IDAPA 58.01.02), and possibly other parameters, such 
as chlorophyll-a, E. coli and fecal coliform bacteria 
   Aquatic habitat will be characterized by the EPA Rapid Bioassessment Protocols (United 
States Environmental Protection Agency, 1999).  Because aquatic habitat characteristics can 
vary seasonally, e.g., due to snowmelt or presence of ephemeral streams, sampling events 
should be scheduled to capture a range of conditions that may exist, particularly if they impact 
attainment of the designated beneficial uses and related WQS.  Each event will include 
collecting data related to surface water chemistry, flow, hydrology, aquatic life, and physical 
habitat conditions from the streams of interest.  The typical parameters to be collected in the 
sampling events include: 
 

x Instantaneous water quality measurements (temperature, dissolved oxygen, pH, 
conductivity, redox potential) and laboratory (metals, E. coli, and fecal coliform) will be 
collected during each sampling event. 

x Hourly water temperature measurements will be collected with data loggers between 
sampling events. 

x Benthic macroinvertebrate community samples will be collected where present during 
the late summer sampling event. 

x Periphyton community samples will be collected where present during the late summer 
sampling event. 

3  RECREATIONAL USE ASSESSMENT 

The recreational beneficial use assessment would compare observations of stream flow, wetted 
channel metrics, dominant substrate and aesthetic quality ratings with the criteria for use 
attainment (Idaho Department of Health and Welfare, Division of Enviromental Quality, 1991).  
These observation comparisons will determine the current attainment and potential for 
attainment of the recreation use classification by addressing recreational use questions (Idaho 
Department of Health and Welfare, Division of Enviromental Quality, 1991), such as: 
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x What is the water-based recreation value class as defined in the "Pacific Northwest 
Rivers study" (Allen, 1986)?  

x Are normal summer low flows greate r  than  1  cubic feet per second (cfs), greater 
than or equal to 5 cfs, or is the average stream width greater than 25 feet and 
average depth greater than 1 foot?  

x Is the aesthetic quality rating of the stream segment high, intermediate, or low? Is 
the dominant substrate of the stream segment greater than or equal to sand size?  

x Is primary o r  s e c o n d a r y  contact recreation an existing use?  
x Does natural or anthropogenic pollution, which would cause more environmental 

damage to correct than leave in place, preclude primary contact recreation as a use?  
x Does such pollution cause more environmental damage to correct than leave in place, 

precluding secondary contact recreation as a use?  
x Are controls more stringent than those required by Sections 301(b) and 306 of 

the CWA necessary to support a primary contact recreation use and would these 
controls result in substantial and widespread economic and social impact?  

x Are controls more stringent than those required by Sections 301(b) and 306 of the 
CWA necessary to support a secondary contact recreation use and would 
these controls result in substantial and widespread economic and social impact? 

4  AQUATIC LIFE ASSESSMENT 

The aquatic life beneficial use assessment would compare observations of stream habitat 
significance and quality ratings with the criteria for aquatic life use (Idaho Department of Health 
and Welfare, Division of Enviromental Quality, 1991).  These observation comparisons will 
determine the current attainment and potential for attainment of the aquatic life use classification 
by addressing the following questions (Idaho Department of Health and Welfare, Division of 
Enviromental Quality, 1991): 
 

x Do water temperatures seldom exceed 20° Celsius or is there a 
significant occurrence of cold water species?  

x Is the existing habitat (excluding anthropogenic pollution) capable of 
supporting salmonid spawning or is salmonid spawning an existing use?  

x What is the habitat and species value class as defined in the Pacific Northwest 
Rivers study (Allen, 1986)?  

x What is the significance (High, Intermediate or Low) of the species present?  
x What is the rating (Excellent, Good, Fair or Poor) of the existing aquatic 

habitat?  
x Is cold water biota an existing use?  
x Is warm water biota an existing use?  
x Does pollution, causing more environmental damage to correct than leave in 

place, preclude salmonid spawning, cold water or warm water biota as a use?  
x Are controls more stringent than those required by Sections 301(b) and 306 

of the CWA necessary to support a salmonid spawning use and would these 
controls result in substantial and widespread economic and social impact?  

x Are controls more stringent than those required by Sections 301(b) and 306 
of the CWA necessary to support a cold or warm water biota use and would 
these controls result in substantial and widespread economic and social impact?  

5  WAIVER PROCESS AND DEVELOPMENT 

Results from the recreational and aquatic life assessments are used to determine whether or not 
recreational and/or aquatic life beneficial use is currently being attained and/or whether these 
uses are attainable.  As noted earlier, CERCLA allows for waivers when ARARs such as a 
WQS, based on a designated beneficial use is not or cannot be met.   
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The six statutory waivers provided under Superfund include: 
 

1. Potentially, the Interim Measures Waiver may be used, and can be applied when an 
interim measure that does not attain all ARARs is expected to be followed by a 
complete measure that will attain all ARARs.  This could take the form of temporary 
WQS, allowing time (5-10 years) for remedial action measures and/or new technology 
to be used to bring surface water quality into compliance. 

2. The Equivalent Standard of Performance waiver, which may be appropriate where an 
ARAR requires a particular design or operating standard, when equivalent or better 
results, could be achieved using an alternative design or method of operation.  The 
degree of protection afforded; level of performance achieved; and the potential to be 
protective in the future should be greater for the proposed alternative.  Depending on 
site conditions and surface water quality, this waiver may also be considered.  

3. The Greater Risk to Health and the Environment Waiver may apply where ARAR 
compliance may cause greater risk to human health and the environment than 
noncompliance.  The greater the magnitude, length of time and irreversibility of harm, 
the more appropriate the use of this waiver.  This type of waiver should be carefully 
considered in concert with the results of the human health and ecological risk 
assessments completed for the site. 

4. The Technical Impracticability (TI) waiver may be used when compliance with an 
ARAR cannot reasonably be achieved from an engineering perspective.  It can be 
invoked if the engineering feasibility, where available engineering methods to construct 
and maintain an alternative that would meet the ARAR cannot reasonably be 
implemented; and if reliability, where the potential for the alternative to continue to be 
protective is low.  Costs may be considered, but should not be the primary factor.  An 
"alternative remedial strategy" must be developed that ensures protection of human 
health and the environment.  This strategy is then incorporated into the ROD, along with 
the waiver justification and should define achievable Remedial Action Objectives 
(RAOs) and final cleanup levels for the remedial action.  At a minimum, the alternative 
strategy should prevent human exposure to the contaminated media, prevent further 
contaminant migration, and define any additional, appropriate risk reduction measures.  
This may well be a key waiver worth careful consideration at mining and other 
Superfund sites.  

5. Inconsistent Application of State Standard Waiver may be invoked when one can 
demonstrate that a State standard has not been or will not be consistently applied to 
other remedial sites within the State, e.g., where a standard was promulgated but not 
applied, or has been inconsistently applied or enforced.  How this might be applied, for 
example, in cases of default designation of beneficial uses, is worthy of careful 
evaluation in implementing a UAA-based ARAR waiver. 

6. The Fund-Balancing waiver may be applied where ARAR compliance costs, considered 
in relation to the added protection or reduction of risk afforded would utilize available 
funds such that remedial actions at other sites could be jeopardized.  While normally 
invoked at Superfund lead sites, it is also worthy of discussion in cases where there is 
potential cost-sharing, or multiple site requiring cleanup by responsible parties to assure 
any monies are well spent and targeted to achieve maximum protection of human health 
and the environment, and to avoid the need for public funding where viable private 
parties are available to bear the costs of remedial actions. 
 

Thus, the basis for justifying one of the six allowable ARARs waivers, based on the results of 
the UAA would be included in the Superfund site ROD and Feasibility Study (FS) planning and 
design, if the UAA determines and the regulatory agency with decision authority approves the 
determination that the water quality standard cannot be met.  The site cleanup’s Remedial 
Action Objectives (RAOs), otherwise known as final Remediation Goals (RGs) are determined 
based on cost, technical feasibility/impracticability, stakeholder acceptance, uncertainty in the 
baseline human health and ecological risk assessments, and other risk management issues.  
These are then documented in the ROD as final remediation levels in accordance with 40 CFR 
300.430(f). 
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1 INTRODUCTION 

This paper summarizes the design and construction of the spillway on the tailings storage facili-
ty (TSF) at the Marlin Mine in western Guatemala. The Marlin Mine is a precious-metal mine 
and processing facility, located in San Marcos Province in northwest Guatemala, approximately 
120 km west-northwest of Guatemala City. The Marlin Mine is owned and operated by Montana 
Exploradora de Guatemala S.A. (Montana), a subsidiary of Goldcorp Inc. 

The spillway design was conducted for Montana by MWH Americas Inc. (MWH) in 2010 
and 2011. Spillway construction was managed by Montana, with construction quality assurance 
review and technical support provided for Montana by MWH. Spillway construction was con-
ducted from late 2011 through mid-2013. 

1.1 Project background 
Montana began mining and milling operations at the Marlin Mine in late 2005. Mining has in-
cluded both open-pit and underground methods, with open-pit mining phased out in 2012. Pro-
cessing for precious-metal recovery uses conventional milling, with a cyanide leach process and 
Merrill-Crowe recovery circuit for recovery of gold and silver as doré. Mine production has 
been approximately 250 000 equivalent gold ounces per year, with mill production ranging from 
approximately 4000 to 6000 tonnes per day.  

Prior to discharge into the TSF, mill tailings are processed through a cyanide destruct circuit, 
such that process water stored in the TSF is close to applicable Guatemalan water quality stand-
ards for discharge. Mill tailings have been discharged into the TSF at a slurry density ranging 
from approximately 30 to 40 percent solids. Tailings and process water containment in the TSF 

Water management planning for a tailings storage facility in 
Central America 

C.L. Strachan 
MWH Americas Inc., Fort Collins CO USA 

M.A. Aparicio 
Montana Exploradora de Guatemala, Marlin Mine, Guatemala C.A. 
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ABSTRACT: This paper describes the water management strategy in post-closure planning for 
the tailings storage facility at the Marlin Mine in western Guatemala.  Under operational condi-
tions, process water and extreme storm runoff was stored within the tailings storage facility, 
with permitted discharge of water through a decant system and from a water treatment plant.  
Based on limited remaining capacity in the tailings storage facility, tailings management was 
modified to include filtered tailings placement in one of the open pits.  A spillway at the tailings 
storage facility was designed and constructed for management of process water and extreme 
storm runoff under remaining operational conditions and after closure.  The design criteria for 
the tailings storage facility and spillway included accommodation of runoff from the probable 
maximum precipitation at the site, ground accelerations from the maximum credible earthquake, 
and long-term safety considerations associated with surrounding land use and property owner-
ship.   

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

183



is provided by a cross-valley dam (main dam) and berm along a ridge (saddle dam). The main 
dam and saddle dam are zoned embankments designed for water retention, with a low-
permeability clay core and compacted rockfill shells. These embankments were constructed in 
stages in a downstream manner, with the main dam and saddle dam completed to the final crest 
elevation in early 2010. 

Based on a finite capacity in the TSF, tailings management has transitioned from slurried tail-
ings disposal in the TSF to filtered tailings placed as backfill into one of the mined-out open 
pits. During this transition, the spillway at the TSF was designed and constructed to accommo-
date remaining operating conditions and future closure considerations. 

1.2 Site area climate 
The Marlin Mine is situated within the mountains of the Western Sierra de Chuacús at the toe of 
the Sierra Madre (Ortega-Obregón et al., 2008). Elevations in the mine area range from approx-
imately 1600 to 2500 m. Although climate data has been collected at the Marlin Mine since late 
2003, the closest meteorological station with a significant period of record (over 30 years) is at 
Huehuetenango, approximately 40 km north of the Marlin Mine. 

The climate in the Marlin Mine area reflects distinct wet and dry seasons. The average annual 
precipitation is approximately 1020 mm (measured at Huehuetenango). Most of this precipita-
tion occurs during a bimodal wet season, typically extending from May through October. Pre-
cipitation data collected at the mine site indicates a slightly higher average annual precipitation 
than that measured at Huehuetenango. Average annual evaporation data (measured at 
Huehuetenango with a standard pan) is approximately 1700 mm. 

Precipitation frequency or extreme storm data for the region were reviewed and documented 
in MWH (2010). Based on the precipitation record at Huehuetenango, estimates of the 100-year 
24-hour storm event yielded totals ranging from approximately 140 to 190 mm, depending on 
the statistical procedure used to evaluate the data. These estimated totals were lower than storm 
totals along the Gulf Coast of the US, so the precipitation record at Huehuetenango was deter-
mined to be of insufficient duration for extreme storm event estimates. 

Since hurricanes generated in the Gulf of Mexico are the primary sources of extreme precipi-
tation in the region, extreme storm evaluation included a review of precipitation data from hurri-
canes in the region (MWH, 2010).  Records from the early 1900s through 2010 were reviewed 
from storms generated in the Atlantic and Pacific that crossed this part of Central America. The 
events with the largest precipitation totals are summarized in Table 1 below. 
 
 
Table 1.  Central American hurricane precipitation total summary. 
___________________________________________________ 
 
        Measurement  24-hour  Storm 
Hurricane  Year  Location    Total (mm) Total (mm) 
___________________________________________________ 
 
Mitch   1998  Honduras    467    1905 
Iris    2001  Honduras    -----     102 
Barbara  2007  Mexico     127    ----- 
Felix    2007  Honduras    244    ----- 
Stan    2008  Guatemala   267    ----- 
___________________________________________________ 

 
Hurricane Mitch was considered to be the second largest hurricane to hit Central America in 
recorded history. Its documented 24-hour precipitation total was 467 mm. 

Extreme storm event estimates were developed using the U.S. National Weather Service 
HMR documents for the U.S. Gulf Coast (HMR 51) (NOAA, 1978). The estimated 100-year 24-
hour precipitation total from this data is 336 mm, and the estimated 24-hour probable maximum 
precipitation (PMP) total is 1345 mm. These totals were for the highest estimated intensities, 
based on a 1.0 mi2 (2.56 km2) area. These precipitation totals from HMR 51 were used for TSF 
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water management and spillway design. From comparison with the hurricane data summarized 
in Table 1, the Hurricane Mitch precipitation total in 24 hours is in excess of the 100-year recur-
rence interval but is approximately 35 percent of the estimated PMP total. 

1.3 Site area geology and seismicity 
The Marlin Mine is located approximately 15 to 20 kilometers south of the Cuilco-Chixoy-
Polochic fault system, an active transform fault which extends into southern Mexico, and is part 
of the boundary that separates the Caribbean, North American and Central American tectonic 
plates (Mercado & Rose, 1992). Regional stratigraphy consists of crystalline basement rocks 
that lie beneath younger sedimentary and volcanic rocks, which range in age from early Paleo-
zoic to Tertiary (Ortega-Obregón et al., 2008; Ortega-Gutierrez et al., 2007; Mercado & Rose, 
1992).  

The Cuilco-Chixoy-Polochic fault system had a significant impact on the distribution of the 
Tertiary volcanic arc and the development of associated volcanic basins in the area. The volcan-
ic lineament of Guatemala follows the Pacific Coast and contains the tallest volcanoes in Central 
America. The Tacaná and Tajumulco volcanoes are approximately 30 to 40 km west of the Mar-
lin Mine (Mercado & Rose, 1992), with numerous volcanic vents and active volcanic sources 
within the region. Near-surface bedrock in the Marlin Mine area is composed of Quaternary py-
roclastic deposits, with bedrock encountered at the TSF spillway site being a relatively weak and 
friable lithic tuff. 

A deterministic seismic hazard analysis of the Marlin Mine area was conducted for initial de-
sign and permitting (SRK, 2002). From this analysis, the estimated Peak Ground Acceleration 
(PGA) for the Maximum Credible Earthquake (MCE) was 0.51 g, based on a 10 000-year return 
period (corresponding to a 2 percent probability of exceedance in 200 years). This design value 
was reviewed as part of spillway design (MWH, 2012), and was determined to be appropriate 
for the seismic design of spillway components. 

2 DESIGN 

The design criteria, layout, and design concepts are outlined below. 

2.1 Design criteria 
The TSF spillway was designed for long-term, post-closure conditions. These incorporate long-
term environmental conditions as well as anticipated land use and institutional control after clo-
sure. The key design criteria for the spillway are listed below.  

 
• Accommodation of peak runoff in the catchment draining to the TSF from the PMP.  
• Peak ground accelerations from the MCE. 
• Safety considerations associated with surrounding land use (primarily agriculture). 
• Controlled discharge of water below the spillway crest elevation. 
• Accommodation of operational facilities (primary mine access road and power line, tail-

ings delivery pipeline, water pipelines, access to dam crest and water treatment plant). 
 
These criteria were used for sizing spillway flow components as well as structural design of an-
choring and steel reinforcement. Operational criteria were accommodated in the various spill-
way elements and construction sequencing. 

2.2 Location and layout 
The spillway inlet was located on the south abutment of the TSF saddle dam, with spillway dis-
charge into the adjacent valley. Various alternatives were evaluated to select an efficient and 
economical spillway alignment and layout. Initial design evaluations in early 2011 considered a 
curved chute, which was necessary to avoid property not controlled by Montana. Initial hydrau-
lic analyses for a curved chute showed that a banked spillway floor was the best design ap-
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proach to maintain a relatively constant depth of flow across the chute floor through the curved 
reach of the chute.  

In May 2011, Montana acquired additional property in the spillway area, allowing a straight 
chute design. The chute design included a smooth chute floor with a stilling basin at the base of 
the chute to reduce flow velocities prior to release of water into the natural drainage. The 
smooth chute floor and stilling basin concept was preferred over a stepped or roughened chute 
floor for better long-term concrete performance. The spillway layout is shown in Figure 1. 

 

 
Figure 1.  Spillway layout, with inlet on the left and outlet into the natural drainage on the right. 

2.3 Site exploration 
In addition to subsurface exploration in the site area for TSF dam design, two phases of site ex-
ploration for the spillway were conducted under the direction of MWH. The first phase was 
conducted in November 2010 along the proposed curved alignment of the spillway chute. The 
second phase was conducted in June 2011 along the straight alignment of the spillway chute and 
the approach area of the spillway. The exploration programs included core drilling, Standard 
Penetration Testing, sample logging, and laboratory testing of selected samples for geotechnical 
parameters. 

While the pyroclastic tuffs beneath the spillway alignment were acceptable for foundation 
conditions, they were not acceptable from an erosional stability and durability standpoint. 
Therefore, the spillway design required a concrete chute and stilling basin, as well as shotcrete 
surfacing of excavated slopes. 

2.4 Key design elements 
The spillway inlet consisted of a labyrinth wall through the south abutment of the TSF saddle 
dam. A wall at the spillway inlet was necessary in order to provide controlled discharge (with 
sluice gates) at water levels in the TSF below the top of the spillway wall. The labyrinth wall 
height was based on anticipated tailings elevations in the TSF at closure and maximum operat-
ing water levels in the TSF. The labyrinth wall is shown in Figure 2.  The labyrinth wall height 
requirements are illustrated in Figure 6. 
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Figure 2.  Labyrinth wall plan and profile.  The actual constructed elevation of the sluice gate on the 
left side was 1.0 m higher than that shown on the figure. 
 

The labyrinth wall is 4.0 m high and 15 m wide. Two steel sluice gates were installed at each 
end of the wall to allow permitted discharge of water from the TSF below the elevation of the 
top of the labyrinth wall. The sluice gates were installed at different elevations (one meter 
apart), to allow more precise discharge control from the TSF. The sluice gates replaced a decant 
system that was used for permitted discharge of water from the TSF. 

The overall spillway length is approximately 270 m, with a 225 m long chute section and a 
horizontal stilling basin that is approximately 45 m long. The stilling basin profile and wall 
cross section are shown in Figure 3. 

The stilling basin was a standard US Bureau of Reclamation Type II horizontal basin, de-
signed to reduced flow velocities within the basin before release. The required length of the 
stilling basin dictated the steep gradient on the lower portion of the chute.  

The spillway chute drops 71 m from the spillway floor at the top of the chute to the floor of 
the stilling basin. The gradient along the chute floor is approximately 29 percent at the top of the 
chute. The chute then steepens to a grade of approximately 95 percent (almost 45°) for the last 
50 m above the stilling basin. 
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Figure 3.  Stilling basin profile, sections, and details. 

 
The spillway chute was designed to be as narrow as possible to reduce (1) the volume of con-
crete in the spillway, and (2) the span of the mine access road bridge over the spillway chute. 
The spillway inlet width ranged from 15 m at the labrinth wall to 10 m within the chute and 
stilling basin. These bridges and chute layout are shown in Figure 1. 

The flood routing calculations for spillway sizing were based on the TSF water level at the 
beginning of the PMP at the spillway invert elevation (MWH, 2012), which is consistent with 
spillway design procedures in ICOLD (1987) and CDA (1999). This was also the most con-
servative or highest discharge anticipated through the spillway during or after closure. The esti-
mated peak flow of runoff entering the TSF from the PMP under the condition of water at the 
top of the spillway wall was 830 m3/s. The TSF basin provided transient water storage capacity 
to attenuate the peak discharge through the spillway to approximately 150 m3/s. The maximum 
flow depth over the labyrinth wall at peak discharge of 150 m3/s was approximately 3 m, or 1.5 
m below the saddle dam crest elevation. 

2.5 Foundation, slab, and wall design 
The spillway slab included keyways and subsurface drains. Rock anchors were designed for up-
lift of floor slabs, with the layout shown in Figure 4. Rock anchor depths ranged from 3 to 5 m. 
The floor slabs ranged in thickness from 0.6 to 1.5 m. 

For long-term performance, relatively high-strength concrete was specified for all of the 
structural components of the spillway.  This included a 28-day compressive strength of 35 MPa 
(5 000 psi), with a working-range slump of 75 mm (3 inches). 
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Figure 4.  Spillway profile with rock anchor details. 

 
The tapered cross sections of the spillway walls were designed to accommodate the loading of 
backfill on the outside of the walls under both static and seismic conditions. Typical spillway 
wall cross sections are shown in Figure 5. Wall heights ranged from 2 m in the chute to over 8 m 
in the stilling basin and in the labyrinth wall area. Wall thicknesses ranged from 0.6 m at the top 
of walls to over 1.5 m at the base of the taller walls. 

 

 
Figure 5.  Typical wall cross sections and reinforcement details. 
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3 CONSTRUCTION SCHEDULE AND CONTRACTING 

Montana established a construction completion target for the spillway of mid-year 2012. This 
was based on projected tailings and process water levels in the TSF that would reduce the stor-
age capacity and dam freeboard below desired values for extreme storm event runoff storage. 

The background for this scheduling is illustrated in Figure 6, which shows the average tail-
ings surface level with time in the TSF. The two milestones in the schedule are the spillway 
completion date (end of August 2012) and beginning of filtered tailings placement in the Marlin 
open-pit mine (November 2012). The TSF freeboard capacity is also shown, with a transition 
from the permitted, operational freeboard capacity (100-year 24-hour storm runoff plus 2 m ad-
ditional dam freeboard) to the long-term or closure freeboard of storing runoff from the 24-hour 
PMP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Spillway construction schedule with average tailings surface elevation and TSF freeboard. 
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This construction schedule dictated a limited contractor mobilization time, and resulted in ob-
taining bids from Guatemalan contractors for the spillway construction. Constructability issues 
involved with contractor selection included consideration of (1) contractors capable of doing 
this type of concrete work (especially high walls and steep floor slabs); (2) availability of aggre-
gate, cement, and reinforcing steel; (3) maintaining experienced staff in a relatively remote loca-
tion; and (4) accommodation of seasonal wet and dry periods.  

3.1 TSF freeboard and cofferdam construction 
The storage capacity of the TSF was maintained during spillway construction with a temporary 
cofferdam, which was constructed upstream of the spillway inlet. Due to the elevation of tailings 
and water in the TSF at the time of spillway construction, unprotected spillway excavation 
through the abutment at the south end of the saddle dam would create a potential location for 
uncontrolled discharge from the TSF. Therefore, the spillway excavation required an embank-
ment or dam for retention of extreme storm-event runoff. 

The foundation conditions upstream of the spillway excavation area consisted of layers of 
random fill and tailings above bedrock. These foundation conditions were not amenable to con-
struction of a temporary earthen dam to protect spillway excavation and construction. As docu-
mented in MWH (2013a), a cofferdam was selected for spillway excavation protection, and was 
comprised of parallel sheet pile walls driven into bedrock. The sheet pile structure was rein-
forced for seismic stability with steel ties and cross-members and filled with gravel. The coffer-
dam backfill was placed to the same elevation as the saddle dam crest elevation. The upstream 
(inside) sheet pile wall was driven through a bentonite grout-filled trench for seepage control. 
The cofferdam was removed after spillway completion and dam backfill placement. 

3.2 Contractor organization 
Montana conducted contracting and project management, as well as procurement of key materi-
als that are not available in Guatemala (sheet pile steel and sluice gates). Construction quality 
assurance review and technical assistance during construction was conducted by MWH. The 
construction responsibilities between Montana, MWH, and selected Guatemalan contractors 
(based on Guatemala City) are summarized below. The various contractor roles were dictated by 
the schedule and contractor availability, as well as the presence of contractor equipment at the 
mine site from previous projects. 

 
• Sheet pile wall installation and other structural work for cofferdam construction were 

conducted by SoilTec. Cofferdam backfill placement was conducted by Montana.  
• Spillway site rough excavation was conducted by Montana, with final grading of the 

slab subgrade by SoilTec. 
• The spillway cement supply contractor was Cemento Progreso, and the contractor for 

preparation and placement (pouring and vibrating) of concrete was Mixto Listo. 
• The spillway contractor for formwork, reinforcement, and concrete placement (includ-

ing smoothing and curing) and shotcrete application was SoilTec.  
• Construction quality assurance testing for the spillway construction and backfill place-

ment was conducted by Servicios Roldan. Grade control for the spillway construction 
and other surveying work was also conducted by Servicios Roldan. 

 
The roles and staffing of the organizations involved with the spillway construction are summa-
rized in Table 2. 
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Table 2.  Spillway construction roles and staffing by company 
_______________________________________________________________________ 
 
Company name       Location    Function         Number 
_______________________________________________________________________ 
 
Montana          Guatemala   Project management       20 
(Obra Civil Department)           and supervision 
MWH Americas Inc.     USA      Site exploration, design,      5 
                    supervision, CQA review 
MWH Panama Inc.      Panama    Supervision, CQA review      4 
 
Servicios Roldan       Guatemala   Surveying,           5 
                    soil and concrete testing 
Laboratorio “El Pilar”     Guatemala   Soil and concrete testing      2 
 
Hergo           Guatemala   Soil excavation and hauling     6 
Seinco           Guatemala   Soil excavation and hauling     6 
Concasa          Guatemala   Soil excavation and hauling     1 
Local trucks         Guatemala   Soil hauling          24 
 
Mixto Listo         Guatemala   Preparation and placement 
                    of concrete          24 
SoilTec           Guatemala   Rock anchors, forms, seals,   134 

reinforcement, placement, and  
final finishing 

_______________________________________________________________________ 
 
                         Total staffing   231 
_______________________________________________________________________ 

3.3 Construction elements and schedule 
Spillway construction started in October 2011 with cofferdam intallation and spillway site exca-
vation work. The spillway was operational in August 2012, and final backfilling along the out-
side of the spillway walls was completed in March 2013. The construction sequence is outlined 
below. 

 
• Spillway site excavation proceeded from the top of the chute to the stilling basin. The 

last zone of excavation was through the saddle dam.  
• Concrete placement for the slabs generally followed the excavation sequence. Slab con-

struction continued in a general checkerboard arrangement. Wall construction generally 
followed slab completion and concrete curing, with wall construction initiated in verti-
cal raises that were dictated by form sizes. 

• The rate of concrete placement was the critical path in the construction schedule, and 
ranged from approximately 500 to 2000 m3/month. The placed concrete volume totaled 
approximately 8700 m3. 

• The sluice gates in the labyrinth wall were installed and tested in August 2012 as the 
last major component of the spillway.  

• Exposed excavated slopes in the lower chute and stilling basin area were covered with 
reinforced shotcrete, which was applied after wall completion and prior to backfilling.  

• The bridge for the mine access road crossing over the spillway chute was designed as a 
one-lane, reinforced concrete beam and slab structure with a span of approximately 16 
m. The mine access road was rerouted over the spillway alignment to allow prefabricat-
ed bridge installation over the spillway chute in June 2012. A prefabricated steel bridge 
was installed over the spillway at the saddle dam crest. 
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• Backfill placement (conducted by Montana) started in October 2012 at the mine access 
road bridge area, then in the saddle dam area (in conjunction with cofferdam removal). 
Backfill placement in remaining areas of the spillway chute with residual earthwork and 
grading were the final phases of work.  

4 CONCLUSIONS 

From a construction QA standpoint, the spillway was constructed in accordance with the design 
plans and specifications, as documented in MWH (2013c). This was aided by full-time, on-site 
inspection of contractor methods and testing results. 

The approach area to the spillway was opened in April 2013, allowing TSF water to reach the 
labyrinth wall and for Montana personnel to check the seals on the sluice gates. Water was dis-
charged into the spillway through the sluice gates during the 2013 rainy season, allowing obser-
vation of flow along the chute floor and through the stilling basin. Runoff from the 2013 rainy 
season allowed inspection of the performance of the backfill areas and diversion channels out-
side of the spillway walls. There has been no discharge over the labyrinth wall. The spillway has 
performed thus far in a manner consistent with operating and monitoring guidelines outlined in 
MWH (2013b). Ongoing work includes refinement of sluice gate discharge rates for environ-
mental reporting requirements. 
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1 INTRODUCTION 
Mining operations generate different mine wastes, such as waste rock and tailings. Exposure of 
tailings and waste rock to atmospheric conditions causes some of the minerals within the wastes 
to react with air and water, which will modify the quality of mine drainage waters circulating 
through waste rock piles and tailings ponds. The oxidation of sulfide minerals such as pyrite 
generates acidity and releases sulfate and metal ions to the drainage waters. In the absence of 
neutralizing minerals, these phenomena can result in the development of acid mine drainage 
(AMD) conditions (e.g. Blowes et al. 2003). In the presence of sufficient neutralizing minerals, 
the pH may remain around neutrality, but metal concentrations may be higher than permitted, 
resulting in contaminated neutral drainage (CND) conditions (e.g. Nicholson, 2004; Plante et al. 
2011). Thus, the prediction of mine drainage quality is of great importance in order to minimize 
the environmental impacts of mining operations. 

Many minerals forming mafic and ultramafic rocks release magnesium ions in the drainage 
waters, which react with carbonate/bicarbonate ions to form stable secondary magnesium car-
bonate minerals (e.g. Beaudoin et al. 2008; Lackner et al. 1995; Wilson et al. 2005). This phe-
nomenon is considered to be an effective way to sequester atmospheric CO2 (Fagerlund & Zev-
enhoven, 2011), and mafic and ultramafic mine wastes are considered as a significant sink for 
anthropogenic CO2 emissions (Hitch et al. 2010; Mills et al. 2010). Examples of CO2 sequestra-
tion by serpentine, (Mg,Fe,Ni)3Si2O5(OH)4, as well as the formation of stable carbonates were 
presented in Fagerlund & Zevenhoven (2011). Several mineral deposits within mafic and ultra-
mafic rocks are found worldwide, such as those from the Black Lake chrysotile mine (Québec; 
Beaudoin et al. 2008), the Ekati (Northwest Territories; Rollo & Jamieson 2006) and Diavik 
(Northwest Territories; Wilson et al. 2006, 2009b) diamond mines, the Cassiar mine (British 
Columbia), and the Clinton Creek mine (Yukon Territory; Wilson et al. 2009a). When these 
rocks are exposed in large quantities due to mining, the uptake of CO2 can be accelerated, re-
ducing the carbon footprint of the operations (Hitch et al. 2010; Mills et al. 2010). The Dumont 

Geochemical behavior of carbon-sequestrating mine wastes: 
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Ultramafic rocks are known to sequester CO2 at ambient temperatures and pressures by the 
formation of hydrated magnesium carbonate minerals. The associated buildup of secondary 
minerals and their equilibrium in drainage waters may generate pH values around 9-10. Thus, 
the prediction of drainage water quality from ultramafic mine wastes needs to take into account 
the CO2 sequestration potential. The Dumont mine project is expected to generate waste rock 
and tailings containing ultramafic minerals. The objective of the present work is to study the 
geochemical behavior of these wastes and the effect of CO2 sequestration on mine drainage wa-
ter quality. The geochemical behavior of the tailings and waste rock is studied using laboratory 
and in situ tests. Results demonstrate that the Dumont wastes sequester atmospheric CO2, which 
affects drainage water quality. These results help to understand the geochemistry of CO2 se-
questration within mining wastes, and help improve mine drainage quality prediction. 
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project of Royal Nickel Corporation (near Amos, Québec, Canada) is a nickel mine project ex-
pected to produce over 1 Gt each of mine tailings and waste rocks containing significant 
amounts of ultramafic serpentinite (Royal Nickel Corporation, 2012). These wastes are known 
for their significant CO2 sequestration potential (Assima et al. 2012, 2013, 2014; Awoh et al. 
2013, 2014; Pronost et al. 2011).  

The generation of significant quantities of secondary magnesium carbonate minerals may in-
crease the pH of the drainage waters up to values of 9-10. Thus, it is necessary to consider these 
phenomena in mine drainage quality prediction. The objective of the present work is to study 
the geochemical behavior of ultramafic wastes and the effect of the associated CO2 sequestra-
tion on mine drainage water quality. The geochemical behavior of the Dumont project tailings 
and waste rock is studied using laboratory and in situ kinetic tests. The CO2 sequestration po-
tential of these materials is also quantified through the development of a novel CO2 consump-
tion test.  

2 MATERIALS AND METHODS 

2.1 Materials 
Sample waste rock of the Dumont mine project was extracted through a bulk sample that was 
blasted out of an outcrop on the site of the project containing ultramafic materials. The bulk 
sample does not contain all lithologies of the future waste rocks but contains ultramafic waste 
rock that is expected to sequester CO2. Therefore, it will be referred to as ultramafic waste rock 
in the document. Approximately 110 tons of < 50 cm rocks were taken out of the bulk sample to 
be installed in an in situ field cell. Two 40-gallon barrels of < 10 cm rocks were also sampled 
for laboratory kinetic testing and characterization. In addition, representative samples of the ma-
jor lithologies composing the wastes (gabbro, low grade dunite, upper peridotite, volcanic, and 
footwall ultramafic) were obtained from drill core samples taken throughout the projected open 
pit. For the column testing, the drill core samples were crushed and sieved to < 2 cm, while the 
bulk waste rock sample was sieved to < 2 cm (referred to as bulk waste rock sample split). The 
tailings sample was composed of different pilot metallurgical testing batches that were homo-
geneously mixed together in order to represent the entire sill and all metallurgical conditions 
tested.  

The grain size distribution of the < 2 cm fraction of the samples was determined by sieving 
(ASTM D6913-04) for the ultramafic waste rock and lithology samples, and by a Malvern Mas-
tersizer S laser grain size distribution analyzer for the tailings samples. A few characteristics of 
the grain size distribution curves are shown in Table 1. The bulk waste rock sample split are 
finer than the lithology samples, having a % < 355 µm of more than 31 %, while the lithology 
samples all have 10 % or less particles in that category. This significant difference is due to the 
different sources for the samples: crushing the drill core samples of the lithologies generated 
fewer fines than the blasting of the waste rock bulk sample. The D10, D50, and D90 values respec-
tively correspond to 10 %, 50 % and 90 % of particles passing on the cumulative curves. These 
values are all higher for the lithology samples (D10: 1400-4750 µm; D50: 9500-11200 mm; D90: 
16000 µm) than for the bulk waste rock sample split (D10: 425 µm; D50: 6700 µm; D90: 
13200 µm), which also emphasizes the physical differences between these materials.  

 
Table 1. Grain size distribution parameters of the samples. 

 % < 355 ȝP D10 �ȝP� D50 �ȝP� D90 �ȝP� 
Tailings 100 2.2 32.4 191 
Bulk waste rock sample split 31.2 425 6700 13200 
Low grade dunite 10.0 1400 9500 13200 
Upper peridotite 5.4 2800 11200 16000 
Footwall ultramafic 6.9 1400 9500 16000 
Gabbro 1.1 4750 11200 16000 
Volcanic 3.9 2800 11200 16000 

 
The whole-rock analyses were performed by XRF following a lithium borate fusion on pul-
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verized sample aliquots (85 % < 200 mesh), while the sulfur and carbon contents were analyzed 
with a LECO induction furnace on the same sample aliquots. These results are shown in Table 
2. The tailings, bulk waste rock sample split, low grade dunite, upper peridotite, and footwall 
ultramafic samples are dominated by SiO2 (34.17-49.27 wt.%) and MgO (34.06-42.48 wt.%), 
with high LOI values (12.31-16.15 wt.%), which is typical of ultramafic rocks. The volcanic 
and gabbro samples are also high in SiO2 (47.93 and 49.27 wt.%, respectively), but significantly 
lower in MgO (6.00 and 9.41 wt.%, respectively) and LOI (5.30 and 2.72 wt.%, respectively). 
In addition, the volcanic and gabbro samples contain significantly more Al2O3 (14.07 and 
13.41 wt.%, respectively), CaO (9.78 and 11.97 wt.%, respectively), and Na2O (1.99 and 
1.64 wt.%, respectively) than the other samples (Al2O3: 0.22-3.08 wt.%, CaO < 0.86 wt.%, 
Na2O: 0.74 wt.% for the bulk waste rock sample split and <0.01 wt.% for all other samples). 
The balance of the compositions is made up of Fe2O3 (5.82-12.62 wt.%), and minor amounts of 
K2O (< 0.28 wt.%), MnO (< 0.22 wt.%), TiO2 (< 0.87 wt.%), P2O5 (< 0.08 wt.%), and Cr2O3 
(< 0.99 wt.%). The S contents are relatively low, the tailings sample being higher (0.17 wt.%) 
than the other samples (< 0.06 wt.%). These S contents are all below the threshold (0.3 wt%) 
under which the materials are considered non acid-generating. The C contents were all below 
0.17 %, with the exception of the volcanic sample (0.63 wt.%).  

 
Table 2. Chemical characterization of the samples. 

  Waste 
rock Tailings Gabbro Low grade 

dunite 
Upper 

peridotite Volcanic Footwall 
ultramafic 

 wt.% wt.% wt.% wt.% wt.% wt.% wt.% 
SiO2 41.40 35.10 49.27 34.53 35.83 47.93 34.17 
Al2O3 3.08 0.22 13.41 0.23 1.27 14.07 0.58 
Fe2O3 7.07 5.82 9.41 6.71 9.59 12.62 9.42 
CaO 0.86 0.05 11.97 0.15 0.69 9.78 0.16 
MgO 34.06 42.49 9.96 42.68 38.97 6.00 40.64 
Na2O 0.74 <0.01 1.64 <0.01 <0.01 1.99 <0.01 
K2O 0.25 <0.01 0.18 <0.01 <0.01 0.28 <0.01 
MnO 0.09 0.11 0.18 0.11 0.14 0.22 0.12 
TiO2 0.13 <0.01 0.40 <0.01 0.05 0.87 0.02 
P2O5 0.02 0.05 0.03 <0.01 <0.01 0.08 <0.01 
Cr2O3 0.16 0.24 0.07 0.49 0.72 0.03 0.99 
LOI 12.31 16.15 2.72 15.41 12.94 5.30 14.11 
Total 
(whole 
rock) 

100.18 100.23 99.22 100.30 100.20 99.18 100.21 

S 0.04 0.17 0.02 0.04 0.03 0.06 0.02 
C 0.17 0.15 0.13 0.12 0.16 0.63 0.12 

 
2.2 Laboratory kinetic testing 
The laboratory kinetic testing was performed in columns of 14 cm diameter and heights be-
tween 50 cm (tailings) and 90 cm (bulk waste rock sample split and lithologies). A total of 
30 cm of wet tailings were deposited in the 50 cm column using a peristaltic pump. The equiva-
lent dry mass of the tailings is 8 kg. The bulk waste rock sample split and lithology columns 
were filled to a height of approximately 80 cm, which corresponds to masses between 17.1 and 
19.1 kg. The interior of the tailings column was coated with vacuum grease in order to avoid 
preferential flow along the column wall. A porous ceramic plate was installed at the bottom of 
the tailings column in order to control the suction potential at a depth of 1 m below the tailings. 
A volumetric water content (VWC) probe (Decagon, 5TM model, ±3 % precision on VMC) 
was installed 15 cm from the bottom of the tailings in the column. A geotextile was put at the 
base of the other columns in order to retain the fines.  
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The tailings column was flushed every month with 2 l of deionized water poured from the 
top. The other columns were flushed every 2 weeks with 2 l of deionized water added in a trick-
le leach fashion. The water was left in contact with the material for 3 to 4 hours before opening 
the bottom valve to flush the water out of the columns. The columns were left to air dry in be-
tween flushes. More details on the column setups used can be found in Demers et al., 2008. 
Leachate samples were collected and analyzed for pH, electrical conductivity, alkalinity, dis-
solved and total metals by ICP-AES and ICP-MS, and various anions by ion chromatography. 
For the purpose of the present paper, only pH, alkalinity, Mg, and SO4 are reported.  

2.3 In situ kinetic testing 
The in situ kinetic testing was performed using two field cells: one each for the tailings and the 
waste rock. The tailings field cell was an inverse truncated cone with a top diameter of 5 m and 
a bottom diameter of 1 m, made of a geomembrane protected by a compacted sand underlayer. 
A 4 inch drain was installed at the bottom to collect the cell leachate. A 10 cm filter sand layer 
was placed over the drain. Approximately 2.1 m3 of wet tailings were placed in the field cell, 
for an initial thickness of approximately 40 cm. The tailings cell was instrumented with two die-
lectric water potential probes and two volumetric water content probes (same probes as in the 
column test). Data from the probes was logged every 15 minutes (Decagon Em50 data logger).  

The waste rock field cell consisted of a truncated pyramid of 6.9 m sides at the bottom and 
3 m at the top containing approximately 105 tons of < 50 cm waste rock. The cell consisted of a 
geomembrane protected on both sides by compacted sand layers. A drain was installed within 
the protective sand layer at the base of the field cell for leachate collection. Leachates from both 
field cells were directed through a rain gauge (HOBO S-RGB-M002 model) used for drainage 
volume calculations. The field cell leachates were sampled weekly, when possible.  

Interstitial gas CO2 contents were monitored at different depths in the waste rock field cell. 
The waste rock gas sampling system consists of a 4 inch wide HDPE tube standing in the mid-
dle of the waste rock pile. The HDPE tube is welded onto a 2’ X 2’ HDPE plate for increased 
stability. The tube was stabilized by burying the HDPE base approximately 2 to 3 cm within the 
protective sand layer over the geomembrane. In addition, waste rock blocks (10 to 30 cm wide) 
were carefully placed around the tube up to a height of approximately 30 cm. Finally, approxi-
mately 15 kg of silica sand was added on top of the waste rock blocks for increased stability. 
The tube contains successive 8 inch layers of silica sand and bentonite. The sampling ports 
(1/4 inch TYGON tubing) are located in the middle of each silica sand layer; the HDPE tube 
was manually perforated with several 1/8 inch holes (using a drill bit) at each sand level for gas 
exchange and equilibration with the surrounding environment within the waste rock pile. The 
gas samples were pumped through a flow-through CO2 detector (Vaisala GMP343 probe) using 
a peristaltic pump.  

A weather station was installed beside the field cells in order to monitor the temperature, rel-
ative humidity, rainfall, wind speed/direction, and solar radiation, at 15 minute intervals, (HO-
BO U30-NRC data logger). The weather station also monitors the field cell rain gauges.  

2.4 CO2 consumption measurement 
In order to measure the CO2 sequestration potential of the bulk waste rock sample split, litholo-
gies, and tailings, a CO2 consumption test was developed. The CO2 consumption test is an adap-
tation of the oxygen consumption test developed by Elberling et al. (1994) to assess the reactiv-
ity of sulfide tailings when exposed to atmospheric conditions. The laboratory consumption 
tests were performed on the columns used for kinetic testing using ambient air (approximately 
400-600 ppm CO2, depending on the air quality in the laboratory at the test startup). For each 
consumption test, the column was hermetically sealed (Fig. 1), and the decrease in CO2 concen-
tration in the headspace was monitored using a Vaisala CARBOCAP® GMP343 CO2 probe at 1 
minute intervals for approximately 2 hours. The columns were left open to the laboratory at-
mosphere in-between CO2 consumption tests. The CO2 probe uses an infrared radiation sensing 
technology to measure the volumetric concentration of CO2. The CO2 probe was calibrated for 
0-1000 ppm (precision: 3 ppm + 1 % of reading).  
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Figure 1. Experimental setup for CO2 consumption tests (adapted from Awoh et al. 2013); 

the waste rock can be replaced by a lithology or a tailings sample. 
 
In addition, CO2 consumption tests were also carried out on the in situ tailings cell on a 

weekly basis. A stainless steel tube was inserted approximately 30 cm into the tailings, leaving 
a headspace used for the CO2 measurements. The tube was hermetically sealed for the CO2 con-
sumption tests in a manner similar to the laboratory column tests. In situ CO2 consumption tests 
were performed at temperatures down to -20°C, which is the lowest possible working tempera-
ture of the CO2 probe.  

The CO2 consumption tests were interpreted using two analytical methods: (1) the Elberling 
et al. (1994) method, and (2) the Mbonimpa et al. (2012) method. These methods aim at evalu-
ating the steady-state CO2 flux at the surface of the waste rock exposed to the atmosphere. The 
Elberling et al. (1994) method assumes a steady-state condition before and during the test, and 
is only applicable for short test durations. Assuming a first-order kinetic carbonation reaction 
(Kwon et al. 2011), the CO2 flux F(z, t) through the waste rock and the corresponding concen-
tration C(z, t) at position z (L) and time t (T) may be determined from Fick’s first and second 
laws. For one-dimensional diffusion through the materials exposed to the atmosphere, with the 
boundary conditions C(z = 0, t>0) = C0 DQG� &�]�  � ��� W!�� = C� = 0, the steady-state flux 
through the surface (Fs) becomes (equation 1) (Elberling et al. 1994; Mbonimpa et al. 2003, 
2011):  

0F C K Dr es   (1) 

From the initial condition C = C0, at t = 0, KrDe can be determined using equation 2, when 
the cross-section (A) and volume (V) of the chambers are known (Elberling et al. 1994; Elber-
ling & Nicholson, 1996; Mbonimpa et al. 2011).  

0
ln

C A
t K Dr eC V

 �  (2) 

In the Mbonimpa et al. (2012) method for laboratory oxygen consumption tests, the decrease 
in oxygen concentration (dC) in the closed headspace (H) above the waste is used to determine 
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the depleted mass of oxygen (dM) that is consumed by the waste rock over time (dt). This 
method is adapted in the current study to calculate the CO2 consumption in the column tests. 
The CO2 flux at the surface of the tested material during the test is given by equation 3 (Mbon-
impa et al. 2012):  

dt
dC

H
Adt
dM

tz
s

F �   ),0(  (3) 

The flux at the surface at t=0 is given by equation 4 (Mbonimpa et al. 2012): 

0
),0(

o
�  

tdt
dC

Htz
s

F  (4) 

Changes in CO2 concentration C(z=0,t) in the top reservoir is plotted with respect to time (t) 
and then fitted with the best-fit curve. The derivative of the best-fit function with respect to t (at 
t=0) enables calculating the surface flux according to equation 4. Both interpretation methods 
were used in the present study to assess the diffusive CO2 flux at the surface.  

The CO2 consumption tests were also interpreted using POLLUTE v7 (Rowe and Booker 
2005), which provides numerical solutions to Fick’s laws. This software was initially developed 
for modeling solute transport through saturated porous media. It can nevertheless be used for 
gas diffusion in variably saturated media. In this case, the equivalent diffusion porosLW\�șeq is in-
troduced in place of the total porosity n (see Mbonimpa et al. 2003 for more details) to account 
for the diffusion of CO2 in the air phase and for the diffusion of CO2 dissolved in the water 
phase.  

3 RESULTS AND INTERPRETATION 

3.1 Laboratory kinetic test results 
The results of the laboratory kinetic tests are presented in Figure 2. The leachate pH of the bulk 
waste rock sample split and lithology samples stabilized between 9 and 10 throughout the test, 
while the pH values of the volcanic and gabbro materials remain between 8 and 9. The pH of 
the tailings sample gradually increases from 7 to 9 during the first 450 days, and remains be-
tween 9 and 10 afterwards. Alkalinity values of the bulk waste rock sample split stabilize close 
to 300 mg CaCO3/l, while the alkalinity values for tailings gradually increase close to 
300 mg CaCO3/l from day 200 to 600 of testing. The alkalinity values of all other materials re-
main below 50 mg CaCO3/l throughout the test. The higher alkalinity values from the bulk 
waste rock sample split may be linked to its higher proportion of finer particles. The increase in 
alkalinity values of the tailings leachate may be linked to gradual buildup of secondary magne-
sium carbonates resulting from mineral carbonation, which is also suggested from equilibrium 
calculations using Visual Minteq (Allison et al. 1991). These hypotheses will need to be inves-
tigated further in order to be confirmed.  

The Mg concentrations from the ultramafic materials are around 50,000 to 100,000 µg/l, 
while the volcanic and gabbro samples generate Mg concentrations between 1000 and 
3000 µg/l. These differences are consistent with the fact that ultramafic materials are richer in 
Mg than the gabbro and volcanic material. The SO4 concentrations are higher in the tailings 
leachate than in other columns, which is consistent with the fact that they contain a higher total 
S content. The SO4 concentrations of the tailings leachate gradually increase from 60 to 
300 mg/l between the beginning of the test and 350-380 days, and then gradually decrease to 
100-150 mg/L towards the end of testing (at approximately 700 days). The SO4 concentrations 
of the bulk waste rock sample split leachate stabilize around 25-30 mg/L throughout the test, 
while the SO4 concentrations of the volcanic and gabbro leachate stabilize at approximately 
10 mg/l. The majority of the other column leachates do not contain detectable SO4 concentra-
tions (detection limit: 0.5 mg/l).  

The change in SO4 trend from an increase to a decrease corresponds to the time the pH values 
reach 9 and higher. It is possible that the precipitation of Mg carbonates at these pH values par-
tially passivated the sulfide surfaces, which resulted in lower SO4 concentrations. Equilibrium 
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calculations using Visual Minteq suggest that secondary magnesium carbonate precipitation oc-
curs in all materials at pH > 9. Since the pH of the bulk waste rock sample split, dunite, foot-
wall ultramafic, low grade dunite, and upper peridotite leachate all reach pH > 9 at the begin-
ning of the tests, such a change in SO4 trends was not observed. Even though the results are 
consistent with mineral carbonation of the mafic/ultramafic materials, this hypothesis will need 
to be investigated further in order to be confirmed.  

 

 
Figure 2. Selected laboratory kinetic test results. 
 

3.2 In situ kinetic test results 
The results of the in situ kinetic tests are presented in Figure 3. The pH of the tailings leachate 
increases during much of the first year and stabilizes between pH values of 9 and 10, while they 
vary between 8 and 9.5 for the waste rock leachate. The alkalinity values of the waste rock 
leachate samples vary between 300 and 800 mg CaCO3/l, and between 100 and 300 mg CaCO3/l 
for the tailings leachate. The Mg concentrations of the tailings and waste rock field cells stabi-
lized around 100,000 µm/l early on and remained so for the rest of the monitoring period. Final-
ly, the SO4 concentrations remained around 90-100 mg/l for the tailings and around 20-50 mg/l 
for the waste rock.  

The pH and alkalinity values of the tailings cells are similar in the laboratory and field scale 
tests. However, for the waste rock, the pH values are higher in the lab, while the alkalinity val-
ues are higher in the field. The Mg concentrations from the laboratory and field scale tests are 
in the same range of 50,000-100,000 µg/l. The SO4 concentrations are also similar between the 
lab and field scales, being slightly higher in the lab for the tailings. Thus, it appears that the la-
boratory column tests are able to closely reproduce the water quality measurements obtained in 
the larger scale in situ field cells such as those that were constructed for the present study. The 
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detailed reasons explaining the differences observed for some parameters are yet to be investi-
gated in more detail. 
 

 
Figure 3. Selected in situ kinetic test results. 

3.3 CO2 consumption measurement 
Typical laboratory CO2 consumption measurement results for the tailings are shown in Figure 4. 
Using the Elberling et al. (1994) method for the example shown in Figure 3, the (KrDe)0.5 term 
is equal to 0.968 m / day, and the surface flux is equal to 254 g / m2 / year. Using the Mbonimpa 
et al. (2012) method on the same example, the value of the first derivative at t = 0 is equal to  
-2.4695 mg / m2 / minute (or -1298 g /m3 / year). Since the height of the chamber is 0.26 m, the 
surface flux is equal to 337 g / m2 / year. These results suggest that the tailings will be able to 
sequester approximately 0.25 to 0.34 kg / m2 / year under the test conditions of this study (po-
rosity, water content, grain size distribution, etc.) 
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Figure 4. Typical CO2 consumption test results on the tailings column: (a) CO2 concentration 

profile, (b) determination of KrDe using equation 2. 
 
Similarly, the CO2 consumption tests were conducted and interpreted in all laboratory col-

umns. All the columns containing ultramafic materials showed CO2 profiles similar to the one 
shown in Figures 4a (CO2 concentration profile) and 4b (graphical determination of KrDe fol-
lowing equation 2). The flux results, as calculated with the Elberling et al. (1994) method, are 
shown in Figure 5. Since the volcanic and gabbro materials did not show a significant CO2 con-
sumption potential, they are not compiled with the other materials in Figure 5.  

 

 
Figure 5. CO2 flux results calculated from the laboratory consumption tests interpreted with 

the Elberling et al. (1994) method for carbon sequestrating materials. 
 
The fluxes vary up to 1000 g /m2 / year, with a general tendency to be higher in the first 

months and to stabilize (or show a slower decrease with time) later on. These results suggest 
that CO2 sequestration potential decreases with time, probably due to one or more of the follow-
ing hypotheses: passivation of the Mg-generating mineral surfaces (as observed by Assima et al. 
2014), or a decrease in porosity because of the buildup of secondary minerals. Indeed, signifi-
cant cementation of the grains was observed upon dismantlement of the column tests on CO2-
sequestrating materials. The composition of the cementing phase, and the possible presence of 
secondary magnesium carbonates within, still needs to be investigated. 

The flux results using the Mbonimpa et al. (2012) method were also determined for the la-
boratory CO2 consumption tests. In general, as illustrated in Figure 6 for the upper peridotite 
column, the fluxes calculated by the Mbonimpa et al. (2012) method (600-1400 g / m2 / year) 
were higher than those calculated with the Elberling et al. (1994) method (50-700 g / m2 / year). 

a b 
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Indeed, similar results were obtained in all other CO2 sequestrating materials. These results are 
probably due to the fact that in the Mbonimpa et al. (2012) method, the flux is calculated using 
the slope of the CO2 concentration vs time at the origin (at t=0), which gives a maximum flux, 
while the flux is calculated from the average CO2 concentration slope over the entire test dura-
tion in the Elberling et al. (1994) method (Awoh et al. 2013).  

 

 
Figure 6. Comparison of the CO2 fluxes in the upper peridotite column calculated by the El-

berling et al. (1994) and the Mbonimpa et al. (2012) methods. 
 
The in situ CO2 consumption test results (Fig. 7) were very similar to those obtained in the 

laboratory columns. The surface fluxes obtained for the tailings in the laboratory and field CO2 
consumption tests vary between approximately 50 to 800 g / m2 / year with the Elberling et al. 
(1994) method, with the lower values during winter months. The in situ consumption tests were 
performed at a wide range of ambient temperatures (-20 to +35°C). The CO2 surface fluxes ob-
tained when the tailings were frozen are below 200 g / m2 / year, which suggest that the tailings 
are able to sequester CO2 even in winter months. Data from the volumetric water contents 
probes within the tailings (not shown) indicate that the temperature remains around -5°C and 
suggest that some unfrozen water content is present, which may explain the CO2 fluxes meas-
ured. The exact mechanism of CO2 sequestration in these frozen tailings still needs to be con-
firmed.  

 

 
Figure 7. CO2 consumption test results on the in situ tailings cell. 
 
Typical interstitial CO2 concentration profiles within the in situ waste rock field cell are 

shown in Figure 8. The CO2 profiles shown are the mean concentrations at each sampling port 
for different periods of 3 to 4 months in the 2011-2012 seasons. The decrease in CO2 concentra-
tions between the surface and 50-100 cm from the bottom suggests that mineral carbonation is 
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occurring within the in situ waste rock field cell. The increase in CO2 concentrations at the bot-
tom relative to 50-100 cm needs could be due to different factors. Among other hypotheses, 
these results may be attributed to the infiltration of ambient air in the pile through the sand lay-
er, which is inert to CO2, or through the drain. Additional testing will be carried out in order to 
understand the observed behavior. Nonetheless, these results are consistent with column tests in 
which the waste rock material is sequestering CO2.  

 

 
Figure 8. Typical interstitial CO2 profiles within the waste rock field cell; the shaded area il-

lustrates the waste rock pile height. 
 

4 CONCLUSION 
In summary, the investigations performed at the laboratory and field scales on the Dumont 
waste rock and tailings confirm their potential for CO2-sequestration. Indeed, the laboratory 
column tests suggest that carbon sequestration generates enough secondary magnesium car-
bonates to increase the drainage pH up to values between 9 and 10. Results of the various la-
boratory and in situ CO2 consumption tests suggest that the materials can sequester CO2 fluxes 
of more than 1400 g/m2/year under typical ambient conditions (approximately 400 ppm CO2 in 
air), depending on the interpretation method used. Subsequent effort will be focused on under-
standing the exact mechanisms leading to the differences observed in the results of the different 
lithology samples studied, to identify the exact nature of the secondary magnesium carbonates 
generated by CO2 sequestration, and to calculate the actual CO2 consumption of the waste rock 
within the in situ field cell. In turn, these results will help better predict the CO2 sequestration 
potential and its impact on drainage quality.  
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Selenium management options at waste rock dump sites 

D. K. Vernon, Jr. & A. H. Knutson 
HDR, Inc., Boise, Idaho, United States 
 

 
 
 
ABSTRACT: As approaches and management options continue to be developed for selenium in 
surface water, application/appropriateness of these options is being evaluated for a broad range 
of sites.  Common options included capping, covers, and water treatment plants to address larger 
surface water flows at operating mines.  Additional innovative approaches should be considered 
for legacy mines or waste disposal areas with low or intermittent stream flows.  This paper 
describes sites conditions, such as types and depths of soil, regarding their influence upon 
selenium sequestration and discusses innovative options for selenium management of small or 
intermittent flows from waste rock dumps.  Examples of these options include intercepting toe 
seeps before they emerge at the surface, optimizing a “zero discharge” approach whereby toe 
seeps are collected and managed within mine pit lakes or local soils. 
 

1  INTRODUCTION 

Superfund is the name given to the United States environmental program established to address 
abandoned hazardous waste sites. It is also the name of the fund established by the 
Comprehensive Environmental Response, Compensation and Liability Act of 1980, as amended 
(United States Environmental Protection Agency).  In 40 CFR 300.430 the Superfund program 
expectations are to “use treatment to address the principal threats posed by a site, wherever 
practicable. Principal threats for which treatment is most likely to be appropriate include liquids, 
areas contaminated with high concentrations of toxic compounds, and highly mobile materials.” 
    Various Federal Agencies that manage federal lands are addressing legacy mining sites under 
their authority to implement Superfund. On January 23, 1987, the President of the United States 
signed Executive Order 12580 entitled, “Superfund Implementation,” that delegates to a number 
of Federal departments and agencies the authority and responsibility to implement certain 
provisions of CERCLA (Executive Order 12580).  Legacy mining sites have a wide variation in 
closure approaches from minimal to fully implemented closure approaches that were agreed 
upon by the federal land management agencies.  However there are also wide variations in the 
threats posed from these sites.   
    The purpose of this paper is to discuss selenium management options to consider for surface 
water contamination at legacy mining sites where Superfund is being implemented. 
 
 
2  CHALLENGING SETTINGS 
 
Legacy mining sites have a wide variety of settings from very remote settings to being adjacent 
to nearby population centers.  Challenges may include utility service limitations. Some settings 
lack or are not in close proximity to electrical or natural gas service points.  Further, many of 
these settings do not have water supply or sewers. Additionally, sites located in remote settings 
may have vehicular access limitations due to either terrain or weather conditions. These settings 
pose significant obstacles to the implementation of conventional water treatment remedial 
approaches and importation of cover materials.  
The typical remedial objective for a legacy mine site is to address the principal contaminants 
that are present at the site.  For surface water, the remedial objectives are to protect or reduce the 
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risk to aquatic species that may be adversely affected by contaminants in the water and to 
comply with applicable or relevant and appropriate chemical-specific requirements. 
 
 
3  SUPERFUND CHALLENGES 
 
40 CFR 300.430 defines the remedial investigation/feasibility study and selection of remedy 
process that is being implemented at numerous legacy mining sites.  Implementation of 
Superfund at legacy mining sites poses two significant challenges.  These challenges are: 
 

x Legacy mining wastes are a long-term waste with potentially high threat to human 
health and the environment.  Mining wastes do not naturally become less toxic with 
time so a long-term solution is needed. 

x The one and done approach to remediation is difficult to achieve long-term protection 
over time because the long-term remediation approaches (over 50 years) have not been 
demonstrated yet.   

x  
Neither of these challenges from mining wastes readily aligns with goals and expectations from 
40 CFR 300.430 as follows: 
 

x The national goal of the remedy selection process is to select remedies that are 
protective of human health and the environment, that maintain protection over time, and 
that minimize untreated waste. 

x It is expected that treatment will be used to address the principal threats posed by a 
site…treatment is most likely to be appropriate for liquids, areas contaminated with high 
concentrations of toxic compounds, and highly mobile materials. 

 
4  REMEDY SELECTION PROCESS 
 
During the feasibility study, several alternatives are developed and evaluated against the 
following nine criteria. 
 

1. Overall protection of human health and the environment 
2. Compliance with applicable or relevant and appropriate regulations (ARARs) 
3. Long-term effectiveness and permanence 
4. Reduction of toxicity, mobility, or volume through treatment 
5. Short-term effectiveness 
6. Implementability 
7. Cost 
8. State Acceptance 
9. Community Acceptance 

 
One of the primary remedy selection steps is to evaluate alternatives regarding compliance with 
applicable or relevant and appropriate regulations (ARARs).  One of the ARARs is surface 
water quality standards.  Selenium is included the water quality standards.  The selenium water 
quality standard in Idaho is 0.005 mg/l as total selenium (IDAHO ADMINISTRATIVE CODE, 
2014).  One tool to consider for long-term compliance with ARARs is the waiver process.  More 
details on the waiver process are included in the Water Quality Standard Use Attainability 
Waiver Process at CERCLA Sites (D. K. Vernon, 2014). 
    Selenium water quality standards are likely to change. On May 14, 2014 EPA published its 
notice of availability for the public comment period on selenium water criteria (Environmental 
Protection Agency, 2014). 
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5  SELENIUM CHEMISTRY 

Selenium is a metalloid exhibiting physical and chemical properties between that of metals and 
nonmetals. It chemically exists in organic and inorganic chemical forms.  Inorganic species 
include selenide [Se (-II)], Se (0) [Se (0)], Se (IV) [Se (IV)], and Se (VI) [Se (VI)]. Se (IV) is 
the least soluble of the ionized inorganic forms. The speciation of selenium is greatly influenced 
by conditions in the environment.  Environmental factors such as the existing microbial 
community, pH, temperature, moisture, and organic composition influences how the soil adsorbs 
selenium from the toe seep water.  Reduction of Se (VI) to Se (IV) and Se (0) has been shown to 
decrease its mobility in mildly alkaline groundwater. Se (0) is stable in a reduced environment, 
but it can be oxidized to Se (IV) and to Se (VI) by a variety of microorganisms (United States 
Environmental Protection Agency, 2007). 

6  HYPOTHETICAL PROJECT SETTING 

The project is located in a mountainous, remote setting in Idaho.  The mined site is on 
Department of the Interior land and CERCLA implementation agreement has been executed.  
The remaining mine waste consists of two, 150 acre mine waste rock dumps that are resulted 
from overburden and materials that were removed between ore producing seams.  The two 
materials are randomly mixed by hauling and dumping the materials into these two mine waste 
rock dumps.  The mine waste rock dumps have toe seeps flowing into the head waters of a creek 
that drains the site. Mining activities developed a pit lake that can be accessed via the haul road 
system developed during mining. 
    The remedial investigation results from air, surface water, alluvial and bedrock groundwater, 
soils, sediment, and vegetation are available.  One of the key findings is the selenium 
concentrations in the toe seeps, creek, and pit lakes are above the Idaho Water Quality 
standards.  Both the alluvial and bedrock groundwater selenium concentrations are below 
applicable groundwater standards. 

7  CONSIDERATION OF TYPICAL REMEDIAL ACTIONS 

Based upon the data and information collected from the remedial investigation, the remedial 
action alternative development process begins.  Selenium is the constituent of concern driving 
remedial action. A feasibility study will evaluate potential alternatives with the respect to an 
alternative’s ability to meet the nine criteria, as outlined in the CERCLA guidance, with a 
technology that addresses selenium concentrations in surface water. What technologies will be 
considered? Options include removal or relocation of waste rock dumps, installation of a cover 
over the waste rock dumps, or treatment of toe seep water.   
    The removal or relocation option can be economically prohibitive because of the cost of 
excavating, hauling, and then covering the relocated waste materials, and is therefore rejected as 
an alternative. Typical cover systems with vegetative layer over a geosynthetic clay liner costs 
approximately $100,000 to $200,000 per acre (American Society of Civil Engineers, 2009).   
The potential cost of covering the 300 acres of waste dumps is $30 – 60 million.  
    Water treatment technologies and costs provided in Review of Available Technologies for the 
Removal of Selenium from Water (CH2MHILL, 2010).  Several key conclusions are 
summarized from evaluation of alternatives as follows: 
 

(1) Achieving selenium levels on the order of 0.001-0.005 mg/l in surface water 
discharges poses a challenge given that selenium:  
 
x Removal is limited by the minimum and maximum feasible ranges of design 

flows that can vary greatly over time. 
x Exists in a variety of chemical forms; 
x Is typically in low or dilute concentration (fractions of a mg/l); 
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x Removal from water is confounded by the water composition and 
characteristics (e.g., temperature, pH and other chemicals); 

x Re-release from the residuals can occur. 
 

(2) A variety of physical, chemical and biological treatment technologies have been 
shown to remove selenium from water.  When applying these treatment 
technologies, the above listed challenges must be addressed and considered.  

(3) While these treatment technologies have the potential to remove selenium, there are 
very few that have successfully and/or consistently removed selenium in water to 
less than 0.005 mg/l at any scale. There are still fewer technologies that have been 
demonstrated at full-scale to remove selenium to less than 0.005 mg/l, or have been 
in full-scale operation for sufficient time to determine the long-term feasibility of 
the selenium removal technology. 

(4) No single technology has been demonstrated at full-scale to cost-effectively remove 
selenium to less than 0.005 mg/l from water. 

(5) Performance of the technology must be demonstrated on a case-specific basis. 
 

The Superfund process presumes treatment to address the principal threats at the site. The 
following considerations need to be incorporated into the feasibility study selection process. 
 

1. Full-scale water treatment is unlikely to achieve the applicable water quality 
standard of 0.005 mg/l. 

2. Full-scale water treatment implementation is logistically challenging at a remote 
site. 

3. Toe seep water treatment may require flow equalization.  Treatment of surface 
water flowing from toe seeps using water treatment technologies will likely have 
significant capital and operations and maintenance costs to achieve the Superfund 
expectation. 

8  STRATEGIC ALTERNATIVES CONSIDERATIONS 

Rather than proceeding with a Feasibility Study that is likely to demonstrate covering the waste 
dumps will be the preferred alternative because treatment is not effective or implementable, a 
strategic alternatives study may lead to site-specific alternatives which can be considered in the 
Feasibility Study.   
    For this size of capital investment, the following strategic alternatives should be further 
investigated.  These analyses are not usually part of the Superfund remedial 
investigation/feasibility study process in 40 CFR 300.430. 
 

1. Waiver 
 
CERCLA allows six types of ARAR waivers: 
 

x Interim measures 
x Equivalent standard of performance 
x Greater risk to human health and the environment 
x Technical impracticability 
x Inconsistent application of state standard 
x Fund-balancing 

 
All of these are explained in greater detail in EPA Overview of ARARs (United States 
Environmental Protection Agency, 1989).  Implementation of either interim measures or 
technical impracticability waivers should be given significant consideration when 
selenium is present in surface water.  Having either one of these waivers in place post-
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remedial action, such as covering, may be necessary to account for non-compliance 
during the waste rock dump drainage period. 
 

2. Soil Capacity 
 
Depending upon site soil conditions, native soils have limited abilities to sequester 
selenium from water.  Selenium sequestration by native soils may be viable if slightly 
reducing conditions and pH range from 4 to 7 exist.  Soil samples could be collected and 
tested for selenium adsorption capacity.  To maintain selenium adsorbed unto the soils, 
soil treatment needs to occur in the subsurface profile/strata to minimize selenium 
resolubilization from Se (IV) back to the more soluble Se (VI).  Infiltration tests to 
determine the absorptive properties of the native soils may also indicate receiving media 
performance.  The results of both of these tests would allow the viability of soil 
treatment to be considered for the site.  The selenium sequestration treatment approach 
may also be used to address waste rock dump drainage after the cover has been 
installed. 
 

3. Pit Lake Disposal 
 
Depending upon the pit lake depth and flow regime, another option to consider would 
be to dispose of the toe seep discharge into the pit lake.  To determine the viability of 
this approach, two investigations will need to be completed.  The first one is to 
determine the temperature stratification characteristics of the pit lake (Society of 
Mining, Metallurgy, and Exploration, 2009). If the pit lake has a monimolimnion layer, 
then disposal of the seep water from the waste rock dumps is viable. The 
monimolimnion layer is the deepest layer lake and it contains low oxygen conditions 
because it is not affected by temperature stratification.  Due to the anoxic conditions in 
this layer, metal precipitation occurs and settles to the bottom of the pit lake.  The 
second investigation is to determine the water balance and flow regime of the pit lake.  
There are two types of pit lakes flow-through or terminal (Society of Mining, 
Metallurgy, and Exploration, 2009).  The flow-through lakes are either discharging to 
surface water and/or groundwater.  In terminal or non-discharging pit lakes, where 
outflow occurs only as evaporation.  One further consideration regarding the viability of 
pit lake disposal would be to use the information from the groundwater investigation to 
assess if the pit lake is impacting groundwater.  If the pit lake is not discharging to 
either groundwater or surface water, it may be used as a receiving body or discharge 
point for water collected from toe seeps. Water management would address the residual 
seep drainage after the cover option is implemented. 
 

The strategic alternatives analysis would include additional investigation costs and a conceptual 
engineering design. 

9  STRATEGIC ALTERNATIVES ANALYSIS STEPS 

Waiver elements include: 
x Prepare cost estimate for waiver 
x Development of a work plan for field data collection 
x Collect and analyze field samples 
x Compare field data to applicable water quality criteria 
x Prepare waiver and obtaining approval of the waiver 

 
Soil Treatability elements include: 

x Conceptual design for seep collection system with or without conveyance system 
x Collect soil adsorption samples and analyze samples in laboratory 
x Test infiltration capacity at potential location for on-site disposal unit  
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x Refine conceptual design of seep collection system 
x Design treatability study  
x Implement treatability study 
x Evaluate treatability study results 
x Incorporate treatability study results into feasibility study 

 
Pit Lake Disposal elements include: 

x Develop conceptual design for seep collection, conveyance and discharge system  
x Develop work plans for Pit Lake stratification data collection and evaluating pit lake 

water balance 
x Collect stratification data and evaluate results 
x Collect water balance information and evaluate results 
x Update conceptual design and incorporate results into feasibility study 

 
 
10  ORDER OF MAGNITUDE STRATEGIC ALTERNATIVES ANALYSIS FOR 
      THE HYPOTHETICAL PROJECT 
 
The waiver and pit lake alternatives costs may range between $500,000 to 1,000,000. The soil 
treatment alternative could cost $1,000,000 to 1,500,000.  Since these costs are in addition to the 
typical remedial investigation/feasibility costs, the project team needs to decide if this additional 
investment is worthwhile based on the potential of these strategic alternatives to reduce cover 
cost. If pit lake disposal or selenium sequestration can be accomplished for an investment 
ranging from $1 to 5 M, either of these alternatives may be a more attractive choice than 
installing a $60 M cover.   
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1 INTRODUCTION 

1.1 A Medical Analogue 
If one can embrace the medical analogue, much of the mining industry currently suffers from a 
massive bacterial infection.  When pyrite-bearing or sulfide-bearing rock formations, tailings, or 
mine wastes are infected by Acidithiobacillus ferrooxidans, the likelihood of forming acid rock 
drainage (ARD) is almost guaranteed.  The “pharmacy” of antibiotics available is extensive, 
ranging from solid alkaline amendments like limestone to liquid “medicines” such as sodium 
lauryl sulfate and sodium thiocyanate.  Many of these materials may be in short supply (local-
ly), or carry inconvenient side-effects.  The danger of re-infection is a concern that also needs to 
be addressed.  A “probiotic”, naturally-sustainable regimen that introduces a microbial consor-
tium that outcompetes the acidophiles may be the key to why some previous antibiotic applica-
tions continue to work for decades.  

Unfortunately, the “geo-medical” teams of geochemists, microbiologists, engineers, and mine 
managers lack the tools to surgically apply these active ingredients where they are needed most 
with a minimum of waste.  The implementation of up-to-date best management practices has not 
healed the patient; the equivalent of an intravenous drip of a very inexpensive generic medicine 
followed by a pro-biotic protocol is clearly needed. 

1.2 An “Intravenous Drip” for ARD Suppression 
The answer to this problem may lie with the merging of two well-developed mine remedia-
tion/processing technologies:  biochemical reactors (BCRs) and heap or dump leaching of metal 
ores.  In the proposed innovative technology, organic-rich effluent from a BCR would be land-

Mitigating acid rock drainage with land-applied biochemical 
reactor effluent 

J. J. Gusek 
Sovereign Consultants Inc., Lakewood, Colorado, USA 

ABSTRACT: Perpetual treatment of acid rock drainage (ARD) is unsustainable; ARD suppres-
sion at its source is the logical strategy to avoid or lessen ARD impacts.  Innovative mitigation 
concepts have been advanced in recent years; the concept of land-applying biochemical reactor 
(BCR) effluent to suppress ARD is another promising strategic tool.  The concept’s elegance 
lies with the merging of two well-developed mine remediation/processing technologies:  BCRs 
and heap or dump leaching of metal ores.  In the proposed innovative approach, organic-rich ef-
fluent from a BCR would be land-applied to acid-producing mine waste (e.g., tailings, waste 
rock, and coal refuse) with solution application methods typically used in heap leach pads.  
BCR effluent is typically anoxic and contains biochemical oxygen demand, excess alkalinity, 
dissolved sulfide ion, and dissolved manganese.  The process would capitalize on these charac-
teristics to coat mine waste with films of biosolids and/or manganese oxide that would suppress 
biological and abiotic pyrite oxidation.  
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applied to acid-producing mine waste (e.g., tailings, waste rock, and coal refuse) using solution 
application methods typically used in precious metal heap leach pads.  

BCR effluent is typically anoxic and contains biochemical oxygen demand, excess alkalinity, 
dissolved sulfide ion and manganese.  If all these antibiotic and probiotic characteristics can be 
preserved and the BCR effluent solution can be dispersed over a large area of mine waste 
(which could be either revegetated or barren), the downward percolating solution should coat 
the mine waste with a film of probiotic bacteria-supporting biosolids that would suppress bio-
logical and abiotic pyrite oxidation.  It is believed that heap leach solution application tech-
niques could accomplish this inexpensively.  The mine waste ARD source would behave similar 
to a trickling filter in a waste water treatment plant.  ARD might be suppressed for decades, 
perhaps longer, before a “booster shot” of BCR effluent might be required. 

2 ARD REFRESHER 
The formation of ARD is a natural process.  In the presence of air, water, and acidophilic bacte-
ria, sulfide minerals such as pyrite oxidize and produce sulfuric acid; concurrently, iron and 
other metals are released into the water.  The problem can be associated with both coal and hard 
rock operations where previously-buried sulfide minerals are exposed to oxygen and water.  
The descriptions of the bio-geochemical reactions responsible for ARD are found in many tech-
nical papers and will not be repeated here.  However, it may be reasonable to revisit the general 
conditions required for ARD to form. 

2.1 ARD Tetrahedron 
Considered simply, the elementary ingredients required for the formation of ARD are analogous 
to the components needed for the burning of combustible materials.  To have a fire, one must 
have air, heat and a fuel source.  To have ARD, one needs air, water, and a pyrite source and the 
bacteria to speed reactions that would otherwise occur slowly:  consider an "ARD Tetrahedron"   
concept (see Figure 1), with each requirement positioned at a vertex.  If any of the primary in-
gredients are missing, isolated, or chemically neutralized, fire/ARD will not form.  Pyrite will 
oxidize in the absence of acidophilic bacteria; however, these bacteria are reported to accelerate 
the kinetics of pyrite oxidation by an order of magnitude (Baldi, et al. 1992).  
 

 
Figure 1. ARD Tetrahedron (Gusek, 1994) 
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2.2 Baseline Testing 
The tendency of a given rock or material to produce ARD is predicted by a number of standard 
tests, including acid-base accounting, humidity cells, and column leach test.  Based on this au-
thor’s experience, the microbial component of ARD production in these tests is rarely assessed.  
Even more rarely, probiotic measures such as the application of waste milk to create biofilms 
(Jin et al. 2008) with acidophiles have only recently been reconsidered as viable technologies. 

However, the concept of introducing competing bacteria is not new. Sobek et al. (1990) sug-
gested that a probiotic process would complement the application of a slow-release acidophilic 
bactericide, sodium lauryl sulfate: 

 
“Inhibiting or destroying thiobacilli can significantly slow the rate of acid pro-

duction. Anionic surfactants, organic acids and food preservatives (Onysko et al. 
1984) act as bactericides and kill these bacteria; however; bactericides degrade 
over time and are lost because of leaching and runoff.  To overcome the inherent 
short duration effectiveness of spray applications, controlled release systems to 
provide the bactericide slowly over a long time period were developed (Sobek et 
al. 1985). 

Control of acid generation for prolonged periods greatly enhances reclamation 
efforts and can reduce reclamation costs by reducing the amount of topsoil need-
ed to establish vegetation. Three natural processes resulting from strong vegeta-
tive cover for three years or more can break the acid production cycle. These 
processes are: 
 
1) A healthy root system that competes for both oxygen and moisture with acid-

producing bacteria; 
2) Populations of beneficial heterotrophic soil bacteria and fungi that are reestab-

lished, resulting in the formation of organic acids that are inhibitory to T. fer-
rooxidans (Tuttle et al. 1977); and  

3)  The action of plant root respiration and heterotrophic bacteria increase CO2 
levels in the spoil, resulting in an unfavorable microenvironment for growth 
of T. ferrooxidans.” 
 

Sobek et al. viewed antibacterial application as a method to reduce the volume of topsoil to re-
vegetate potentially acid generating or PAG waste.  They believed that at least three years of ac-
idophilic bacterial suppression was sufficient to accomplish this goal.   

The 21st century ARD-focused community of geochemists may be aware of how acidophilic 
bacteria promote ARD but they may not understand its kinetic importance.  An informal survey 
suggests that inclusion of acidophilic inoculum, bactericides, and nutrients to support compet-
ing bacteria in humidity cell and column leach tests is rarely attempted because the effects of 
bactericides have always been considered temporary.  As Sobek et al. (1990) suggest, that might 
be true but the limitation might be overcome by substitution of heterotrophic bacteria and fungi 
into the ARD generation zone coupled with a slow-release bactericide. 

3 BIOCHEMICAL REACTOR TECHNOLOGY REFRESHER 
Sulfate reduction in biochemical reactors (BCRs) has been shown to effectively treat ARD con-
taining dissolved heavy metals, including aluminum, in a variety of situations.  The chemical 
reactions are facilitated by the bacteria Desulfovibrio in BCRs as shown schematically in Figure 
2 and the photo in Figure 3.  However, a consortium of bacteria contribute to this effort as dis-
cussed in Seyler et al. (2003). 

In a BCR, the sulfate-reducing bacterial reactions (equation 1) involve the generation of: 

� Sulfide ion (S-2), which combines with dissolved metals to precipitate sulfides (equation 2) 
� Bicarbonate (HCO3

-), which has been shown to raise the pH of the effluent 
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Figure 2.  Down-flow Biochemical Reactor Schematic 
 

 

 
Figure 3.  A Typical Biochemical Reactor 
 
 

The sulfate reducing bacteria (SRB) produce sulfide ion and bicarbonate in accordance with 
the following reaction (Wildeman, et al., 1993): 

SO4-2 + 2 CH22�ĺ�6-2 + 2 HCO3
- + 2 H+ (1) 

The dissolved sulfide ion precipitates metals as sulfides, essentially reversing the reactions 
that occurred to produce ARD.  For example, the following reaction occurs for dissolved zinc, 
forming amorphous zinc sulfide (ZnS): 

Zn+2 + S-2 ĺ�=Q6 (2) 
Suspected geochemical behavior of aluminum in BCRs was documented by Thomas & Rom-

anek (2002).  It is suspected that insoluble aluminum hydroxy-sulfate forms in the reducing en-
vironments found in BCRs, perhaps in accordance with the following reaction which is one of 
many possible:  

3Al3+ + K+ + 6H2O + 2SO4
2- ĺ�.$O3(OH)6(SO4)2 (Alunite) + 6H+ (3) 
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The key conditions for SRB health are a pH of 5.0 (maintained by the SRB itself through the 
bicarbonate reaction and/or the presence of limestone sand), the presence of a source of sulfate 
(typically from the ARD), and organic matter ([CH2O] from the substrate).  BCRs have been 
successful at substantially reducing metal concentrations, nitrate concentrations, and favorably 
adjusting pH of metal and coal mine drainages. 

As discussed in Blumenstein & Gusek (2010), typical BCR effluent contains biochemical 
oxygen (BOD)/dissolved Total Organic Carbon (TOC) and sulfide in varying concentrations.  
Ironically compared to the context of this paper, these are referred to as “nuisance” parameters 
that need to be addressed in order to allow the discharge of a BCR effluent that might contain 
trace concentrations of metals.  

The parameters cited above are also probiotic nutrients that can support a microbial commu-
nity that can occupy and quickly displace the niche occupied by the acidophiles.  

It is noteworthy that BCRs do not remove manganese.  Thus, any dissolved manganese pre-
sent in the BCR present is available to create encapsulating and metal adsorption-capable films 
of MnO2 (“desert varnish”) under certain aerobic conditions. 

4 HEAP LEACH TECHNOLOGY REFRESHER 

4.1 Heap Leach History 
Heap leaching technology was described by Agricola in the 16th century as a method for recov-
ering alum for tanning of animal hides (Kappes, 2002).  In America, a similar technology was 
used in Vermont in the early-1800’s at the Elizabeth Mine for recovery of Copperas, or hydrat-
ed ferrous sulfate, that was used for curing and setting colors in hides and pelts, dye and ink 
manufacturing, and for treating timber (Hammarstrom et al. in Slack, 2001).  Modern gold and 
silver heap leaching practices matured in the western USA in the early 1970s and are now used 
world-wide. 

4.2 The Heap or Dump Leaching Process 
The recovery of metals from ore heaps or marginal mine waste dumps involves the application 
of a “barren” leach solution (typically sodium cyanide in the case of precious metals and sulfu-
ric acid in the case of copper) to dissolve the metals to yield a pregnant or “preg” solution that 
is recovered  by gravity and processed for the metal(s) of interest.  After the metals are recov-
ered from the preg solution, the resulting barren solution is recycled back to the heap to leach 
more metals.  Several holding and process ponds are involved as shown in Figure 4.   

Kappes (2002) provides an overview of the heap leaching process; design aspects related to 
the application of BCR effluent to mine wastes follow. 

4.3 Barren Solution Distribution Plumbing 
Solution distribution piping that is typically installed on top of the heap or dump is a leaching 
design feature of special interest with regard to ARD suppression.  There are four mainstream 
methods for applying barren solution (Kappes, 2002): 

-  Drip Emitters, 
-  Wobbler Sprinklers, 
-  Reciprocating Sprinklers, and 
-  High Rate Evaporative Sprinklers. 

To preserve the anoxic and geochemically reducing characteristics exhibited by BCR efflu-
ent, reciprocating and evaporative sprinklers should be avoided.  The oxidation of BCR effluent 
as it traveled from the sprinkler head to the PAG rock surface or tailings surface would result in 
a deposit of biosolids and noxious odor. 
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Figure 4. Heap Leach Pad Schematic (After Chamberlain & Pojar, 1984) 

 
Drip emitters or wobbler sprinklers would allow the well-buffered, soluble total organic con-

taining solution to infiltrate into and percolate through the mine waste where ARD-suppressing 
biofilms should form along preferential pathways.  This approach would be especially attractive 
in situations where the mine waste repository surface had already been revegetated.  BCR efflu-
ent would percolate through the plant growth medium and some buffering and organic matter 
addition would certainly bolster the productivity of the vegetative community. 
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A typical leach pad solution distribution system is comprised of a series of header pipes and 
sub-header pipes connected to a series of lateral pipes or hoses into which the drip emitters or 
wobbler sprinklers are installed.  Whether or not the distribution piping is removed prior to a 
leach pad’s or waste repository’s receiving a fresh lift of ore-grade material will vary depending 
on site-specific economics.  It may be more cost effective to abandon a piping network in place 
rather than expending the time and labor effort to dismantle, move, and reinstall it elsewhere on 
the site.   

As subsequently discussed, it is unlikely that a BCR effluent solution distribution system 
would be abandoned in place due to the relatively temporary (compared to a “resource recov-
ery” operation) deployment over an ARD-producing zone in the mine waste repository (which 
might include pit walls).  Rather, the solution distribution system would be designed to be mod-
ular and easily transferred in a sequential fashion to where it would be needed at the site. 

4.4 Preg Pond and Storm Water Pond Retrofitting 
If a heap leach pad contains PAG rock, it is probably only a matter of time before ARD be-
comes an issue.  Cellan, et al. (1997) described the construction of a “Biopass” system at the 
closed Santa Fe gold mine in Mineral County, Nevada.  The installation included retrofitting a 
geomembrane-lined solution pond into a BCR.  The effluent from the BCR flowed by gravity 
through a buried pipeline to a leach field.   

The proposed ARD-suppressing process would differ from the Cellan et al. concept by recy-
cling the effluent from the retrofitted pond(s) back to the source of the ARD.  Of course, this 
will alter the water balance of the leach facility and a “circulating load” of mining influenced 
water would need to be managed.  A new water balance estimate would be design necessity if 
BCR effluent is applied to the PAG waste in this fashion. 

5 VACCINATION VS MEDICATION? 

5.1 Vaccination 
Continuing with the medical analogy, vaccination to suppress ARD would occur shortly after 
pyritic waste is either excavated or placed.  Thus, vaccination would occur before the aci-
dophilic bacterial community has a chance to mature.  The medical sage advice of Benjamin 
Franklin, “an ounce of prevention is worth a pound of cure”, is especially appropriate but it 
might be updated for a mine site application to read:  “a tonne of ARD prevention is worth a 
hectare of passive treatment”.   

The advantages of pursuing this preventive protocol include: 
� Closer control of ARD-suppressing solution application (focused only on PAG waste zones 

identified by geophysics, mining records, field testing, or other methods), 
� Lower cost because the levels of stored acidity in the PAG waste (if it is fresh) should be 

low,  
� Better management of ARD issues throughout the mine life instead of waiting until closure 

and attempting to gain control of a “Stage 4” geo-bacterial condition, and 
� Lower costs of active treatment during operations. 

5.2 Medication 
The application of geo-medicines to suppress ARD on legacy sites that have been “cooking” for 
years offers a special challenge.  As the surfactant-based bactericides such as sodium lauryl sul-
fate are organic compounds, they are susceptible to degradation when exposed to acidic condi-
tions on the acidified mineral surfaces.  In this author’s opinion, any bactericide should be ap-
plied in a solution that is well-buffered and contains enough alkalinity to protect the 
bactericide‘s molecular integrity from the stored acidity in the mine waste.  This suggests that 
medicating a “thoroughly-infected” mine waste material will be more expensive than the im-
plementing vaccinating protocol described above for the same material. 
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5.3 Sequential or Cocktail Delivery? 
The preference to engineer a “silver bullet” process to suppress ARD with bactericides and pro-
biotic nutrients in a single “cocktail” application is a strong one.  It will save costs and time.  
However, unpublished data suggests that some acidophilic bactericides are also toxic to probi-
otic bacterial communities.  This finding suggests that a sequential application strategy may 
have a better chance of success in producing the desired outcome:  decimation of the aci-
dophilic community and its replacement with a self-sustaining heterotrophic community perpet-
ually supported by organic acids from the healthy vegetation on the surface of the site. 

6 VACCINATION AND MEDICATION CONCEPTS 

6.1 Expected ARD Suppression Mechanisms 
The percolating BCR effluent should contain at least five characteristics known to suppress 
ARD: 

1. Dissolved organic carbon (measured as BOD or total organic carbon [TOC]), 
2. Bicarbonate alkalinity, 
3. Reducing oxidation reduction potential (ORP) of – 100 mv or less, 
4. Low dissolved oxygen [DO] (<1 mg/L),  
5. Dissolved sulfide ion, and 
6. Dissolved manganese. 
The alkalinity and low DO in the BCR effluent should decimate the acidophilic community.  

The sulfide ion and reducing ORP conditions should facilitate precipitating any dissolved fer-
rous iron the solution encounters as a monosulfide (FeS).  The BOD present in the solution 
should be oxidized and form a coating of biosolids on the mine waste particle surfaces.  This 
biofilm layer should support a microbial community that outcompetes the acidophilic communi-
ty and thereby suppress ARD formation.  Based on the slow degradation of organic matter in 
municipal landfills, the beneficial effects of these combined mechanisms could persist for dec-
ades. 

The benefits of manganese dioxide MnO2 deposition would occur deeper in the rock/waste 
“column” under oxidizing conditions.  The MnO2 would tend to coat exposed rock surfaces 
along the preferential flow pathways.  As this reaction would only occur at circum-neutral pH 
such as that provided by well-buffered BCR effluent. 
6.2 Heap Leach Facilities 
Assuming that a caustic soda or hydrated lime is used as a component of the leach solution, 
BCR effluent might be substituted for fresh water in the final rinse of the pad.  This action 
should be considered with much deliberation, since its effects are likely to be permanent.  As 
carbon is a well-known “preg robber”, its introduction into the heap will render any remaining 
gold or silver unrecoverable.  The heap would not be amenable to restarting at some future date 
if metal prices rise. 

6.3 Tailing Storage Facilities (TSFs) 
If the mill is producing a tailings paste, the material is likely to be nearly sterile with respect to 
acidophiles but infection might occur over time in portions of the TSF that are alternately wet-
ted and dried, such as on the TSF beach.  A pug mill could be inserted into the mill circuit to 
add BCR effluent to a drier-than-optimum paste consistency.  Ideally, this would yield a final 
paste that has the optimal moisture content and enough nutrients to suppress ARD production 
until the site is revegetated at closure. 

6.4 Waste Rock Repositories 
It is assumed that geochemical characterization of the ore deposit and the waste rock mass is 
completed in advance of mining.  Thus, as the pit develops, the characteristics of each truck-
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load of mine waste has an ARD-risk signature associated with it.  For low-risk waste, no action 
is required except to perhaps segregate some of this material (even if re-handle is necessary) for 
placement in the final lift prior to regarding and plant growth medium placement. 
 For medium-to-high-risk waste, BCR effluent might be applied with a hydroseeder after a 
haul truck dumps near the crest of a lift.  As the waste is bulldozed over the crest, additional 
BCR effluent might be applied.  Segregation of larger rocks near the toe of the lift may require 
a separate BCR solution application effort in that zone.  It would depend on the gradation of the 
run-of-mine waste.  For lifts that are complete, deploying a heap leach solution pipe network 
may be appropriate until the cover provided by a subsequent lift advances.  

6.5 Pit Walls 
The application of BCR effluent on pit walls during operations may need to avoid ore-bearing 
zones because of the potential of carbon-induced preg-robbing if the milling process uses cya-
nide.  If the pit wall rock is fractured, percolation of the BCR effluent into the cracks should re-
sult in the deposition of organic matter that could support vegetation without the addition of 
plant growth media.  In a way, BCR effluent might be termed “liquid topsoil” in the sense that 
native seeds blown in by the wind could germinate in organic matter filled fractures and the 
“pioneer” plant community would minimize the percolation of rainfall into PAG zones and thus 
improve runoff chemistry.  Over time, this effect could improve the chemistry of a pit lake if 
one was projected to form post closure. 

7 MEDICATION CASE STUDIES 

The application of BCR effluent to suppress ARD is a promising concept.  Anecdotal infor-
mation suggests that there may be sites in the USA where it is being evaluated.  Consequently, 
only one case study in the literature appears to be available to suggest that the concept could 
work with an appropriate level of design effort.  

7.1 Antibiotic Case Study in Pennsylvania, USA 
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 PAG rock zone in a 
backfilled coal pit had been identified using geophysical techniques.  The site was fully revege-
tated 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.  The 
effects of the injection process were dramatic.  Chemistry of a toe seep at the site improved 
enough within 30 days that chemical treatment of the ARD was no longer required.  In 2014, 
almost two decades later, this is still the case.  The seepage chemistry is suitable enough to be 
polished in an aerobic passive treatment system.  Bond release for the site is pending. 

If the effects of the bactericide are supposed to be temporary, what can explain the persis-
tence of the beneficial effects of the two-stage application of caustic and bactericide? 

This author advances the following explanation: 
 

1) The initial “flooding” injection of caustic neutralized the residual acidity in the 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 preferen-
tial 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. 
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7.2 Probiotic Case Study in Tennessee, USA 
An injection/treatment process similar to the one described by Plocus & Rastogi was imple-
mented at the Sequatchie Valley coal mine in Tennessee.  In this case, waste milk and a bacteri-
al inoculum (biosolids) were injected into mine waste that had been reclaimed and revegetated.  
The project, completed by the Western Research Institute (Jin, et al., 2008 and ITRC, 2014) 
was undertaken to establish a bio-film of bacteria on the pyritic waste that would out-compete 
Acidithiobacillus ferrooxidans and thereby prevent ARD.   

While details are lacking, the technology was implemented in a 4 ha (10 acre) area exhibiting 
a seepage of about 0.12 m3/min. (30 gpm).  Ground water upstream of the test plot exhibits typ-
ical ARD characteristics, depressed pH (5.5 to 6.0 standard.units); the seepage downstream of 
the test plot exhibits a pH of 6.8 to 8 about four years after the initial injection event (ITRC, 
2014).  Plans are underway to evaluate this technology in a more controlled manner at the Se-
quatchie site. 

It is interesting to note that this probiotic application did not include a specific bactericide as 
implemented by Plocus & Rastogi.  This might be due to how the casein protein in milk behaves 
when it contacts an acidic environment: by curdling into a globular mass.  One could theorize 
that this property imparts a “heat-seeking missile” effect to the patented process of using dairy 
products to suppress ARD.  The milk proteins should selectively coat rock surfaces that are 
acidic. 

Regardless, conventional wisdom suggests that BCR effluent (with its high dissolved organic 
matter content) would be more similar to milk than to the two ARD-mitigating solutions that 
Plocus & Rastogi used sequentially at the Fisher site.  Similar to milk’s behavior, when BCR ef-
fluent encounters oxidizing conditions on a rock surface, a film of organic biosolids should be 
selectively deposited. 

8 PRELIMINARY “MEDICATION” COST MODEL  

Ultimately, the cost of implementing this ARD mitigation alternative would need to be com-
pared to the costs of perpetual treatment.  

As a starting point, a drip irrigation cost estimating spreadsheet available from the University 
of Delaware Agricultural Extension (U of D, 2014) was used to develop a cost of installing drip 
irrigation system on a 8.1 ha (20-acre) “medication” situation site.  The irrigation system was 
sized with a drip row spacing of about 1 meter to apply about 152.4 cm (60 inches) of BCR so-
lution for a year.   

This would amount to about 33.8 m3 per day or 12344 m3 per annum.  The capital cost of the 
installation was about $US14,500.  The annual operating cost was estimated to be about 
$US19,000, most of which was labor.  Factoring in the useful life of the various capital compo-
nents yielded an annual fixed cost of $US7,200 to yield a total annual cost of about $US26,000. 

Gusek & Schneider (2010) cited a projected BCR unit treatment cost of $US0.31 per m3 of 
effluent spread over the assumed 20-year BCR lifespan.  This would amount to about $US4,000 
per year.  Combining the drip sprinkler and BCR cost results in an annual cost of about 
$US30,000 per year or about $3700 per ha or $1500 per acre.   

Of course, the actual volume of BCR effluent required, its application rate, and duration may 
need to be adjusted for site-specific conditions which would be based on small scale field tests. 

9 CONCLUSIONS 
The re-purposing of BCR effluent to suppress ARD formation is a scientifically sound concept.  
If it works as expected, ubiquitous ARD suppressing materials such as wood chips, spoiled hay, 
straw, and animal manure could be locally procured to reduce costs and provide sustainable 
supplies that would be naturally grown, not manufactured.  Carbon sequestration may be a 
small side benefit of the process. 

The upside potential of this innovative merging of two common mining technologies could 
provide a paradigm shift in mine remediation strategy that has incalculable benefits to society in 
the US and worldwide.  This emerging technology could be another step on the “pathway to 
walkaway” with regard to mine closure. 
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1 INTRODUCTION 
 
URS Corporation contracted with the University of Waterloo to conduct bench-scale flow-
through column tests in 2012-2013 to identify reactive materials suitable for the removal of dis-
solved sulfate from site water to concentrations less than 250 milligrams per liter (mg/L). This 
was a preliminary step to consider using an enhanced sulfate-reducing barrier or bioreactor to 
address acid rock drainage (ARD) at the site.  
Site water used in the column tests was acidic  (pH 4.5 to 5.2) and contained  2,300 mg/L sul-
fate and dissolved  cadmium (Cd), copper (Cu), nickel (Ni), zinc (Zn), iron (Fe), and manganese 
(Mn).   

The goal of the column tests was to identify reactive materials and mixtures that may be suit-
able for use in a full-scale, enhanced sulfate–reducing permeable reactive barrier (PRB). Two 
reactive mixtures containing different ratios of zero-valent iron (ZVI) and leaf mulch from the 
local municipality were initially tested in the columns. Subsequently, emulsified vegetable oil 
(EVO) and spent brewer’s grains (SBG) were also tested. These materials can create conditions 
that are suitable for the removal of sulfate through microbially mediated sulfate reduction and 
the subsequent precipitation of low solubility metal sulfides. Metals removal by adsorption and 
by metal hydroxide precipitation may also be enhanced due to the generation of near neutral or 
alkaline pH conditions in the reactive materials. 

Evaluation of organic amendments in a ZVI-enhanced PRB to 
treat metals and sulfate in water 

R. Legrand & R. L. Henry 
URS Corporation, Denver, CO, USA 

J. G. Bain & D. W. Blowes 
University of Waterloo, Waterloo, ON, Canada 

J. F. Strunk Jr. & Y. Chai 
The Dow Chemical Company, Midland, MI, USA 

ABSTRACT: Laboratory column studies were conducted to evaluate materials for a permeable 
reactive barrier (PRB) to address elevated sulfate and metals in groundwater at a former mining 
site. Column 10z contained 10% (by volume) zero-valent iron (ZVI) and 30% leaf mulch; Col-
umn 30z contained 30% ZVI and 10% leaf mulch; and Column SBG contained 10% ZVI and 
40% spent brewer’s grains (SBG).  The columns were fed site groundwater at hydraulic reten-
tion times (HRT) ranging from 4 to 21 days. Columns 10z and 30z were initially run inde-
pendently; sulfate removal rate was low and independent of ZVI volume. These columns were 
connected in series to extend the HRT to 21 days, but the removal rate remained low (< 40 mg 
sulfate L-1 day-1). Emulsified vegetable oil (EVO) was added which increased the sulfate re-
moval rate to 200-300 mg L-1 day-1 and effluent sulfate dropped below 25 mg/L. Sulfate reduc-
tion started to decline after 15 pore volumes (PV), but was 60 mg L-1 day-1 after 39 PV. Dis-
solved organic carbon (DOC) concentration was directly correlated to sulfate removal rate. The 
SBG column showed effluent sulfate concentrations <20 mg/L within 1 PV; sulfate reduction 
rates >100 mg L-1 day-1 were maintained for 28 PV. At 39 PV, the rate was 72 mg L-1 day-1. 
DOC declines only affected sulfate reduction after a lag of 5 to 10 PV. Metals were readily re-
moved. Stable sulfur isotope analysis independently verified microbial sulfate reduction. A pi-
lot plant is running successfully on site. 
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Reactive mixtures that include organic carbon, with or without ZVI, treat dissolved sulfate and 
dissolved metals by means of promoting bacterially-mediated sulfate reduction (Equation 1), 
and by precipitating sparingly soluble metal sulfides (Equation 2; Benner et al., 1997; Waybrant 
et al., 1998; Gibert et al., 2002; Guha and Bhargava, 2005): 
 
SO4

2- + 2 CH2O ĺ H2S + 2 HCO3
-                         (1) 

Me2+ + H2S ĺ MeS + 2H+                            (2) 
 
where CH2O is the generic form of an organic carbon substrate and Me2+ is a divalent metal 
(such as Cd2+, Fe2+ or Pb2+) and MeS is a sparingly soluble amorphous metal sulfide (e.g., CdS; 
Church et al., 2007). Since sulfate reduction generally occurs in excess compared to the amount 
of metal sulfide precipitation that occurs, the net result is generally a decrease in the overall ac-
id generation potential of the treated water. A variety of forms of organic carbon are both wide-
ly available and inexpensive for use with in situ treatment systems. Examples of suitable mate-
rials include municipal compost, forestry waste, composted leaf mulch and manure (Waybrant 
et al., 1998). An added benefit of including organic carbon in the mixtures is that it  consumes 
oxygen and helps maintain reducing conditions.  
ZVI is a strong reductant and when mixed with organic carbon, enhances the environment for 
successful growth of sulfate-reducing bacteria (SRB). This is partly a result of the reduction of 
water during anaerobic corrosion of ZVI which can generate neutral or alkaline conditions (pre-
ferred by SRB) in acid mine drainage systems (Wilkin and McNeil, 2003). A reaction for the 
anaerobic corrosion of iron is indicated in Equation 3.  
 
Fe0 + 2 H2O ĺ Fe2+ + H2 + 2 OH-                           (3) 
 
Hydrogen gas released in this reaction may be used by SRB in addition to organic carbon, as an 
electron donor (Abram and Nedwell, 1978). Thus, when an organic carbon source is not ideally 
suited for use by bacteria, an alternative electron donor is still available. Surfaces of commer-
cially available granular iron are moderately corroded when received and continue to corrode 
when in contact with the atmosphere or groundwater. The iron oxide and oxyhydroxide surfaces 
are well suited for the adsorption of divalent metals from the water (Wilkin and McNeil, 2003). 
Dissolved metals may also precipitate or coprecipitate in corrosion products that form on the 
surfaces of the ZVI. Additionally, dissolved Fe released during the corrosion of the ZVI will 
remove dissolved sulfide from the water by precipitating low solubility iron sulfide (FeS).  
As a result of these multiple mechanisms of metal removal, mixtures of ZVI and organic carbon 
offer improved potential for the removal of dissolved metals from water, over use of organic 
carbon or ZVI alone. The precipitation of more soluble sinks for the metals may add to the total 
metals removal by the reactive mixtures. For example, in addition to FeS, Fe may precipitate as 
a carbonate mineral (FeCO3; siderite) due to the carbonate alkalinity generated by sulfate reduc-
tion (Equation 1) and due to the neutral pH environment in the PRB. Dissolved metals may also 
precipitate as hydroxides due to the elevated pH that is generated by the reduction of water by 
ZVI (Equation 3).  

The University of Waterloo is currently studying PRBs containing granular ZVI and organic 
carbon for treatment of various metals in sulfate-rich water at several treatment sites in the US 
and Canada. A full-scale PRB for the treatment of sulfate-rich mine drainage was installed at 
the Falconbridge Nickel Rim Mine near Sudbury, Ontario in 1995 (Benner et al., 1997; 2002). 
Monitoring of this PRB indicated the concomitant removal of iron and other metals by the pre-
cipitation of metal sulfides and the generation of acid-consuming water for more than 10 years 
(Daignault, 2002; Jambor et al., 2005). After the completion of a successful field trial started in 
1997, a second full-scale treatment barrier to remediate sulfate-rich groundwater which con-
tained Cu, Ni, Zn, Cd, and cobalt (Co) was installed in Vancouver during 2000-2001 (Ludwig et 
al., 2002). In 2002, a trial PRB system containing organic carbon and ZVI was installed to treat 
acidic groundwater containing tens of thousands of mg/L of sulfate and high concentrations of 
As, Cd, Pb and other metals at a former fertilizer plant in Charleston, South Carolina (Ludwig 
et al., 2006) and another was installed at a gold mine in Ontario, following a successful labora-
tory column trial. All of these PRBs were designed to remove sulfate and dissolved metals from 
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acidic and neutral pH groundwater by metal sulfide precipitation, coprecipitation and adsorp-
tion.  
The PRB technology for the treatment of metal and inorganic constituents in groundwater has 
been patented (Canadian Patent Number 2,062,204 (July 7,1998); U.S. Patent 5,362,394 (Nov. 
8,1994), U.S Patent 5,514,279 (May 7,1996)). A European Patent application (# 92103559.8) 
was filed on March 12, 1992, and recently issued (Sweden, Netherlands, Italy, Germany, United 
Kingdom, France, Spain, Greece, Switzerland, Denmark, Belgium, Austria). The University of 
Waterloo holds the patents. 

2 MATERIALS AND METHODS 
The material mixtures prepared for the columns included: 
 
Column 10z:  10% ZVI + 40% leaf compost + 47% gravel + 3% limestone (by volume) 
Column 30z:  30% ZVI + 20% leaf compost +47% gravel + 3% limestone (by volume) 
Column SBG: 10% ZVI + 40% SBG + 47% gravel + 3% limestone (by volume) 
 

Granular ZVI used in the mixtures was obtained from Connelly GPM, Inc. in Chicago 
(ETI-CC-1004). Leaf compost was obtained from the local municipality. EVO was obtained 
from EOS Remediation, LLC. The SBG was obtained from the Lion Brewing Company, in Wa-
terloo, Ontario. Each column apparatus, shown schematically in Figure 1, consisted of a Plexi-
glas™ tube 40 cm long by 7.7 cm internal diameter, and fitted with end plates. Approximately 
1.5 cm of clean silica sand was used at the influent and effluent ends of the columns to improve 
the distribution of flow in the columns and to filter coarse solids out of the effluent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Experimental Set-up 
 

The saturated columns and influent-water jars were placed in an anaerobic (approximately 
2.5% H2, 97.5% N2) chamber (Figure 2), to limit the ingress of oxygen into the column mixtures 
and to simulate the anoxic conditions below the water table in a PRB. 
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Figure 2: Photo of Columns inside Anaerobic Chamber 
 

Pore water pH and Eh were measured inside the anaerobic chamber using Thermo Orion™ 
electrodes using several milliliters of unfiltered sample water. Samples that were collected for 
analysis of dissolved metals and anions were ILOWHUHG�WKURXJK�D������ȝP�ILOWHU��7he major anions 
(sulfate, chloride) were analyzed by ion chromatography (IC) in the Department of Earth Sci-
ences, University of Waterloo. Dissolved nitrate (NO3

-) and nitrite (NO2
-) were determined on a 

regular basis when analyses confirmed that these species were present in the influent water. 
Samples were submitted for analysis at the end of each sampling event. Cation/metals samples 
were preserved with trace-metal grade concentrated nitric acid to pH<2. The major cations and 
metals (e.g. Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, 
Ti, Tl, U, V, and Zn) were analyzed by inductively coupled plasma atomic emission spectros-
copy and mass spectrometry (ICP-AES and ICP-MS) in the Department of Earth and Environ-
mental Sciences, University of Waterloo. Dissolved organic carbon (DOC) was analyzed at an 
accredited laboratory in Ontario, giving insight into the release and use of organic carbon in the 
columns. Dissolved organic acids (lactate, acetate, propionate and formate) were analysed at the 
University of Waterloo by IC to give further insight into the release and use of organic carbon 
in the columns. If nitrate/nitrite were present in the influent water, dissolved ammo-
nia/ammonium (NH3/NH4

+) was analyzed at an external lab to verify if nitrate or nitrite reduc-
tion was also occurring (Moura et al., 1997; Huang and Zhang, 2006). The alkalinity of filtered 
water samples was measured using a Hach™ digital titrator and standardized sulfuric acid and 
bromocresol green-methyl red and phenolphthalein indicators. The concentration of dissolved 
sulfide in the effluent and profile water samples were measured occasionally using a Hach™ 
spectrophotometer using the methylene blue method (EPA 376.2). A subset of samples was 
submitted to the Environmental Isotope Laboratory at the University of Waterloo for determina-
tion of stable oxygen and sulfur isotope ratios in the column pore water. These analyses inde-
pendently confirmed the occurrence of bacterially-mediated sulfate reduction in the columns. 

3 RESULTS AND DISCUSSION 
3.1 Leaf Mulch + ZVI Columns 
The results and operational conditions of the leaf mulch columns (Columns A and B) are sum-
marized in Table 1. Water flow to the columns started on March 5, 2012, using deionized water 
to which sulfate and sodium lactate were added. This initial phase focused on growing a healthy 
population of SRB. The flow of site water through the columns started on March 26, 2012 at an 
initial hydraulic retention time (HRT) of 4 days and maintained for 2 months.  
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Table 1: Operational Conditions, Leaf Mulch + ZVI Columns 

Time 
Period 

Column 
Status 

HRT 
(days) 

Column 
Flow 
(PV) 

Effluent 
Sulfate 
(mg/L) 

Sulfate 
Removal Rate 
(mg L-1 day-1) 

Effluent 
DOC 

(mg/L) 
Mar – Jun,  
2012 

Separate 
Columns 4 to 10  1700 100 to 40 28 

June – Sep,  
2012 

Columns 
In Series 20 22 1600 30 49 

Sep 28 – Jan 3, 
2013 

Added EVO 
Sept 19-24 20 

5 
(since 
EVO) 

1400 
to < 25 30 to 105 415 

Jan 4 – Jan 25, 
2013 After EVO 5 8 900 

to 400 250 to 320  

Jan 25 to Mar 
19, 2013 After EVO 11 14 < 25 189 to 221 

(234 average) 290 

Mar 19 to Aug 
1, 2013 After EVO 11 26 900 to 

1400 
77 to 116 

(94 average) 72 

Aug 1 to Nov 
20, 2013 After EVO 10 36 1480 

to 1600 
65 to 71 

(69 average) 45 

Dec 20, 2013 Stopped 10.5 39 1511 60 35 
 
 

Throughout these tests, dissolved metals were generally removed to below detection limits 
(see Table 2), and column profile analyses showed that most of the metal removal occurred in 
the first couple days in the columns. Consequently, the study focused on sulfate reduction, 
which proved more challenging at these high influent sulfate concentrations. Note that the pH 
was raised above 6.5, in fact generally above 7; this also happened very early in the passage of 
water through the column. 

At a HRT of four days, Column A removed 400 to 500 mg/L sulfate from the influent water 
and Column B removed 200 to 400 mg/L sulfate from the influent water (see Figure 3). After 
approximately two months at a HRT of four days, the sulfate removed was 530 mg/L and 350 
mg/L in Columns A and B, respectively. This sulfate reduction level is not sufficient to treat in-
coming water potentially containing 2000+ mg/L of sulfate. So, on May 25, 2012, the column 
flow was reduced to increase the HRT to approximately 10 to 11 days, giving the SRB more 
time to reduce sulfate. This modification only increased the sulfate removed to 600 mg/L and 
400 mg/L in Columns A and B, respectively.
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Table 2: Leaf Mulch Columns, Selected Metal Concentrations and pH 
    10z only 30z only 10z + 30z in Series  EVO Added to 10z + 30z  

Date 
 

25-Jun-12 25-Jun-12 9-Aug-12 
17-Oct-

12 30-Apr-13 8-Oct-13 
PV 

 
18 18 21 24 41 56 

HRT (days) 
 

10 10 23 14 13 11 

pH Influent 4.69 4.69 4.62 4.58 - 5.24 
Effluent 8.13 7.56 7.67 6.99 - 7.84 

Cd (µg/l) Influent 7.38 7.38 7.51 5.56 <200 5.67 
Effluent < 0.03 < 0.03 0.03 < 0.03 0.19 0.11 

Fe (mg/l) Influent 0.06 0.06 0.06 0.05 0.04 0.01 
Effluent 0.23 13.90 0.83 82.60 3.17 0.00 

Mn (mg/l) Influent 195 195 169 146 118 138 
Effluent 6.30 7.17 5.37 12.50 4.65 1.74 

Ni (mg/l) Influent 1.63 1.63 1.52 1.25 1.12 1.21 
Effluent 0.00 0.00 0.01 0.03 0.03 0.00 

Zn (mg/l) Influent 1.71 1.71 1.70 1.33 1.17 1.37 
Effluent <0.002 < 0.0003 < 0.0003 < 0.0003 <0.00002 0.00 

Figure 3: Sulfate Removal by the Leaf Mulch Columns 
(Columns connected in series after June 28, 2012; combined effluent from Column 30z) 
 

These removal levels were still not sufficient to reduce the sulfate to acceptable concentra-
tions, so on June 28, 2012, the two columns were connected in series (Column 10z followed by 
Column 30z) to further increase the HRT to approximately 21 days. Sulfate removal increased 
with the longer HRT, but only to approximately 800 mg/L. 

As shown in Table 2, the leaf mulch + ZVI columns were quite successful at removing dis-
solved metals and raising pH. However, the amount of sulfate removed was still low even at the 
21-day HRT (see Figure 3). If it takes 21 days to remove 800 mg/L of sulfate, then a HRT of 50 
days would be necessary to remove 2,000 mg/L. A 50-day HRT would require a very wide 
PRB, which is impractical. 

It was concluded that the leaf mulch did not produce enough dissolved organics to support 
robust bacterial growth to reduce 2,000 mg/L of sulfate in a reasonable time. A more generous 
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carbon source, emulsified vegetable oil (EVO) was selected to add to the columns because it 
has been widely used as a carbon source in groundwater remediation at industrial sites to reduce 
oxidized compounds like chlorinated solvents or perchlorate. EVO has the advantage of being 
a) an environmentally safe food-grade product, b) a slow-release source of dissolved organics 
often lasting several years after a single application, and c) an electron donor compound provid-
ing more reducing equivalents (electrons) per pound than any other such amendment. 
Between September 19 and 27, 2012, 1 PV of a solution of EVO mixed with the input water 
was allowed to distribute throughout the combined Column A-B system. The effect on sulfate 
reduction was rapid and striking (see Figure 3), reducing influent sulfate concentrations of 
2,200 mg/L to 21 mg/L, a 99% sulfate removal rate, in about 2 months. 

The sulfate removal rate was less than 40 mg L-1 day-1 immediately before EVO was added; 
within three pore volumes (PVs) it had tripled to 115 mg L-1 day-1. A column profile indicated 
that most of the sulfate reduction actually occurred in the first 5 days of residence in the col-
umn. So, the HRT was reduced to 5 days. This had the effect of raising the sulfate removal rate 
to a peak of 300 mg L-1 day-1. However, the effluent sulfate concentration also increased to 900 
mg/L, so the HRT was increased to 11 days. This returned the effluent sulfate concentration to 
levels below 25 mg/L within two PVs; the removal rate declined much more gradually (over 8 
PVs) from 250 to 100 mg L-1 day-1. It had been between 200 and 300 mg L-1 day-1 for two 
months. The sulfate removal rate tailed off slowly from 90 mg L-1 day-1 (until July 2013; 26 PV 
of flow) to 60 mg L-1 day-1 (in December 2013; 39 PV of flow after EVO added). During these 
27 PVs, effluent sulfate gradually increased to 1,500 mg/L. As can be seen on Figure 3, 99+% 
removal of sulfate was achieved for approximately 7 PVs, at HRTs of 20 and 10 days. 

DOC was monitored, as well as several organic acids. Sulfate removal rate and DOC concen-
trations in the effluent were directly correlated. This indicates that easily-available EVO direct-
ly supported an increased sulfate removal rate for the first 17 PV of flow. More recalcitrant 
components of the EVO and of the original organic carbon solids were gradually released at 28 
to 38 mg/L towards the end of the test. The stable sulfate removal rate after 17.5 PV suggests 
that EVO stimulated the development of an enhanced population of organic carbon-degrading 
and sulfate-reducing bacteria. The improved microbial community was still supporting a mod-
erate amount of sulfate reduction after a total flow of more than 39 PV.  

Effluent metal concentrations remained generally low. High Mn and Ni in influent were re-
moved to low levels; effluent Fe concentrations were below 1 mg/L since July 2013 (25 PV af-
ter EVO), below 0.1 mg/L since October 2013 (30 PV) and eventually dropped below 0.02 
mg/L. Molybdenum was not in the influent water but gradually increased to 0.06 mg/L in the 
effluent and probably was released from the ZVI. 

3.1 SBG + ZVI Column 
The results and operational conditions of the SBG column test (Column C) are summarized on 
Table 3. Water flow to the column started on September 26, 2012, using deionized water to 
which sulfate and sodium lactate were added. This initial phase focused on growing a healthy 
population of SRB. The flow of site water through the columns started on October 10, 2012. 
The flow rate of water through Column C was set to achieve a HRT of 20 days. 
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Table 3: Operational Conditions, SBG + ZVI Column 

Time 
Period 

HRT 
(days) 

Column 
Flow 
(PV) 

Effluent 
Sulfate 
(mg/L) 

Sulfate 
Removal Rate 
(mg L-1 day-1) 

Oct 16, 2012 (first PV) 20 1.5 1628  
Nov 5-Dec 18, 2012 20 3.6 < 20 100 to 137 
Dec 19, 2012- 
Jan 25, 2013 5 11.9 1300 to 1000 200 to 94 

(152 average) 

Jan 25 to Mar 19, 2013 15 15 1400 to 1000 76 to 96 
(88 average) 

Mar 19 to Jul 12, 2013 16 23.1 < 2 76 to 227 
(132 average) 

Jul 12 to Aug 1, 2013 10.4 24.5 300 188 
Aug 1 to Nov 19, 2013 10.5 36 1476 90 to72 
Dec 20, 2013 Stopped 39 1370 72 
 

Within one PV of startup, the dissolved sulfate concentrations in effluent from the SBG col-
umn decreased to < 20 mg/L (see Figure 4). A chemistry profile was conducted, in which sam-
ples were taken from different sampling locations along the length of the column. The results of 
this first chemistry profile conducted on November 20, 2012 indicated that influent sulfate con-
centrations underwent a sharp decrease upon entering the reactive materials. The influent 2,132 
mg/L sulfate concentration decreased to 173 mg/L after traveling 7 centimeters (cm) in the reac-
tive materials and sulfate was reduced to < 25 mg/L within about 15 cm. With an average resi-
dence time of 20 days for travel through the 40 cm column length (0.5 days/cm), this indicated 
that sulfate values below 250 mg/L were reached in less than 3.5 days. These results indicate 
that sulfate removal rates during the first 2 PV of flow and treatment were about 550 mg/L/day. 

Figure 4: Sulfate Removal by the SBG Columns  
 
They also indicate that the SBG was a superior organic carbon substrate for bacterially-
mediated sulfate reduction compared to the previously tested leaf compost.  

Based on the findings of the SBG column profile, the HRT was cut to 5 days, at the same 
time as the leaf mulch + ZVI + EVO column. This had the effect of boosting sulfate removal 
rate, but it also raised effluent sulfate concentrations above 1000 mg/L. Consequently, the HRT 
was raised to 15-16 days, but it took 6 PVs for the effluent sulfate to decline back to below 100 
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mg/L. Afterwards, the sulfate remained below 2 mg/L in the effluent for 6 PVs. The HRT was 
then lowered further to 10-11 days. Effluent sulfate gradually rose to 1,500 mg/L over the fol-
lowing 9 PVs. 

Elevated effluent DOC (> 100 mg/L) was observed for the first 20 PV with a maximum at 
~15 PV; this supported a strong sulfate removal rate. Effluent DOC concentrations decreased 
starting at about 15 PV, but sulfate removal rates continued to increase until about 23 PV. Ele-
vated sulfate removal rates (>100 mg L-1 day-1) persisted until 30 PV, despite DOC values that 
had decreased to < 25 mg/L in July 2013 (at 23 PV). This suggests that the SBG supported the 
growth of a microbial community that used DOC released from the SBG as an electron donor. 
Note also that low effluent DOC may reflect efficient use of the DOC rather than a low rate of 
DOC release from the SBG.  

Two analyses of cations in the effluent water (See Table 4) indicated that dissolved Al, Co, 
Cu, Ni and Zn were at low concentrations in both the influent and effluent. Dissolved Mn in the 
influent ( ~200 mg/L) was removed to ~6 mg/L in the effluent. The initial iron concentration 
exceeded 500 mg/L, but similar elevated iron concentrations were also observed in the ZVI + 
leaf mulch columns initially, and it declined rapidly. The excess iron was likely derived from 
dissolution of oxidation products on the ZVI and release of ferrous iron into solution. 

Table 4: SBG Columns, Selected Metal Concentrations and pH  

 

D
at

e 

2-
Ja

n-
13

 

11
-F

eb
-1

3 

8-
M

ar
-1

3 

26
-J

ul
-1

3 

19
-S

ep
-1

3 

8-
O

ct
-1

3 

 PV 8 13 15 25 30 32 
  HRT, days 6 10 16 13 10 12 
pH Influent 5.4 4.6 4.7 5.0 4.6 5.2 

Effluent - 8.4 8.7 7.6 8.2 8.3 
Cd (µg/l) Influent 6.30 7.44 4.60 5.14 7.89 5.67 

Effluent 0.09 0.08 <0.5 <0.5 0.15 0.07 
Cu (µg/l) Influent 36.0 18.0 20.0 35.9 50.9 41.7 

Effluent <5 <5 <2 0.36 0.05 1.24 
Fe (mg/l) Influent 0.04 0.15 0.12 0.04 0.02 0.01 

Effluent 1.18 0.44 0.10 0.24 0.25 0.15 
Mn (mg/l) Influent 153 160 131 131 181 138 

Effluent 0.54 0.46 0.46 0.37 0.34 0.47 
Ni (mg/l) Influent 1.39 1.56 1.11 1.18 1.57 1.21 

Effluent 0.01 0.01 0.01 0.003 0.002 0.002 
Zn (mg/l) Influent 1.37 1.71 1.12 1.23 1.88 1.37 

Effluent < 0.002 < 0.002 < 0.002 0.005 0.03 0.001 
 

3.2 Stable Isotope Analysis 
As can be seen on Table 5, the stable isotope signature of sulfate sulfur in the influent and ef-
fluent (30 PV after EVO amendment) indicates moderate enrichment (+4.1‰) in the 34S isotope 
(a more positive number), compared to the influent water (-����Å���7KH�į34S-sulfate of the SBG 
column (+15.7‰ also at 30 PV of flow) has an even stronger (more positive) signature. For 
ERWK�FROXPQV��WKH�HQULFKHG�į34S-sulfate signature is independent evidence of microbial sulfate 
reduction. 
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7DEOH����į34S-Sulfate Stable Isotope Analysis 

Sample  
į34S-Sulfate 
Result* (‰) 

į34S-Sulfate 
Duplicate (‰) 

Sulfate 
(mg/L) 

URS-INP#39   18-Sep-13 -5.91 
 

2190 
URS-1-Eff EVO 18-Sep-13 +4.23 +3.95 1663 
URS-2-EFF SBG 18-Sep-13 +15.74 

 
1073 

4 CONCLUSIONS 

Leaf Mulch + ZVI Columns 
x The final sulfate removal rate (60 mg L-1 day-1) was about double what it was before 

EVO was added (20-30 mg L-1 day-1), thus the EVO had a clear impact on sulfate re-
moval in the columns for more than 39 PV of flow. 

x There was no clear signature indicating that EVO was still directly supporting sulfate 
removal however, EVO may have stimulated the growth of a population of other fer-
mentative/cellulose degrading microbes that could be participating in the release of 
DOC from the original organic carbon solids in the columns. 

x 7KH�HQULFKHG�į34S-sulfate signature of effluent (+4‰) compared to the influent (-5.9‰) 
is independent evidence that microbial sulfate reduction was occurring in the columns.  

x Early time large excesses of DOC and acetate which were flushed out in effluent were 
short-lived, less of a BOD concern for full-scale use. 

x Excellent control of metals of concern was achieved throughout, although some initial 
leaching of iron from the ZVI was observed. 

 
SBG + ZVI Column 
x High sulfate removal rates (> 100 mg L-1 day-1) observed until Sept 2013 (28 PV). 
x Sulfate removal rate at the end of the project was relatively stable at around 72 mg L-1 

day-1 (773 mg/L removed in 10.8 days), slightly greater than in the leaf mulch + EVO 
columns at this HRT. 

x 7KH�HQULFKHG�į34S-sulfate signature of effluent (+15.7‰) compared to the influent  
(-5.9‰) suggests that microbial sulfate reduction likely is the dominant process. 

x Excellent control of metals of concern was achieved throughout, although some initial 
leaching of iron from the ZVI was observed. 

 
Overall 
x The bench-scale studies support the feasibility of a ZVI and organics PRB for this site; 

the HRT should probably be about 12 days, so if the seepage velocity of the groundwa-
ter is 20 cm/day, the PRB would have to be 2.4 m wide to achieve the desired treatment. 

x With influent groundwater sulfate concentrations exceeding 2000 mg/L, the organic 
substrate will eventually be oxidized, leading to a gradual decline in sulfate reduction 
efficiency. 

x The longevity of the PRB could be extended by reinjecting EVO into it as needed, pref-
erably via a dedicated piping system installed with the PRB. 

x A 1250-L pilot plant is currently running at the site and achieving very promising re-
sults. 
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1  INTRODUCTION 

In the mining industry, a significant amount of mine tailings needs to be disposed every day. In 
most cases, the tailings are placed in hydraulically slurry form during the storage process, thus, 
resulting tailings deposits to be in relative loose densities and with increased susceptibility to 
liquefaction especially under seismic loading. As a failure of a tailing dam can cause severe 
impacts on both economic and ecologic sectors and may even cause loss of human life, design 
of storage facilities for mine tailings is a critical design consideration. Critically evaluating 221 
failure cases during the past century, ICOLD (2001) emphasized the failure of retaining tailing 
dams built by upstream method that were caused by inadequate shear strength or the additional 
loading created by earthquake shaking. Hence, assessing the performance of tailing dams under 
earthquake loading has been a key consideration, especially those located in seismically active 
areas. 

During seismic assessment, the mechanical response of mine tailings under cyclic loading is 
often examined through laboratory cyclic triaxial and direct simple shear testing( Ishihara et al., 
1980; Troncoso, 1986; Troncoso et al., 1988; Wijewickreme et al., 2005; Kim et al., 2011; 
Geremew & Yanful, 2011). The cyclic shear resistance of mine tailings in this instance (and of 
soils in general) for liquefaction assessment from these laboratory tests is described by the 
number of loading cycles required for the attainment of a threshold cyclic shear strain when a 
soil specimen is subjected to constant amplitude loading corresponding to a given cyclic stress 
ratio. The commonly accepted threshold strain criteria in this regard is 3.75% of single 
amplitude shear strain in cyclic direct simple shear (DSS) tests (equivalent to 5% double 
amplitude axial strain in cyclic triaxial test). This particular strain criterion can be considered as 

Stress-strain pattern-based criterion to assess cyclic shear 
resistance of mine tailings 
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ABSTRACT:  The cyclic shear resistance of mine tailings for liquefaction assessment from 
laboratory shear tests is commonly described by the number of loading cycles to reach a 
threshold cyclic shear strain, when a soil specimen is subjected to constant amplitude loading 
corresponding to a given cyclic stress ratio.  With the often observed ‘cyclic mobility’ type 
shear behavior in fine-grained mine tailings during constant volume cyclic shearing, the use of 
an arbitrary strain-based criterion for the assessment of shear resistance is not prudent.  Since 
the variation of material stiffness and strength are important facets from performance point of 
view, it is considered prudent to focus on the variations in stress-strain response as opposed to 
just strain alone.  With this background, a study was undertaken to seek a stress-strain pattern-
based criterion to assess the cyclic resistance of fine-grained mine tailings using data derived 
from cyclic DSS tests.  Some of the findings from this study are presented, with comparison 
made between the new stress-strain pattern-based criterion with the only-strain-based criterion. 
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a result of an evolution from a number of similar criteria developed with attention paid to the 
approximate strain levels, observed in sand specimens when their excess pore pressure ratio (ru) 
was approaching the 100% mark during cyclic triaxial tests. For example, a single amplitude 
strain level of 2.5% (Mullins et al., 1977), about 1.4% to 2% (Boulanger & Idriss, 2004) and 3% 
(Bray & Sancio, 2006) have been noted as approximately corresponds to the state of pore 
pressure equals the confining stress. With the often observed ‘cyclic mobility’ type shear 
behavior that does not reach ru = 100% in fine-grained soil during constant volume cyclic 
shearing, the use of an arbitrary strain-based criterion for the assessment of resistance against 
liquefaction or cyclic failure is not prudent. Since it is the variation of material stiffness and 
strength are the important facets from performance point of view, it is considered of value to 
focus attention to the variations in stress-strain response as opposed to just strain alone. With 
this background, a study has been undertaken to examine the pattern variations in the stress-
strain response of wide ranges of soil when subjected to constant volume cyclic DSS loading. 
This paper, in particular, presents the observations made for cyclic stress-strain response and its 
pattern change for fine-grained mine tailings. Data derived from cyclic DSS tests conducted at 
the University of British Columbia are used for this purpose. The objective is to seek a stress-
strain pattern-based criterion to assess the cyclic resistance of fine-grained mine tailings. The 
paper presents some of the findings from this study, and compares a newly proposed stress-
strain pattern-based criterion with respect to the traditional strain-based criterion. 

2 TYPICAL CYCLIC SHEAR RESPONSE OF FINE-GRAINED MINE TAILINGS 

For coarse-grained soil, it has been noted that the development of excess pore water pressure 
and accumulation of strain are focused during cyclic loading tests for liquefaction assessment. 
Therefore, test procedures such as triaxial and simple direct shear tests have been conducted for 
determining the cyclic stress ratio (CSR) under which the tested saturated soil specimen 
develops pore water pressure equal to the applied confining stress, or suffer excessive amount of 
strain. Given below is a factual briefing on cyclic shear response of fine-grained mine tailings 
based on the cyclic direct simple shear tests on fine-grained mine tailings focusing the 
development of pore water pressure, accumulation of strain, and stress-strain relationship.  
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Figure 1. Development of pore water pressure in fine-grained mine tailings during    
constant-volume cyclic direct simple shear tests 
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Data obtained from constant-volume cyclic direct simple shear tests conducted at the 
University of British Columbia on fine-grained mine tailings and data from Wijewickreme et al., 
(2005) are herein used to describe the typical cyclic response of fine-grained mine tailings. 
Excess pore water pressure development of specimens prepared from laterite tailings (Specific 
gravity Gs =4.1), copper-gold tailings (Gs=2.78), copper-gold-zinc tailings (Gs=4) and copper 
tailings (Gs=2.8), when they are subjected to constant-volume cyclic direct simple shear loading 
are presented in Figure 1. 

The pore pressure ratio (ru) is defined as the ratio of excess pRUH� SUHVVXUH� �ǻ8��� WR� LQLWLDO�
HIIHFWLYH�SUHVVXUH�SULRU�WR�F\FOLF�ORDGLQJ��ı¶vc). For the purpose of comparison and discussion of 
the cyclic response s of the tested materials, Wijewickreme et al., (2005) used a single amplitude 
shear strain level of 3.75% in cyclic direct simple shear test as ‘triggering point of liquefaction.’ 
Hence, N�Ȗ ������ herein referred as the number of loading cycles for the specimen to reach 
3.75% shear strain and ratio of cycle is the ratio of number of loading cycles (N) to N�Ȗ �������� 
Figure 1 indicates the gradual development of pore water pressure for all presented fine-grained 
mine tailings, however, it can be seen that excess pore water pressures did not equal to the 
confining stresses (i.e. ru = 1) at the point of specimens reached 3.75% shear strain level. Neither 
abrupt accumulation of shear strain nor gain of excessively large strain levels are observed for 
fine grained mine tailings during constant volume cyclic direct simple shear test as shown in 
Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition to the gradual accumulation of shear strain, degradation of shear stiffness with 
increasing number of loading cycles can be identified when cyclic stress-strain responses are 
observed in Figure 3. Further, it can be seen from the Figure 3 that in a given cycle, when the 
applied shear stress is close to zero, the shear stiffness of the fine-grained mine tailings 
undergoes its transient minimum. Figure 1 to Figure 3 indicate the gradual development of pore 
pressure and accumulation of shear strain without entailing a significant loss in shear stiffness 
during constant-volume cyclic direct simple shear loading for the tested fined-grained mine 
tailings. This type of stress-strain response as ‘cyclic mobility’ has been observed for tailings 
sand (Chern, 1985), for clay (Zergoun & Vaid, 1994), for silt (Hyde et al., 2006; Sanin & 
Wijewickreme, 2006), for dense sand (Sriskandakumar, 2004). 
 
 

Figure 2. Accumulation of shear strains of fine-grained mine tailings during constant-
volume cyclic direct simple shear tests 
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3 PATTERN CHANGE IN CYCLIC STRESS- STRAIN RESPONSE 

With the often observed ‘cyclic mobility’ type shear behavior that discussed above, that does not 
necessarily reach ru =100% in fine-grained soil during constant volume cyclic shearing, the use 
of an arbitrary strain-based criterion for the assessment of resistance against liquefaction or 
cyclic failure is not prudent. Since it is the variation of material stiffness and strength are the 
important facets from performance point of view, it is considered of value to focus attention to 
the variations in stress-strain response as opposed to just strain alone. Careful visual 
examination of laboratory data from many DSS tests by the authors have revealed the existence 
of clearly distinguishable pattern changes in the cyclic stress-strain loops in soils exhibiting 
cyclic-mobility-type strain development. The observations made with particular reference to the 
cyclic stress-stain response of fine-grained mine tailings are presented herein. 

The cyclic stress-strain relationship of a normally consolidated laterite tailings specimen [Gs 
= 4.1, Plastic Index (PI) = 12] in a cyclic direct simple shear test are given in Figure 4. The data 
were obtained from the study conducted by Wijewickreme et al., (2005). The results clearly 
illustrate the gradual degradation of the shear stiffness with respect to number of loading cycles. 
The cyclic stress-strain loops for the first seven loading cycles till the specimen reaches single 
amplitude shear strain level of 3.75% are also shown in the same figure. From Figure 4, it can be 
seen that the shape of the cyclic stress-strain loop for the first cycle is different from the shape 
of the cyclic stress-strain loop for the seventh cycle, and the evolution of changes in the pattern 
of cyclic stress-strain can be described as below. 
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Figure 3. Cyclic shear stress-strain responses of fine-grained mine tailings during  
constant-volume cyclic direct simple shear tests 
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In Figure 4, the curve segment between positions (A) to (B) shown on the stress strain loops 
represent the first quarter of the loading cycle, while the curve segment between positions (B) to 
(C) corresponds to the second and third quarters, and finally, the positions (C) to (D) shows the 
fourth quarter of the loading cycle. Carefully scrutinizing the cyclic stress-strain loops in Figure 
4, it can be seen that in first cycle, shear modulus is highest at the starting point of loading (A), 
and then it keeps on decreasing till the stress increases to its maximum at (B). The similar trend 
continues from section (B) to (C) and section (C) to (D). However, in 3rd cycle [from (A) to (B) 
section] and 4th cycle [both in (A) to (B) and (B) to (C) sections], ‘kinks’ can be observed in the 
stress-strain loops as noted in Figure 4. The pattern identified in the initial loading cycles 
(greatest shear modulus at the beginning and gradually continuous reduction of tangent shear 
modulus till the shear stress increases to its maximum) is gradually changed to a case with the 
visible ‘kinks’ in 3rd and 4th loading cycles. The “kink” gradually develops in a more prominent 
manner with next successive loading cycles as in cycle 7 in Figure 4. It is also of relevance to 
note that, similar kinks are noticeable in the stress-strain loops presented by other researchers 
(Bray & Sancio, 2006; Donahue et al., 2007; Romero, 1995) for fine-grained soils although no 
attempt had been previously placed to examine this aspect. 

3.1 Stress-strain pattern-based criteria 
 

It would be logical to potentially look for signs of distinguishable changes in the overall 
stress-strain response pattern as cyclic loading progresses; in other words, the occurrence of 
such changes would serve as more effective signals of material deterioration from an 
engineering performance point of view. The formation of kink is a clear indication of noticeable 
variation of stiffness changes during constant volume cyclic shear loading. Although, a specific 
mechanism or cause for this kink in the stress-strain loop is not readily identifiable, it is 
reasonable to state that changes in fabric (i.e., micro-structure, arrangement of soil particles) as 
well as confining stress changes due to pore water pressure generation are likely responsible for 
the observed pattern change. As such, identification of the mechanism for the observed pattern 
changes would be complex and will involve detailed research. Authors are currently exploring 
on this front, however, it has not been included within the scope of the content presented herein. 
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Figure 4. Cyclic shear stress-strain relationship of normally consolidated laterite tailings (Gs = 4.1, PI 
= 12) specimen with a cyclic stress ratio of 0.225, with an initial vertical effective stress of 100 kPa 

during a cyclic direct simple shear test 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

241



 
 
 
 
 
 
 
 
 
 
 
 
 

Authors suggest considering the occurrence of “incipient kink” as illustrated in Figure 5, in 
identifying the change of pattern of stress-strain loop with increasing number of loading cycles, 
as a criterion to define cyclic failure in fine-grain material mine tailings for liquefaction 
assessment. The term “incipient kink” can be best described with reference to a cyclic stress-
strain loop; for example, the noted kink in the 3rd and 4th cycle in Figure 4, where an increase of 
tangent shear modulus was observed after initial decrease of that is identified. 
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Figure 5. Pattern change of cyclic shear stress-strain loops for fine-grained mine tailings during 
constant volume cyclic direct simple shear loading and the observation of ‘Incipient Kink’ 
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Figure 6. Observation of ‘Incipient Kink’ in cyclic stress-strain loops of fine-grained mine tailings in 
constant volume cyclic direct simple shear load tests 
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With the above consideration in mid, the cyclic response of relatively undisturbed laterite 
tailings, copper tailings, red mud tailings, and reconstituted gold tailings during constant-volume 
cyclic direct simple shear tests were scrutinized for the above mentioned stress-strain pattern 
change, and the incipient kinks in cyclic stress-strain loops were located. In order to illustrate 
this further, visually identified incipient kinks for the stress-strain loops in fine-grained mine 
tailings during selected tests cases are presented in Figure 6; for the same test, the stress-strain 
loops with and without kinks are also shown in the same figure for comparison. Both laterite 
tailings and copper tailings were normally consolidated prior to the cyclic loading, whereas, the 
results for gold tailings arise from tests conducted on soil specimens that were initially normally 
consolidated and over-consolidated as shown in Table 1. Furthermore, the test series for red-
mud tailings were conducted after initial normal consolidation followed by an application of 
pre-determined initial static shear stress bias (i.e., to simulate sloping ground conditions in the 
field). Regardless of the initial stress and consolidation condition, for the selected test cases, the 
pattern changes in the stress-strain responses with the incipient kink were identifiable as shown 
in Figure 6. 
 
 

Table 1.Summary of the visual observation study of incipient kink in cyclic stress-strain loop for fine-
grained mine tailings in cyclic direct simple shear tests 
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Laterite tailings 
Gs = 4.1 
L-100 :  
Silt 65% and clay 35% 
 
L-200 :  
Sand 7%, silt 91% and  
clay 2% 

L-100-0.25 1.39 100 1 - 0.25 3 4 
L-100-0.23 1.32 100 1 - 0.23 3 6 
L-100-0.19 1.45 100 1 - 0.19 5 8 
L-100-0.15 1.37 100 1 - 0.15 12 22 
L-100-0.11 1.43 100 1 - 0.11 54 76 
L-200-0.15 1.12 200 1 - 0.15 21 41 
L-200-0.20 1.17 200 1 - 0.20 12 26 
L-200-0.25 1.39 200 1 - 0.25 5 7 
L-200-0.22 1.34 200 1 - 0.22 7 14 

Copper tailings 
Gs = 2.8 
Sand 24%, silt 58% and  
clay 18% 
 

CT-100-27 1.09 95 1 - 0.27 2 2 

CT-100-20 0.99 94 1 - 0.2 5 8 

Red-mud tailings 
Gs = 3.03 
Sand 2%, silt 81% and 
 clay 17% 
 

RM-100-1 1.98 101 1 0.077 0.20 9 27 
RM-100-2 1.92 100 1 0.078 0.25 3 6 
RM-100-3 1.82 98 1 0.076 0.27 2 2 
RM-200-1 1.52 196 1 0.078 0.22 3 4 

Gold tailings 
Gs = 2.89 
Sand 29%, silt 44% and  
clay 27% 
 

BT-016OC1 0.55 45 1 - 0.16 17 21 
BT-026OC1 0.53 40 1 - 0.26 3 3 
BT-035OC1 0.58 48 1 - 0.35 1 1 
BT-025OC4 0.55 50 4 - 0.24 35 49 
BT-045OC4 0.62 51 4 - 0.42 5 6 
BT-055OC4 0.59 51 4 - 0.55 3 4 
BT-035OC8 0.66 49 8 - 0.35 46 59 
BT-050OC8 0.73 51 8 - 0.48 10 15 
BT-070OC8 0.64 51 8 - 0.65 5 7 

ec = void ratio of the specimen after the consolidation; ıvc' = Effective vertical consolidation stress prior 
to cyclic loading; OCR = over-consolidation ratio; Į = static bias ratio [ratio of Ĳo (initial shear stress) to 
ıvc'); CSR = cyclic stress ratio (raWLR�RI�Ĳcyc (cyclic shear stress) to ıvc'; N (inc. kink) = Number of loading 
cycle for incipient kink in stress-strain response; N �ࢢ ������� = Number of loading cycles for specimen to 
reach shear strain limit of ±3.75 %. 
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3.2 Comparison of stress-strain pattern-based criteria with conventional strain based criteria  
 
It is of interest to compare the outcomes with respect cyclic resistance based on newly proposed 
criterion, which is based on the pattern change in stress-strain response with a visually 
observable incipient kink, with those from conventional strain based criterion of reaching 
threshold strain level of 3.75% in cyclic direct simple shear tests.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Using the cyclic stress-strain loops (observed during cyclic direct simple shear testing for 
fine-grained mine tailings) considered in this study, a comparison can be made between the 
number of loading cycles for a given test specimen to reach 3.75% single amplitude shear strain, 
and those required for the occurrence of incipient kink in the stress-strain loop for the same 
specimen; this comparison is presented in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
In a general sense, for the fine-grained mine tailings examined herein, the number of cycles 

required for the incipient kink in a given test seems to be less than those required for reaching a 
shear strain of 3.75%. Furthermore, it can be seen that laterite tailings and red-mud tailings, 
having higher the fine fraction than the copper tailings and gold tailings observed in this study, 
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Figure 7. Comparison of the number of loading cycles for the occurrence of incipient kink in cyclic  
sress-strain loop versus the number of loading cycles to reach 3.75 % single amplitude shear strain  

Figure 8. Comparison of cyclic stress ratio vs. number of cycles based on the proposed stress-strain 
pattern change criterion and the shear strain criterion (3.75% shear strain) for laterite tailings 
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underwent considerable amount of loading cycles to reach threshold shear strain of 3.75% after 
incipient kinks are visible in the stress-strain loops. Hence, it may be more appropriate to 
consider the occurrence of incipient kink in cyclic stress-strain loop as a criterion for cyclic 
failure in fine material rather than using a strain based criterion. 
 

By comparing the cyclic shear resistance in terms of the variation of cyclic stress ratio versus 
number of loading cycles: based on the proposed stress-strain pattern-change criterion and those 
based on the criterion of reaching 3.75% shear strain as shown in Figure 8, it can be seen that 
the laterite tailings indicates a higher cyclic resistance from strain based criterion. In other 
words, the stress-strain pattern-change based criterion seems to provide a more conservative 
cyclic resistance for the fine-grained mine tailings considered herein. 

4 SUMMARY AND CONCLUSIONS 

Cyclic shear stress-strain response obtained from cyclic direct simple shear tests conducted for a 
range of fine-grained mine tailings were carefully examined with respect to the pattern changes 
in the shear stress-strain loops with increasing number of load cycles, and in turn, for assessing 
cyclic shear resistance. Visually observable characteristic ‘incipient kink’ in the cyclic shear 
stress-strain loops could be identified as the initiation of a noticeable pattern change, the 
occurrence of which could serve as a criterion for cyclic failure in fine material rather than using 
a strain based criterion. 

Shear stress-strain response of fine-grained mine tailings under a number of initial 
consolidation stress conditions such as, normally consolidated, over-consolidated, with and 
without initially static shear conditions were scrutinized. In all cases, visually observable 
incipient kink could be identified in the stress-strain loop as the number of loading cycles 
increases. This provides an opportunity to assess the cyclic resistance of fine-grained mine 
tailings based on the stress-strain pattern-based criterion. 

By comparing the cyclic shear resistance in terms of the variation of cyclic stress ratio versus 
number of loading cycles, it was found that the stress-strain pattern-based criterion seem provide 
a more conservative cyclic resistance for the fine-grained mine tailings considered herein; 
considering the significance of the variation of material stiffness from an engineering 
performance point of view, this may be a more preferable compared to the use of the 3.75% 
strain criterion. 

The above observations are based on test data arising from a limited number of tests 
conducted on fine-grained tailings materials. Further work is underway, to study the 
applicability of this concept to assess the cyclic resistance of soils in general. 
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ABSTRACT: A new piezocone penetration testing (CPTu)-based state characterization ap-
proach has been developed to evaluate the soil state as it relates to the potential of liquefaction 
or strength loss.  CPTu soundings through tailings were used to illustrate and show characteriza-
tion results. The CPTu-based state characterization provides an independent approach to evalu-
ating whether the materials would behave in a dilative or contractive manner during static load-
ing.  The CPTu-based state characterization included four different methods to evaluate the state 
of saturated non-plastic tailings.  If all of these independent methods, point to liquefaction sus-
ceptibility or alternatively dilatant behavior, then confidence in the characterization is increased.  
Findings presented from a static liquefaction case history support this characterization method. 

1 INTRODUCTION  

Tailings dams present unique challenges to geotechnical engineers because they comprise re-
cently placed, hydraulically deposited, and highly interbedded, angular non-plastic sands and 
silts.  When saturated, tailings can be susceptible to strength reduction and potential liquefaction 
due to additional external loading. A number of cases of static and post-earthquake liquefaction 
failures of tailings dam have been observed over the years (Davidson et al., 2011).  Therefore, it 
is essential for these important structures to be evaluated with a full suite of empirical and be-
havior-based tools available to the profession. 

One of the most powerful characterization tools available is the piezocone penetration test 
(CPTu), see Figure 1, which provides a continuous record of tip resistance (related to density 
and strength), sleeve friction (a measure of remolded strength and controlled by effective stress 
and friction), and pore pressure.  Interpretation of CPTu parameters provides an excellent indi-
cation of the variability of tailings properties, but more importantly, characteristic signatures of 
each tailings deposition regime.  Pore pressure dissipation tests provide equilibrium pore pres-
sures within the impoundment at the time of the sounding.  With at least three dissipation tests at 
various depths in the sounding, the phreatic surface profile and percent of full hydrostatic condi-
tions can be inferred. 
 

CPTu-based state characterization of tailings liquefaction 
susceptibility 
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Figure 1. CPTu Sounding Investigation in Tailings. 
 
Much work has been conducted in the last twenty years using CPTu data for liquefaction poten-
tial assessment in alluvial and lake sediments, and hydraulically deposited materials such as tail-
ings.  Robertson (2010) provides a useful review of these developments.   

A conventional earthquake (seismic) triggering analysis (e.g. Idriss and Boulanger, 2008) can 
be used to assess the liquefaction triggering of saturated tailings using CPTu data.  The conven-
tional earthquake triggering analysis typically consists of comparing the calculated cyclic re-
sistance ratio (CRR) from CPTu soundings to the cyclic stress ratio (CSR) calculated from ei-
ther 1- or 2-D site response analysis.  This empirical approach was initially developed from 
correlations to Standard Penetration Tests (SPT) and has largely been adopted by building codes 
and traditionally been used to depths less than 100 ft (30 m) for which the data correlations were 
derived.  Many tailings impoundments are much higher than 100 ft. 

A new CPTu-based state characterization provides a “first principles” approach to tailings 
material behavior under both dynamic and static loading conditions, which overcomes the em-
pirical depth limitation.  The characterization provides an independent assessment of whether 
the materials would behave in a dilative or contractive manner during loading.   

This paper examines these methods for a typical tailings dam that was constructed using the 
upstream method and where multiple CPTu soundings have been advanced at various locations.  
It has also been evaluated for a case history that experienced static liquefaction. 

2 CPTU-BASED STATE CHARACTERIZATION 

In recognition of the limitation of conventional triggering analysis to extend beyond a depth of 
100 feet, a CPTu-based state characterization can be used to evaluate potentially liquefiable tail-
ings under earthquake loading.  

The CPTu-based state characterization includes four different methods to evaluate the state 
of the saturated non-plastic tailings.  The four methods include: 

 
x comparison between recorded static and dynamic pore pressures; 

x development of a normalized pore pressure parameter (P-value);  

x plotting of normalized CPTu data plots with state parameter lines; and 
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x plotting of state parameter difference data plots. 

 
CPTu soundings presented on Figures 2, 3, 5 and 6, illustrate these methods.  The CPTu sound-
ings CPT-B and CPT-D, shown on Figure 7, were used.  Each method is described in more de-
tail below.  This new practical methodology is dependent on maintaining full saturation of the 
CPTu pore pressure sensor during penetration. 

Another important part of the characterization is sampling of the tailings materials to estab-
lish index properties such as density, water content, plasticity and gradation.  Piezometer data is 
also important to confirm dissipation test results.  Cyclic testing can also be used to assess trig-
gering potential with undisturbed or specially reconstituted samples. 

2.1 Static and Dynamic Pore Pressures 

Pore pressures obtained from the CPTu pore pressure dissipation tests are compared to the dy-
namic pore pressures recorded during cone advancement to evaluate potentially contractive or 
dilative material behavior as follows: 

x Materials that show dynamic pore pressures greater than the static pore pressures indi-
cate potentially contractive behavior during shearing. 

x Materials that show dynamic pore pressures less than static pore pressures indicate po-
tentially dilative behavior during shearing. 

Typical dynamic and static pore pressures for dilative and contractive behavior are shown on 
Figures 2 and 3.  

 

 
Figure 2. Typical Dilative Material Behavior 
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Figure 3. Typical Contractive Material Behavior.  

2.2 Normalized Pore Pressure Parameter 

The pore pressure difference value (P-value) is calculated by subtracting the static from the dy-
namic pore pressures (udyn-ustatic) and normalizing the difference to the vertical effective stress, 
reflecting the effects of depth (P = (udyn-ustatic)/V’vo).  If the P-value is negative, the dynamic pore 
pressures are less than the static pore pressures and the material shows potentially dilative be-
havior during shearing, as shown on Figure 2.  If the P-value is positive, the dynamic pore pres-
sures are greater than the static pore pressures and the material shows potentially contractive be-
havior during shearing, as shown on Figure 3.  

2.3 Normalized Material Properties and State Parameter 

Normalized CPTu soil behavior type charts (SBTn chart) are created for selected CPTu sound-
ings following the Robertson (2010) method to evaluate material behavior.  The normalized 
CPTu data are plotted as normalized tip resistance (Qtn) versus normalized friction ratio (Fr).   

Been and Jefferies (1985) used critical state soil mechanics to develop the state parameter 
�Ȍ��FRQFHSW�DQG�DSSOLHG� WKHVH�FRQFHSWV� WR�CPTu results (Been et al. 1986).  The approximate 
boundary between dilative and contractive material behavior is provided by the state parameter 
Ȍ� �-0.05 line plotted on the SBTn charts.  The VWDWH�SDUDPHWHU��Ȍ��LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�
in situ void ratio, e0 and the void ratio at critical state, ecs, at the same mean effective stress, p’ 
(Been and Jefferies, 1985).  Jefferies and Been (2006) provided a detailed description of the 
evaluation of the soil state using the CPTu.  In a general sense, soils denser than the critical state 
�Ȍ������ZLOO�EH�GLODWLYH�DQG�ZLOO�VWUDLQ�KDUGHQ�LQ�XQGUDLQHG�VKHDU��ZKHUHDV�VRLOV�ORRVHU�WKDQ�WKH�
critical VWDWH��Ȍ�!����ZLOO�EH�FRQWUDFWLYH�DQG�ZLOO�VWUDLQ�VRIWHQ�LQ�XQGUDLQHG�VKHDU.  Jefferies and 
%HHQ��������DQG�6KXWWOH�DQG�&XQQLQJ��������VXJJHVWHG�WKDW�ZKHQ�D�VRLO�KDV�D�VWDWH�SDUDPHWHU�Ȍ�
> -0.05, strain softening and strength loss in undrained shear can be expected.  Hence, defining a 
region on the CPTu SBTn chart that represents a state parameter of about -0.05 is helpful as a 
screening technique to identify the susceptibility for flow liquefaction. 
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The SBTn chart and data from liquefaction case histories (Robertson, 2010) are shown on 
Figure 4.  The data show that most liquefaction failures have CPTu data that plots in zones 4 and 
5 below the Qtn,cs = 70 line.  The plot includes one mine tailings case history No. 35.  The Qtn,cs = 
70 line is similar to the VWDWH�SDUDPHWHU�Ȍ� �-�����OLQH���7KH�VWDWH�SDUDPHWHU�OLQH�IRU�Ȍ� ������DQG�
Ȍ� � -0.10 were also shown for this study to evaluate the sensitivity of the state parameter, as 
shown on Figure 5.  The state parameter for the non-plastic tailings material was evaluated from 
current and historic laboratory testing and was found to be consistent with the state parameter of 
Ȍ� �-0.05, as suggested by Robertson (2010).  The CPTu soundings are normalized based on the 
phreatic surface at the time of sounding advancement.  

 

 
Figure 4. Liquefaction Failure Case Histories (from Robertson 2010). 
 
*HQHUDOO\��]RQHV�RI�GLODWLYH�WDLOLQJV�SORW�DERYH�WKH�VWDWH�SDUDPHWHU�Ȍ� �-0.05 line of the SBTn 
FKDUW�DQG�FRQWUDFWLYH�WDLOLQJV�SORW�EHORZ�WKH�VWDWH�SDUDPHWHU�Ȍ� �-0.05 line, as shown on Figure 
5.  Materials that plot in zones on 2 and 3 of the SBTn chart generally indicate plastic or clay-
like behavior and may not be susceptible to cyclic liquefaction. 
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Figure 5. Normalized Cone Resistance versus Normalized Friction Ratio for Typical Dilative Behavior 
(left graph) and Typical Contractive Behavior (right graph). 

2.4 State Parameter Difference 

The state parameter difference plot combines the evaluation of the normalized pore pressure dif-
ference (P-value) and the normalized CPTu data soil behavior plots to provide an additional tool 
to help characterize the material as potentially contractive or dilative.  

Negative P-values indicate potentially dilative behavior and positive values indicate poten-
tially contractive behavior, as described above and plotted on the y-axis of the state parameter 
GLIIHUHQFH�SORW���7KH�SHUSHQGLFXODU�GLVWDQFH�IURP�WKH�VWDWH�SDUDPHWHU�Ȍ� �-0.05 line for each data 
point was calculated and plotted on the x-axis on this plot.  Recognizing that data plotting above 
WKH�VWDWH�SDUDPHWHU�Ȍ� �-0.05 line on the normalized CPTu soil behavior plot indicate dilative 
behavior; the horizontal distance calculated to a point above this line was given a negative value 
to remain consistent with the convention that negative values indicate dilative behavior.  There-
IRUH��D�SRLQW�WKDW�SORWV�EHORZ�WKH�VWDWH�SDUDPHWHU�Ȍ� �-0.05 line on the normalized CPTu soil be-
havior plot was positive, indicating contractive behavior.  

The state parameter difference plot was broken into four quadrants (Figure 6).  Material that 
showed dilative behavior on both the normalized pore pressure difference plot and normalized 
CPTu soil behavior plot can be found in quadrant three, as shown on Figure 6, left graph.  Mate-
rial that showed potentially contractive behavior in both the normalized pore pressure difference 
plot and on the normalized CPTu soil behavior plot will plot in quadrant one, as shown on Fig-
ure 6, right graph. 
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Figure 6. Normalized Dynamic Pore Pressure Difference versus State Parameter Difference for Typical 
Dilative Behavior (left graph) and Typical Contractive Behavior (right graph). 

2.5 Results 

Tailings that could either be classified as potentially dilative, indicating less susceptibility to 
liquefaction, or potentially contractive with higher susceptibility to liquefaction, are character-
ized using the results from all four CPTu-based state characterization methods to evaluate the 
state of saturated non-plastic tailings.  If all these methods point consistently to contractive or 
dilative behavior, then a strong case can be made for this strength loss characterization and con-
fidence in the characterization is increased.  If the results are mixed, then a less definitive, more 
conservative characterization is warranted.  

In general for this case, CPTu soundings at depth located within the interior of the impound-
ment evaluated show dilative material behavior, transitioning to contractive behavior just 
downslope of the crest (near CPT-C), and show contractive behavior towards the downstream 
toe, as shown on Figure 7.  In some CPTu soundings, contractive material behavior was found at 
shallower depths and a dilative material behavior was found with depth i.e. CPT-C.  Static and 
cyclic laboratory testing confirmed this characterization.  

 
Figure 7. Dilative and Contractive Material Boundary for Study Section.  

3 LIQUEFACTION CASE HISTORY 

A static liquefaction case history has also been evaluated using the CPTu-based state characteri-
zation.  The red zones identified in Figures 8 and 9 correspond to materials located within the 
liquefied zone.  
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Figure 8. CPTu Data from Case History.  

 

 
Figure 9. Normalized Cone Resistance versus Normalized Friction Ratio (left graph) and Normalized Dy-
namic Pore Pressure Difference versus State Parameter from Case History (right graph).  
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 The CPTu-based state characterization methods clearly indicate the CPTu data as contractive 
and potentially liquefiable.  This contractive characterization fits well with the observed static 
liquefaction.  

4 CONCLUSION 

The CPTu-based state characterization provides an independent approach to assess tailings ma-
terial strength loss susceptibility under loading.  The characterization provides an assessment of 
whether the materials would behave in a dilative or contractive manner during loading.  Materi-
als that exhibit dilative behavior are typically denser, have a lower dynamic pore pressure re-
sponse, and are less susceptible to liquefaction.  Materials that show contractive behavior are 
typically looser, have higher dynamic pore pressure response, and are more susceptible to lique-
faction.  Findings from a static liquefaction case history support this characterization method. 

For shallower tailings profiles, the conventional triggering method and the new CPTu-based 
state characterization method are in general agreement.  Both methods indicate tailings suscepti-
ble to liquefaction under the design earthquake event for CPTu soundings located near the 
downstream toe.  However, for tailings profiles with greater depth, the CPTu-based state charac-
terization provides a continuous record throughout the profile and may show dilative material 
behavior indicating less susceptibility to liquefaction.  This comprehensive characterization with 
multiple independent methods pointing to a conclusion provides a more reasonable extent of po-
tential liquefaction within a tailings cross section. 

One limitation of the method is that high quality CPTu data must be obtained, such as main-
taining full saturation of the CPTu pore pressure sensor during penetration.  Secondly, sufficient 
time for dissipation tests to fully reach equilibrium is needed and a number dissipation tests are 
required with depth to obtain an equilibrium pore pressure profile.  Piezometer measurements 
and long term trends from piezometers are also useful when evaluating the material behavior 
with time.  Projects should also include correlation borings with other in situ testing, relatively 
undisturbed (e.g. Shelby tubes or piston tube samples) sampling, and laboratory testing (index 
and engineering properties) to assist in the interpretation of the CPTu results.  Numerical model-
ing is also important to evaluate and interpret the behavior of the tailings dam under seismic 
loading.  Data can vary across site and with depth; therefore, it is important to not focus too 
much on individual points but more on characteristic signatures of depositional regimes and the 
preponderance of what the data is revealing. 
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ABSTRACT:  A common problem in any tailings dam, regardless of the method of 
construction, is the distribution of pore pressures within the impoundment. The pore pressures 
within impounded tailings closest to the crest vary with depositional schemes and requirements 
for maintaining a saturated beach for dust control. Downward and lateral drainage also 
significantly affect the pore pressure regime along with the size and location of a decant pond 
that may shift significantly during each year. These variable components make it challenging to 
predict pore pressures within the impounded tailings for the ultimate design elevation. 

A beach investigation and monitoring approach is advocated to characterize pore pressure 
conditions, confirm design level analyses, and address these concerns. This approach includes 
piezocone penetration testing (CPTu) soundings to characterize the pore pressure response 
characteristics of the tailings and installation of piezometers to evaluate pore pressures within 
the impounded tailings over time. Upper and lower bound pore pressure scenarios are developed 
with respect to physical distance from the decant pond. These pore pressures are used to project 
future conditions at the ultimate design elevation, which are then compared to design seepage 
modeling results. Undrained strength limit equilibrium post-earthquake stability analysis using a 
phreatic surface input and pore pressure distribution contours are used to evaluate the sensitivity 
of these critical input parameters for the ultimate design elevation the loading condition.  

1 INTRODUCTION 

The pore pressure regime within impounded tailings of a typical active centerline raise tailings 
dam was investigated by advancing piezocone penetration testing (CPTu) soundings and drill 
holes along temporary access dikes near existing monitoring sections up to 600 feet onto the 
beach.  

The internal geometry consists of an embankment sand shell constructed of compacted 
underflow sand at a 4H:1V (horizontal to vertical) exterior slope with a 100-foot wide final 
crest. The ultimate design section is approximately 250 feet in height. This typical section also 
includes a drainage blanket extending 200 feet upstream of the centerline, as shown on Figure 1. 
The results from the pore pressure measurements from CPTu static dissipation tests were 
compared to on-going piezometer measurements. The foundation material is relatively 
impermeable as compared to the tailings.  
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Figure 1. Typical Centerline Dam Section. 
 
Two monitoring sections are considered in this paper; one section is located close to the decant 
pond while the other section is almost two miles from the decant pond. Both of these sections 
require tailings spigotted on the beach on the same regular rotating cycle for dust control. These 
sections represent the upper and lower bounds for the pore pressure regime within the 
impounded tailings.  

1 BEACH INVESTIGATION 

A beach investigation program can be performed to gather in situ information about impounded 
tailings. The intent of the investigation is to evaluate the beach development over time, to 
characterize pore pressures within the impounded tailings, and to verify the effectiveness of the 
drainage measures. The field investigations include advancing CPTu soundings and performing 
dissipation tests at a series of depths. At some CPTu sounding locations, drill holes can also be 
advanced to collect samples for laboratory testing. Piezometers can also be installed along each 
of the sections to monitor beach phreatic conditions during spigotting cycles. Shallow test pits 
can also demonstrate how meandering tailings streams deposit coarser material and slimes 
pockets, as shown on Figure 2. 

 

 
Figure 2. Test pit exploring tailings beach deposition. 
 
Access dikes are constructed in order to advance the soundings and drill holes within the 
impoundment interior. Depending on conditions, geogrid and geotextile reinforcement is often 
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required to advance the dikes as far into the impoundment as is safely accessible, as shown on 
Figure 3.  
 

 
Figure 3. Access Dike Construction towards the Impoundment Interior. 
 
The approximate length of the access dikes for the upper and lower bound sections were about 
400 to 600 ft. Loose, saturated conditions were confirmed by sand boils and bearing capacity 
failures observed as the dikes were advanced due to fill placement, as shown on Figure 4. The 
sand boils were generally observed at a distance of 200 feet or greater from the crest.  

 

 
Figure 4. Sand Boils Observed during Access Dike Construction. 
 
Table 1 summarizes the pore pressure profiles in CPTu soundings from within the impounded 
tailings. The co-located drill hole to the CPTu sounding is also noted in Table 1. 
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Table 1. Summary of Evaluated CPTu Soundings and Drill Holes 

Study Section CPTu Sounding  
and Drill Hole 

Distance from 
Embankment 

Centerline  
(feet) 

Percent of Full 
Hydrostatic Pore 

Pressure  

Upper Bound 
Section 

CPT-U1 
CPT-U2 and DH-U2 

CPT-U3 
CPT-U4 and DH-U5 
CPT-U5 and DH-U6 

CPT-U6 

23 
48 
67 
89 
285 
544 

15 
20 
20 
20 
50 
65 

Lower Bound 
Section 

CPT-L1 
CPT-L2 

CPT-L3 and DH-3 
CPT-L4 and DH-4 

CPT-L5 
CPT-L6 

13 
35 
67 
88 
187 
354 

5 
5 
20 
20 
30 
45 

 
Results from this investigation showed that the beach area within 200 feet of the dam centerline 
is well drained and has a low percentage of full hydrostatic pressure conditions due to the 
effectiveness of installed drainage measures. The tailings within 50 feet upstream of the 
centerline show little or no pore pressure. Beyond 200 feet from the centerline, the percent of 
hydrostatic conditions increased to 45 and 65 percent, as shown in Table 1. Progressing further 
into the interior, closer to the decant pond, full hydrostatic conditions would be expected 
without much drainage effect. In this case, the beach slope ranged between 0.4 and 0.6 percent, 
although 1 percent slopes are common in coarser, spigotted tailings. 

3 LABORATORY TESTING 

Laboratory testing performed on the impounded tailings beach samples included sieve analysis, 
Atterberg limits, moisture content, consolidation testing, and triaxial and direct simple shear 
(DSS) shear strength testing. The consolidation results were used to normalize strength 
parameters. The fines content of impounded tailings typically range between 15 to 99 percent, as 
shown on Figure 5. The plasticity index ranged between 1 and 12 for the finer-grained silty or 
clayey materials. Many coarser grained samples are non-plastic.  
 

 
Figure 5. Summary of Tailings Gradations.  
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The degree of saturation (Sr) was calculated on Shelby tube samples using the void ratio (e) and 
moisture content (w) measured from consolidation or triaxial shear strength testing using the 
following equation: 
 
 Sr = (w Gs)/e (1) 
 
A specific gravity (Gs) of 2.7 was used for impounded tailings, although it can be much higher 
or lower in other ore bodies. The calculated degree of saturation is shown on Figure 6. The 
results show a degree of saturation generally above 85 percent.  
 

 
Figure 6. Calculated Degree of Saturation for Impounded Tailings Samples. 

4 PORE PRESSURE CHARACTERIZATION 

The pore pressures within the impounded tailings can be characterized using dissipation test 
results from the CPTu soundings. Two sections were selected to represent the upper and lower 
bound pore pressure within the impounded tailings as follows: 

x Upper bound section with the decant pond located relatively close, approximately 600 
feet from the upstream crest centerline of the embankment.  

x Lower bound section with the decant pond located approximately 9,000 feet from the 
upstream crest centerline of the embankment. 

The dynamic pore pressures for each CPTu sounding, the static equilibrium pore pressure 
obtained from the pore pressure dissipation tests, and the piezometer readings are shown on 
Figures 7 and 8 for the upper and lower bound sections, respectively. The percentage of full 
hydrostatic pore pressure was calculated for each sounding, also shown on Figures 7 and 8, and 
summarized on Table 1. Generally, the pore pressure dissipation tests and piezometer readings 
show reasonable agreement. Typical piezometer readings for the upper bound section within the 
impounded tailings have gradually increased as the impoundment is raised over the years, as 
shown on Figure 9.  
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Figure 7. Dynamic Pore Pressures, Static Dissipation Results, and Piezometer Readings for Upper Bound 
Section. 

 
 

 
 

Figure 8. Dynamic Pore Pressures, Static Dissipation Results, and Piezometer Readings for Lower Bound 
Section. 
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Figure 9. Typical Individual Piezometer Readings in Impounded Tailings for Upper Bound Section. 

 
Both the upper and lower bounds pore pressure characterization were divided in four zones with 
respect to distance from the embankment centerline, as shown on Figures 10 and 11. The zones 
are 0 to 100, 100 to 300, 300 to 500, and greater than 500 feet from the crest. For both 
conditions, the zone greater than 500 feet was assumed to be 100 percent of full hydrostatic 
pressures. The upper bound pore pressure zones are characterized using 20, 50, and 65 percent 
hydrostatic, respectively, as shown on Figure10. 

 
Figure 10. Upper Bound Pore Pressure Characterization within the Impounded Tailings.  

 
The lower bound pore pressure zones are characterized using 20, 30, and 45 percent of 
hydrostatic, respectively, as shown on Figure 11.  
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Figure 11. Lower Bound Pore Pressure Characterization within the Impounded Tailings. 

5 SEEPAGE ANALYSIS 

The original design seepage analyses to evaluate the ultimate design elevation performance 
included various tailings beach wetting scenarios (Ridlen et al., 1997). Pore pressures were 
calculated for three cases; upper bound, lower bound, and a “best estimate” case. The pore 
pressures based on field investigation results and vibrating wire piezometer measurements 
compared favorably with the “best estimate” design seepage model results.  

Seepage analyses were completed using the two-dimensional finite element analysis 
computer program SEEP/W (Geo-Slope, 1991), to estimate pore pressure regimes as the tailings 
dam is raised to its ultimate height. A range of hydraulic conductivities for the tailings and 
foundation soils were used in the analyses. The hydraulic conductivity of the impounded tailings 
was modeled to decrease with increased confining pressures due to consolidation and reduction 
in void ratio. Both tailings and foundation were modeled using anisotropic (horizontal being 
greater than the vertical) hydraulic conductivities. 

Three different estimates of pore pressures conditions were established using three different 
combinations of boundary conditions and tailings hydraulic conductivities. The lower bound 
conditions consisted of a decant pond 1,500 feet from the crest, a flux of 200 gpd/acre across the 
beach to simulate intermittent spigotting, and no inflow from the hydraulic cells (during 
underflow embankment construction) on the crest of the embankment. The results are shown on 
Figure 12. 
 

 
 

Figure 12. Lower Bound Pore Pressure Seepage Analysis Result (Note, pore pressure magnitude is shown 
on Figure 15). 

 
The upper bound pore pressure conditions were estimated using a decant pond 1,500 feet 
upstream of the crest, a total head on the beach to create saturated conditions along the beach to 
simulate continuous spigotting, and an inflow of 450 gpd/linear foot along the crest of the 
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embankment to represent hydraulic deposition. This estimate also used the lower estimate of 
tailings hydraulic conductivity. The results are shown on Figure 13. 
 

 
 

Figure 13. Upper Bound Pore Pressure Seepage Analysis Results (Note, pore pressure magnitude is 
shown on Figure 15). 

 
The “Best Estimate” pore pressures were estimated using a decant pond 1,500 feet upstream of 
the crest, a flux of 200 gpd/acre across the beach to simulate periodic spigotting, and an inflow 
of 450 gpd/linear foot along the crest of the embankment to represent hydraulic deposition. The 
results are shown on Figure 14. 
 

 
 

Figure 14. “Best Estimate” Pore Pressure Seepage Analysis Results (Note, pore pressure magnitude is 
shown on Figure 15). 

 

5.1 Comparison with Upper Bound Pore Pressure Conditions 
The actual pore pressure conditions for the upper bound section were compared to the design 
“best estimate” case seepage pore pressure conditions, as shown in Figure 15. Contours of upper 
bound total head pore pressures were developed and imposed on the seepage analysis results. 
The upper bound pore pressure conditions are similar to the seepage analysis “best estimate” 
pore pressure conditions. 
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Figure 15. Best Estimate Seepage Analysis Result with Upper Bound Pore Pressure Characterization 

within the Impounded Tailings (Note, pore pressure magnitude is shown in psf). 

6 STABILITY ANALYSIS 

Undrained strength slope stability analyses were conducted to evaluate the ultimate design 
height under the post-earthquake loading condition using two input methods of pore pressures 
within the impounded tailings. One case used an assumed phreatic surface with a decant pond 
modeled 300 feet from the crest and the phreatic surface decreased from the decant pond to the 
center line of the embankment. The other case used the projected upper bound and lower bound 
pore pressure conditions based on the CPTu soundings and piezometer readings from the beach 
investigation. The undrained strength analysis (Ladd, 1991) has been used to evaluate the post-
earthquake loading condition, where the material strength at the end of shaking is characterized 
based on the size of the earthquake and performance of the tailings and foundation under these 
conditions. Saturated tailings and foundation materials will generate excess pore pressure during 
shaking. For these materials, the post-earthquake residual strength or a percentage of the peak 
undrained shear strengths were modeled to account for degradation of shear strength during the 
event.  

Two types of tailings material are included in the section, impounded tailings and compacted 
underflow. Spigotted deposition occurs from the embankment crest and includes whole tailings 
and overflow tailings. The combination of whole tailings and overflow tailings are characterized 
as one single material. The internal geometry is shown on Figure 1. 

6.1 Approach and Methodology 
The limit equilibrium computer program UTEXAS4 (Wright, 1999) and Spencer’s method of 
slices was used for the analyses. The post-earthquake loading condition corresponds to the end 
of shaking. The loading condition is applied to the ultimate design height immediately after 
deposition ceases. This is an extreme condition; with time, the pore pressures would continue to 
improve due to dissipation of excess pore pressures in the foundation and tailings materials. 

The shear strengths of the materials are adjusted to reflect potential liquefaction or shear 
strength loss that may occur during or after the earthquake. Therefore, saturated potentially 
liquefiable materials such as the contractive whole tailings were modeled using a residual 
undrained shear strength ratio. Naturally deposited, cohesive foundations soils are not expected 
to liquefy, but will generate excess pore water pressures during an earthquake. For these soils, 
the peak undrained shear strengths were reduced by 10 percent throughout the entire foundation 
layers to account for the degradation of shear strength during an earthquake event.  

Effective stress drained parameters were used for the compacted underflow sand, which is not 
expected to generate excess pore water pressures or experience a reduction in shear strength 
during an earthquake.  
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6.2 Results using Phreatic Surface 

Figure 16 shows the identified shear surfaces for the post-earthquake stability analysis model 
with a decant pond located 300 feet from the crest. 
 

 
Figure 16. Stability Results using Simplified Phreatic Surface Input.  

 
In this case, full hydrostatic pressure and saturated conditions are assumed below the estimated 
simplified phreatic surface, in the absence of beach information. The factor of safety for the 
critical shear surface is 1.16. 

6.3 Results using Pore Pressure Conditions 

The identified shear surfaces for the upper bound pore pressure conditions are shown on Figure 
17, using pore pressures projected from the measured pore pressure conditions in the beach 
investigation.  
 

 
 
 

Figure 17. Stability Results using Upper Bound Pore Pressure Conditions.  
 
A sensitivity study of the pore pressure input conditions is also performed for the lower bound 
conditions. These results are presented on Figure 18. 
 

 
 

Figure 18. Stability Results using Lower Bound Pore Pressure Conditions. 
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For both the upper bound and lower bound cases, using the projected pore pressure conditions 
from the beach investigation measurements provides factors of safety which are at least 5 
percent higher than using the estimated simplified phreatic surface. 

7 CONCLUSION 

Spigotting to maintain a wet beach can be the main contributor to pore pressures within 
impounded tailings between the pond and exterior embankment as observed in beach 
investigations. The pore pressures within impounded tailings closest to the crest vary with 
depositional schemes and the requirement to maintain a saturated beach for dust control. 
Downward and lateral drainage also significantly affect the pore pressure regime. Also, the size 
and location of a decant pond can shift significantly throughout the year, this results in a 
saturated beach area with varying percentage of full hydrostatic pore pressure within the 
impounded tailings.  

The upper and lower bound pore pressure conditions should be based on measured data and 
should reflect the variation in the potential distance to the decant pond. The post-earthquake 
stability analysis results corresponding to the upper and lower bound percentage of hydrostatic 
pore pressure conditions may indicate that stability results are less sensitive to the location of the 
decant pond.  

Many researchers and practitioners are attempting to estimate generation of excess pore 
pressures during a seismic event; however, it is the author’s view that the USA method with an 
estimate of reduced shear strength provides a more reliable simulation of post-earthquake 
behavior. This approach is tied to the state of the material (Winckler et al, 2014) and the 
performance of numerous case histories which have experienced shear strength loss and/or 
liquefaction. 

There can be important differences in the results of stability analyses results using a 
simplified phreatic surface assumption versus the projected pore pressure conditions. Using a 
phreatic surface with full hydrostatic pressures does not simulate actual conditions and can lead 
to excessive conservatism. The results from this beach investigation showed that full hydrostatic 
pressure does not exist within the beach and that the pore pressure regime is more complicated 
with three-dimensional drainage.  

A beach investigation can be essential in defining drainage and pore pressure conditions 
within the impounded tailings and in calibrating seepage models for predicting future pore 
pressure conditions within impounded tailings. 
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1 INTRODUCTION 

Dry stacking of tailings is becoming an increasingly popular method of tailings storage in the 
mining industry. The approach often ranks favorably compared to other concepts based on 
improved water recovery, reduced environmental impact, and simplified closure (Rosemont 
Copper 2011 and Tetra Tech 2012).  

The viability of dry stacking typically depends on several factors, including: 
� Ore characteristics,  
� Cost of water,  
� Geological setting, and specifically the seismic conditions,  
� Environmental sensitivities, and  
� Operational risks. 

Compared to other tailings disposal options, relative disadvantages to dry stacking typically 
include: 
� Higher operating cost, 
� Limited operational experience as compared to conventional methods, 
� Potential issues with dust management. 

Published reporting of dry stack tailings design and construction considerations has been 
relatively limited in the literature (Davies 2011). Given the range of potential benefits to mining 

Pumpkin Hollow Project dry stack tailings storage facility design 

C. Johns 
Tetra Tech EBA, Kelowna, British Columbia, Canada 

A. Hussey and C. Wolf 
Tetra Tech, Denver, Colorado, USA 

ABSTRACT: The dry stack tailings storage facility for Nevada Copper’s Pumpkin Hollow 
Project was designed to meet operational and closure requirements. The design requirements 
and key issues associated with the process selection, tailings storage facility design, and 
environmental approvals considerations are presented. 

The main drivers for process selection included limited water availability, concern over 
potential impact to groundwater quality, and concern over the long term management of water 
post-mining.  

Dry stack design features included an HDPE liner, underdrainage system, surface water 
management infrastructure, and an instrumented test cell constructed with a compacted tailings 
liner. Pending acceptable performance and regulatory approval, this liner alternative will be 
incorporated into future construction stages. 

This will be the first mining project in Nevada to utilize dry stacking, and a series of meetings 
were undertaken with regulatory agencies to present the design concept and engineering 
assessments. These presentations laid the groundwork to obtain necessary permits for the dry 
stack facility.  
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projects and the environment, more information on dry stack tailings (DST) storage facility 
design protocols, monitoring and performance will help promote the consideration and effective 
application of this approach. 

This paper outlines the design of a dry stack tailings storage facility in a semi-arid 
environment of the western United States. The case study presented demonstrates the 
application of a practical design approach that meets design requirements. 

2 PROJECT DESCRIPTION 

Nevada Copper Corp. proposes to initially develop the Pumpkin Hollow Mine as an 
underground mining operation with a nominal 6,500 ton per day (tpd) processing facility 
(Phase 1). The project is located in Lyon County, Nevada as shown on Figure 1. Processing will 
be undertaken with Semi-Autogenous Grinding (SAG) mills, ball mills and flotation of 
chalcopyrite containing 99% of the copper, gold and silver from the ore. Trade off studies were 
undertaken to determine the optimum project development with respect to environmental, 
technical, economic, and business risk considerations. Open pit mining of additional resources at 
the site is proposed to commence in the future as a second phase (Phase 2) with an expanded 
process plant. 

 

 
Figure 1. Project site location map 
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3 SETTING 

The project is located on the western fringe of the Basin and Range province, east of the Sierra 
Nevada Mountains. The Yerington district, which includes the Pumpkin Hollow Copper Project 
property, is located in the west-central portion of Mason Valley, which lies between two north- 
south trending ranges of the mountains. The site is underlain by a sequence of Mesozoic meta-
volcanic and sedimentary rocks, which have been intruded and mineralized by the Jurassic-age 
Yerington batholith. The Mesozoic rocks were deeply eroded during Late Cretaceous and early 
Tertiary time and overlain by a thick sequence of Tertiary volcanic and sedimentary lithologies. 
Specifically, regional bedrock consists of a tuffaceous volcanic assemblage, siltstones, argillites, 
tuffs, and limestone. All units have been tilted steeply to the west and displaced into numerous 
blocks by easterly dipping listric normal faults.  

A photograph of the Pumpkin Hollow Project Area is shown in Figure 2. The surface terrain 
at the project site has a gentle to moderate gradient from east to west. Field investigations within 
the DST facility footprint indicate that the subsurface soils consist primarily of well graded sand 
with varying proportions of silt and gravel. The project site is covered by Quaternary sand and 
gravel deposits of up to 150 feet in thickness. Groundwater levels are generally greater than 
300 feet below the ground surface. 

The climate in the area is typical of the semi-arid Great Basin Desert region, and is classified 
as mid-latitude desert because of the cold winters and hot summers. Precipitation averages just 
over 5 inches annually at Yerington (8 miles to the northwest) and is highly seasonal, with about 
75% of the annual amount derived from long-duration, low-intensity storms between September 
and May and 25% from short-duration, high intensity, thunderstorms between June and August. 
Most precipitation falls as rain, but snows falls occasionally during winter months.  

 

 
Figure 2. Photograph of Pumpkin Hollow Project area 

4 PROCESS SELECTION AND TRADE OFF STUDY 

The tailings disposal system for the underground ore process facility was designed to manage 
two disposal streams: dry-stacked filtered tailings, and underground paste backfill. The 
underground paste backfill system is designed to deposit the full amount of tailings production 
for approximately 50% of an operating year back into the underground workings.  Paste backfill 
will be undertaken on a campaign basis and dependent upon operational conditions and stope 
volume availability.  When not deposited underground as backfill, the mill tailings will be sent 
to two pressure filters to dewater the slurry to approximately 13% moisture content. These 
filtered tailings will then be conveyed to the DST for final disposal. 
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The design basis of the filtration system had to account for the entire tailings stream without 
the paste backfill since the mine will only backfill periodically. Therefore, the filters and 
conveyance system is designed to handle approximately 6,060 tpd of dry tailings, given nominal 
440 tpd concentrate production. The process flowsheet is shown in Figure 3. 

 

 
Figure 3. Pumpkin Hollow Project underground mine process schematic 

 
While the primary drivers for dry-stack tailings at Pumpkin Hollow were environmental in 

nature, the decision to use a dry-stack for tailings storage will have some positive impacts on ore 
processing. The use of filtered tailings will reduce the cost of make-up water that needs to be 
generated from other sources. In addition to the cost savings from the reduction of make-up 
water, additional cost savings will be realized due to reduced reagent consumption. The reagent 
consumption reduction occurs due to a larger percentage of recycled water and recovery of 
residual reagents that would otherwise be sent to a conventional tailings storage facility. The 
implementation of filtered tailings significantly reduces the required makeup water needed for 
the process plant.  

Preliminary trade off and feasibility studies indicated that the advantages of a dry-stacked 
tailings facility outweighed the additional operating costs as compared to a conventional slurry 
tailings impoundment with a cycloned coarse fraction for embankment construction. 
Conventional thickened and paste options did not provide adequate capacity for the available 
footprint. The capital costs of the tailings facility are projected to be slightly lower for the DST 
option due to a large decrease in earthworks compared to the conventional cycloned tailings 
embankment containment option, which would require approximately twice the area of the 
filtered option. Approximately half of this reduced cost was offset by the additional cost of 
filtration equipment. Not surprisingly, the initial capital savings came at the cost of much higher 
operating and sustaining capital costs. These additional ongoing costs were estimated at an order 
of magnitude higher than those required for conventional cycloned tailings. The net result of the 
differences was that the total cost of the filtered tailings option was approximately 20% higher 
than conventional cycloned tailings. Discount rates were not applied to costs in this preliminary 
analysis. 

The filtered tailings option had many benefits, listed below, that outweighed the increased 
financial costs: 
� A filtered tailings facility occupies a smaller footprint compared to a conventional slurry 

tailings impoundment due to an increased maximum stacking height and higher densities 
than can be achieved by conventional methods. 
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� Pressure filtration of tailings results in improved return water efficiency, reducing the 
amount of water required from other sources. 

� The unsaturated condition of dewatered tailings minimizes infiltration through the tailings 
mass and into the foundation. 

� Structural failures of dewatered tailings are less likely to have a significant environmental 
impact and runout distance due to the absence of a water pool and the low pore pressures 
within the tailings mass. 

� The dewatered tailings management option allows concurrent reclamation of the DST 
facility, thus reducing potential dust impacts. 

� The dewatered tailings management option minimizes post-closure long-term water 
management requirements. 

� Permitting process for the facility was simpler due to the reduced water management needs 
and the elimination of a Nevada Division of Water Resources (NDWR) dam permit. 

� Arguably the most important reason for the use of filtered tailings is the positive public 
perception when compared to conventional tailings. 

5 DESIGN CRITERIA AND ASSESSMENTS 

The DST facility was designed to accommodate 21 million tonnes of tailings (including 3.5 Mt 
of contingent storage) generated over 12 years of mine life. Several design assessments were 
undertaken to develop and optimize design features. 

5.1 Tailings Properties 
A program of geotechnical testing was undertaken to characterize representative tailings 
samples generated from metallurgical test work. Geotechnical testing of the underground (Phase 
1) tailings included:  grain size distribution (sieve and hydrometer), specific gravity, and 
Atterberg Limits tests. The results of this index testing, as summarized in Table 1, were applied 
in the design assessments and the development of dry stack design features.  

 
 

Table 1. Selected tailings geotechnical characterization index test results. 

Material USCS  
Classification 

Percent 
Fines 

Uniformity 
Coefficient 

Specific 
Gravity Atterberg Limits 

(-200, %) (Cu)  Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

Underground 
Tailings 

Sandy Silt 
(ML) 66 9.45 3.67 NP* NP NP 

*NP = Non-Plastic 
 
In addition to the index testing, laboratory vane shear tests, Standard Proctor compaction tests, a 
one-dimensional consolidation test, a direct shear test, and capillary moisture retention testing 
was undertaken on tailings from Phase 1 (underground) and Phase 2 (integrated underground 
and open pit) operations. The compaction test established the target optimum dry density at 
2082 kg/m3 (130 pcf) at approximately 15% moisture content. The vane shear tests indicated 
that the peak undrained strength of the tailings decrease significantly at moisture contents 
greater than approximately 2% above optimum. The consolidation test indicated that the void 
ratio change was 0.7 to 0.6 over the range of expected stress conditions, which is considered 
relatively modest in comparison to typical soil behavior. Direct shear testing measured tailings 
Cohesion (c) of 11 kPa (227 psf) and a Friction Angle of 36 degrees for a sample at optimum 
moisture and the target dry density of 2080 kg/m3. 

The capillary moisture retention testing indicated that the moisture content at field capacity 
for the underground mine tailings is 13.2% and at saturation 16.1%. These results indicate that 
at the anticipated placement moisture content, the tailings within the DST facility will be near 
the field capacity, thus resulting in limited long-term gravity drainage from the DST facility. 
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5.2 Tailings and Mine Rock Geochemistry 
Based on a program of mine rock and tailings geochemical characterization, it was determined 
that the majority of samples have a low potential to generate acid and possess sufficient 
neutralizing capacity. Leaching by meteoric water resulted in neutral to alkaline pH waters. 
Geochemical characterization results suggest that sufficient non-acid generating mine rock is 
available during all phases of the mine life for use in blending as the primary mine rock 
management approach to maintain sufficient neutralizing capacity and prevent localized acid 
generation. 

5.3 Seismic Assessment 
Due to the lower likelihood of significant failures associated with filtered tailings impoundments 
and the lower risks associated with any potential failures, the seismic response of the DST 
facility was evaluated using the probabilistic seismic hazard approach. A peak ground 
acceleration (PGA) of 0.31g was selected for seismic design assessments on the basis of a 
probabilistic analysis. A ground motion of 0.31g at the project has a 5% chance of exceedance 
in 50 years. This equates to a risk of an earthquake occurring that exceeds 0.31g approximately 
once every 975 years. 

5.4 Hydrology Assessment 
It was a design requirement that all tailings contact water (runoff and seepage) be collected and 
returned to the plant for re-use. To facilitate the design of water management features, including 
ditches, culverts and a detention pond, hydrological and hydraulic analyses were undertaken. A 
model was created that integrated the US EPA SWMM5 engine to evaluate the hydrology and 
hydraulics of the facility. The Natural Resources Conservation Service (NRCS) curve number 
approach was used for the hydrological analysis. Two scenarios were modeled to size the 
perimeter ditch, culvert and collection pond as summarized in Table 2. These scenarios were 
selected to provide reasonably conservative hydrology design criteria that were linked to the site 
location and climate. 

 
 

Table 2. Summary of scenarios applied in the hydrological analyses. 
Sizing 

Component 
Perimeter Ditch 

Culvert Collection Pond 

Storm 100-year 5 minute 
intensity 100-year 24-hr Soil Conservation Service Type II storm 

Value Intensity = 4.25 in/hr Depth = 2.39 inches 

6 DRY STACK DESIGN FEATURES 

The DST facility design was developed based on storage and operational requirements, 
geotechnical site investigations, a program of laboratory test materials characterization, and 
engineering assessments. The relatively gentle gradient at the site provided little opportunity to 
use existing landforms for containment. 

The DST facility will be approximately 50 m high and cover approximately 32 ha at full 
capacity as shown in Figure 4.  An overall slope angle of 3H:1V was adopted to suit long term 
stability and mitigation of erosion post closure. A geomembrane liner system was designed for 
installation below the Stage 1 stack and the perimeter drainage collection system. An 
underdrainage system of buried pipe and drainage rock wrapped in geotextile fabric will be 
installed above the liner and below the stack to intercept seepage from the stack and improve 
drainage to the perimeter water collection system. A rockfill toe with geotextile fabric will also 
be incorporated into the perimeter of the stack to mitigate piping and erosion of tailings. 
Progressive reclamation of the slopes is also planned to assist in this regard.  
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A test cell with an alternate liner will be constructed as part of the initial stage of 
construction. The test cell liner will be constructed of compacted tailings and will be 
instrumented to permit assessment of seepage. 
Geotechnical issues addressed in the design included assessment of stable slopes, seepage 
through the unsaturated stack, and liner system details below the Stage 1 stack, the test cell, and 
the collection pond. 

6.1 Staged Construction 
A staged construction approach is to be adopted to provide storage capacity in accordance with 
operational needs. It is planned that the full DST facility footprint will be developed within the 
first four years of production. In general terms, the staged development of the facility footprint 
was prepared to balance the benefits derived from placing the stack over a relatively large 
footprint versus a very constrained footprint.  
 
The advantages of a larger footprint include:  

- relatively low rate of rise for thin lift deposition 
- improved rate of tailings consolidation 
- optimized evaporation (arid environment) 

 
The benefits of placing the stack in a relatively smaller footprint include: 

- deferred capital cost for footprint earthworks 
- smaller area for environmental monitoring 
- smaller area for potential dust generation 
- smaller area for seepage and surface water management 

 
The first stage of development was designed to provide adequate capacity for 18 months of 
operation (Figure 5). This interval will also allow the performance of the test cell liner to be 
assessed. 
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Figure 4. Pumpkin Hollow Project dry stack design at capacity in plan and section view 
 

 
Figure 5. Pumpkin Hollow Project dry stack design Stage 1 plan view 
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6.2 Water Management 
Key features of the water management design at the dry stack area include upstream diversion 
channels to route run-on from upstream watersheds away from the DST facility, the perimeter 
runoff collection ditch and pond, the underdrainage seepage collection system, and the liner. 
Runoff management at the stack will involve rock lined channels and basins to control runoff 
and mitigate erosion. A detailed surface water management plan for the stack will be developed 
as part of a Tailings Storage Facility Operation and Maintenance plan. 

6.3 Materials Handling 
The technology for mobile conveying and stacking of filtered tailings is advancing based on 
experience in several operations and from a long history in heap leach stacking applications 
(Graber 2014). The operational flexibility and lower overall costs of the system made this 
approach suitable for the Pumpkin Hollow Project. The filtered tailings will be deposited in 
nominal 30 foot high lifts and placed using a radial stacker with retreat stacking methods. The 
tailings shall be placed at the natural angle of repose and the DST slopes will be regraded to 
achieve the design 2.75H:1V side slopes and benches. Details of the stacking plan will be 
finalized after selection of the conveying system contractor. 

6.4 Design for Closure 
Plans for ultimate closure of the facility were developed during the permitting phase of the 
project. The ultimate closure of the facility will include regrading the outer surface of the dry 
stack tailings material to a slope of approximately 2.75H:1V interbench, with an overall slope of 
approximately 3H:1V. A network of surface water management channels will be constructed on 
each terrace to collect and manage runoff in a series of down chutes around the dry stack tailings 
facility. The currently permitted closure cover will consist of a rock cover layer placed over the 
tailings surface with a layer of plant growth medium placed over the surface of the rock cover to 
resist erosion on side slopes while promoting revegetation. Rock and growth medium content, 
layer thickness and grain size distributions, vegetation seed mixtures, and the need for any 
additional amendments will be field tested and verified through the development of closure 
cover test cells, to be developed during the initial years of operations. Results from these test 
cells would be incorporated into reclamation permit revisions for final closure covers prior to 
final and full-scale reclamation implementation. 

7 ENVIRONMENTAL CONSIDERATIONS FOR PERMITTING  

Dry stack tailings, in concept, are advantageous from an environmental perspective. As this is 
the first project in the State of Nevada to utilize dry stacking, a series of presentations and 
discussions with regulatory agencies, including the Nevada Department of Environmental 
Protection (NDEP) and the Bureau of Land Management (BLM) were held to present the 
concept of dry stacking, as well as specific designs and proof of concept in the form of modeling 
results demonstrating the movement of water throughout the stack. These presentations laid the 
groundwork to obtain necessary permits for the dry stack facility. The proof of concept 
modeling results demonstrated that the optimization of the stacking plan, including allowing 
tailings to stabilize for one-year prior to surcharging with the next layer of tailings, reduced the 
flux of water through the dry stack facility foundation. Optimization was also conducted on the 
spacing of foundation drains to maximize capture of water above the foundation thereby 
reducing the depth of impact below the tailings foundation.  

Dry stack tailings facilities are well suited for the arid southwest and as a water management 
tool through reduced water requirements for mining, reduced environmental footprint and long-
term water management needs, reduced seepage, and concurrent reclamation. Despite these 
clear benefits, as a dry stack tailings facility had not previously been constructed or permitted in 
the state of Nevada, additional steps were taken to facilitate the permitting process with NDEP. 
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Two presentations were provided for the regulators, including representatives from both 
NDEP and BLM, to introduce the dry stack tailings concept and expected operational 
conditions. This approach had previously been proven successful for permitting a dry stack 
tailings facility in Arizona.  

The first presentation was conducted in late 2011, and included a presentation of the general 
concepts of dry stacking, including a discussion of:  
� the moisture content of “dry” tailings; 
� conveying processes and stacking plans; 
� conceptual cross sections of dry stacks, including the foundation, foundation drains, seepage 

collection ditches, and runoff collection ditches; 
� stability of dry stack tailings; 
� seepage mechanisms and analyses; 
� liquefaction susceptibility; 
� trafficability; and 
� path forward for additional site-specific field investigations, laboratory analyses, and 

modeling. 
A second presentation was held in early 2012, allowing time for the regulatory officials to 

digest the original information and develop specific follow-up questions about the project. The 
second presentation focused on the particular design proposed for the project and results of 
modeling. This second meeting also focused on presentation of a proposed alternative lining 
concept. In Nevada, tailings facilities are required to be lined with protection equivalent to a 
base permeability of or less than 1-ft of material at 1x10-6 cm/sec. In this project, an alternate 
liner system consisting of 18-inches of compacted tailings with a maximum permeability of 
4x10-4 cm/sec was proposed. Modeling results suggested that this alternative liner system would 
prevent the flow of water into the subsurface, thus offering sufficient protection to the waters of 
the state (including groundwater). These presentations laid the groundwork for open 
communication with regulators, which allowed for a straightforward review and approval of the 
water pollution control permit application. 

In response to regulator requests, a sensitivity analysis of the modeling was conducted to 
evaluate the parameters used and the possible range of facility performance. Specifically, the 
compacted tailings saturated hydraulic conductivity, the tailings initial moisture content, and the 
foundation drain spacing were adjusted to evaluate the response of the flux into the foundation 
drains and the flux through the foundation layer. The modeling was conducted using the 
variably saturated flow modeling software VADOSE/W (GEO-SLOPE, 2007), and was based 
on the stacking plans and tailings characterization data developed for the site, as well as 
assumed properties where site specific testing was unavailable. Sensitivity modeling was 
conducted at three stages of the dry stack life including the first lift, mid operations, and full 
build-out of the dry stack. Through the sensitivity modeling, Tetra Tech was able to demonstrate 
that the moisture content of the placed tailings had the most significant impact on the flux into 
the foundation layer. Placing tailings in the facility with a higher than expected moisture content 
could preclude sufficient drying of the placed tailings between lifts and increase the overall 
amount of water available to the system, resulting in increased seepage. However, regardless of 
the scenario modeled, the overall depth of influence was less than 80 feet below the base of the 
facility, observed through a very slight (0.4%) increase in the moisture content, whereas the 
depth to groundwater is 300 feet in the area. 

Additionally, geochemical modeling was also conducted using PHREEQC Version 2.17.5 
and incorporating results from Meteoric Water Mobility Procedure results from tailings samples 
(ASTM, 2002). Geochemical modeling predicted that the geochemistry of the seepage would be 
of generally good quality and below NDEP Profile 1 Reference Values. 

NDEP reviewed the modeling and sensitivity results and through discussions with Nevada 
Copper, approved the facility’s Water Pollution Control Permit in August 2013 including the 
dry stack tailings facility. NDEP and Nevada Copper negotiated postponing implementation of 
the alternative liner system (utilizing 18-inches of compacted tailings at a permeability of 4 x 
10 4 cm/sec) until a field test cell could demonstrate over a minimum of a one-year period that 
the alternate lining approach was fully protective. Initial tailings deposition cells will be 
constructed with an HDPE liner while the test cell is constructed and data analyzed. Additional 
project work is currently underway to develop, design, construct, instrument, and develop 
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success criteria for the test cell to demonstrate its performance with respect to environmental 
protection.  

8 SUMMARY AND CONCLUSIONS 

The Pumpkin Hollow Project dry stack tailings storage facility is being developed to suit site 
conditions, environmental protection, and operational and closure requirements. The 
instrumented test cell liner will provide site specific data on the performance of the proposed 
compacted tailings liner planned for future construction stages. 

The next phase of design work will involve the development of a tailings facility operation 
and maintenance plan to provide the detail required to construct a secure and safe storage 
facility. 
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1 INTRODUCTION 
 
Around the world many mining operations are managing their tailings depositions using thick-
ened tailings plans. These plans are developed to decrease the amount of water in the tailings, 
increase land use efficiency, and reduce energy requirements as well as many other benefits. 
However, despite the best effort of the tailings managers, significant challenges are being en-
countered during deposition.  

Successful resolution of these challenges is best achieved through an integrated team effort 
between extraction, mining, tailings and utilities, while bearing in mind the requirements of 
public accountability, environmental care, reclamation and closure. 

Many tailings challenges do not arise overnight. They are often the result of a combination of 
factors which if unaddressed may eventually spiral out of control. Similarly, the prevention and 
remediation of tailings operational challenges are the result of an intentional, integrated team 
plan which systematically addresses each aspect of the operation. 

Much effort is usually expended in achieving operational success within the thickener. How-
ever there are many complications that can arise downstream of the thickener. This paper pre-
sents a brief review of some operator experience with thickened tailings, and also highlights 
some of the key operational challenges facing thickened tailings operations. A fundamental dis-
cussion about the key drivers contributing to tailings performance is also presented. Under-
standing these challenges and drivers is critical in developing successful tailings solutions. Use-
ful experience, observation and case histories are also presented and the material is 
encapsulated in a conceptual tailings deposition plan.  

Thickened tailings deposition – operational challenges and 
remedies 

J.E.S. Boswell, I.D.C. Gidley, S. Jeeravipoolvarn & K.D.O. Pellerin 
Thurber Engineering Ltd., Calgary, Alberta, Canada 

A. Vietti,  
Paterson & Cooke., Johannesburg, South Africa 

 

ABSTRACT: The deposition of conventional thickened tailings across the international mining 
industry has encountered many operational challenges over the years. These include variation 
in feed, solids content, beach establishment, stability and capacity constraints, drainage, consol-
idation, supernatant and fines. High quality design and operation of thickeners can prevent 
many of the problems encountered in tailings deposition. However, despite their best efforts, 
tailings managers still encounter significant challenges during deposition. 

This paper outlines the elements of a successful thickened tailings deposition plan and de-
scribes some of the interventions available to the tailings designer or operator, which have been 
successfully implemented as remedies. These include control of slurry relative density, elimina-
tion of excess water, development of a conservative deposition cycle which takes account of 
weather, discharge control, drainage and decanting techniques, and planning for off-
specification events. 
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2 LITERATURE REVIEW  

State-of-the-art references regarding tailings operations are rare, and those addressing thickened 
tailings deposition even more so. 

Catastrophic tailings failures are often described in graphic detail. There is less literature on 
how to avoid those failures. Sometimes the message of the paper is to identify the cause of the 
failure or to lay the blame, or to highlight a few key weak links in the chain of supply. What is 
usually missing is a comprehensive consideration of all elements in the planning, design and 
operation, placing each in the proper context, and with the appropriate level of attention. Some-
times failure results simply from an overemphasis on one area, and paying insufficient attention 
to another. Around the world many thickened tailings operations are struggling to produce satis-
factory underflow, suitable for problem-free deposition. While the majority of cases do not rep-
resent outright failure of the technology, the challenges should be examined for possible solu-
tions and learning that can help the industry grow.  

There are numerous perceived benefits to utilizing a thickened tailings scheme, including in-
creased water recovery, reduction in water use, increased deposit density, reduced seepage and 
elimination of low-strength deposits (Fourie, 2012; Tacey and Ruse, 2006). The promises of 
thickened tailings have led to its adoption in most mining industries, including forays into the 
Alberta oil sands where the technology is relatively in its infancy, with thickeners currently be-
ing used at just two mine sites, Shell’s Muskeg River Project (Energy Resource Control Board, 
2013a) and Shell’s Jackpine Project (Energy Resource Control Board, 2013b). Currently plans 
are being made for incorporation of thickeners into operations at Canadian Natural’s Horizon 
project (Canadian Natural Resources Limited, 2012) as well as at Imperial Oil’s Kearl project 
(Imperial Oil, 2012). There are three areas of attention in regard to thickener performance: up-
stream of the thickener in the plant or feed lines; within the thickener; and after the thickened 
material has left the thickener and is deposited.  

Useful references are listed at the end of this paper. This paper will confine itself largely to 
the challenges and remedies experienced once material has left the thickener and is deposited 
within the tailings area. 

3 TYPICAL OPERATIONAL CHALLENGES OF THICKENED TAILINGS DEPOSITS 

The following describes typical deposition challenges of conventional thickened tailings in min-
ing industries. 

3.1 Solids content of thickener underflow 
The solids content of thickener underflow defines the initial solids content for tailings deposi-
tion. The solids content (alternatively measured as slurry relative density) directly affects rheol-
ogy behavior, slurry yield stress and beach slope (Addis and Cunningham, 2010; Wates et al., 
1987). A recent development associated with Paste thickeners has been the introduction of a 
shear thinning loop, which enables the thickener operator to shear the thickened underflow ex-
ternally to the thickener in order to reduce the yield stress of the material so that downstream 
pumping power requirements are reduced. 

Generation of low slurry relative densities (in other words containing excess water) has his-
torically been one of the primary problem areas encountered in tailings operations worldwide. 
In addition, variation in solids content (higher or lower than target) is responsible for deposition 
difficulties in establishing sound beaching practice, as described in the following paragraphs. 
Also the variation in solids content hinders the development of an ideal equilibrium beach pro-
file (relatively consistent lift thickness from the head to toe of the beach).  

Off-specification deposition in which solids content is too low will generate increased mine 
water inventory, require a more robust dewatering system, present challenges for recycle water 
storage, and may present difficulties in maintaining beach stability. 
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Off-specification deposition in which solids content is too high, while more unusual, may 
lead to pumping and pipeline failure, development of unfavourable beach slopes, loss of capaci-
ty, and interruption of beach drainage, leading to ponding of supernatant.  

A robust tailings scheme typically includes a narrow range of possible solids contents as one 
of the design parameters. Sound beach deposition practice starts with control of feed variation.  

3.2 Feed variation 
Variation in feed may be more than simply a variation in solids content, or alternatively, water 
content. The variations may be due to a change in fines content, clay content, mineralogy or 
chemistry. The source of variation may be the ore itself, a process change, addition of a floccu-
lant, or a change in dosage, or a change in plant water chemistry. Even a change in milling (in 
hard rock tailings) or a change in particle shape may be significant. 

Jewell (2012) records that variation in mining (mined material extraction, chemical amend-
ment, etc.) can cause significant fluctuation in tailings properties and that a single parameter 
may change over time. The resulting variation of the feed at discharge with regards to solids 
content, discharge velocity and fines content can cause several operational issues similar to 
those presented in Section 3.1 of this paper; in addition, the feed variation can also cause unfa-
vourable dewatering behavior due to high clay content and subsequent slow rate of dewatering.  

In extreme circumstances a lack of stability in the feed can also lead to the creation of com-
plex, interlayered deposits, with rapidly changing strength, drainage and fines capture profiles 
both vertically within the deposit and laterally across the deposition area (Energy Resource 
Control Board, 2013b).  
3.3 Beach establishment 
The establishment of a tailings beach with optimum beach geometry (including length, slope, 
and lift thickness) is critical to the success of the tailings operation. The beach plays a critical 
role in the sizing of compartments, in drainage and pond location and tailings material distribu-
tion. Beach geometry is influenced primarily by the properties of the tailings at discharge, oper-
ational conditions, and the deposition environment (Simms et al., 2011; McPhail et al., 2012; 
Fitton et al., 2008). Some of the challenges with the beach establishment are as follows: 

• Non-uniform beach establishment, which generates low spots and subsequent ponding of 
supernatant.  

• Excessive beach erosion due to prolonged channel flow and deposition of low-density tail-
ings slurries and water. 

• Over-shearing of tailings during deposition resulting in excessive segregation, unfavorable 
tailings dewatering behavior and potential loss of pond capacity and operating freeboard. 

• Deposition onto soft (insufficiently dewatered) tailings beaches, which can encourage 
channel flow, beach erosion and internal slope instability. 

• Increased beach length or reduced beach length, requiring increased earthwork volumes 
for tailings deposition control. 

• Variation in deposition rheology, resulting in challenges in placement, timing of and con-
trol of subsequent deposition cycles. 

3.4 Slope stability 
Many tailings containment facilities are designed to have a gradually sloping tailings beach 
with little to no ponded water. This sloped profile can be created using thickened tailings that 
are produced with a relatively high solids content and strength (Robinsky, 1975, 1978). An ad-
ditional benefit of thickened tailings is the ability to create a stacked deposit, which reduces the 
overall containment facility footprint and reduces costs. Stacked deposits are dependent upon 
each deposited layer achieving the strength necessary to satisfy geotechnical slope stability re-
quirements. Challenges in achieving the stacked configuration can arise from operational issues 
with the thickened tailings that lead to non-uniform lift thicknesses, segregation, variable water 
contents and non-uniform strength distributions; all of which can result in slope instabilities. 
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The actual design of the deposit, however, must also be based on consideration of other im-
portant design considerations. The following are some key considerations to be evaluated for 
deposit stability: 

• Tailings type and properties (strength, density, consolidation, hydraulic conductivity, etc.). 
• Deposit geometry and composition (slope, thickness, layers, etc.). 
• Loading condition (drained, undrained, dynamic, and static). 
• Failure mode (rotational, translational, flow, creep, rupture, etc.). 
• Foundation condition (strength, geometry, weak plane and layer). 
• Ground water condition and management (inside and outside of a deposit). 
• Level of risk associated with slope failure. 
To promote deposit stability, design and management of a tailings storage facility may follow 

the observational method by promoting dewatering mechanics; monitoring strength develop-
ment using geotechnical instrumentation; evaluating the design and the exercise of professional 
judgment; and if necessary, updating the design.  

In addition to the above discussion, tailings shear strength is also of great importance where 
tailings are used for embankment construction (upstream tailings construction) and for traffica-
bility on the tailings surface (Robertson, 1987). Reviews of tailings impoundment failures and 
ways to prevent slope instability have been presented by several authors (Davies et al., 2000; 
Blight and Fourie, 2005; Blight, 2010; Caldwell and Charlebois, 2010). 

3.5 Supernatant water 
Ponded water can be generated several different ways; from released water from the deposit, 
storm water collection within low lying areas of the deposit caused by differential consolidation 
settlement, from a poorly formed beach, poor deposition area coverage, or simply from a surfi-
cial disturbance (such as mud farming). Ponded water introduces the following operational 
challenges: 
• It prevents a uniform beach slope from being established due to subaqueous beaching. 
• It retards evaporation and strength gain of the deposit resulting in increased cycle times and 
delayed deposition schedule. 
• It reduces surface trafficability and limits reclamation options. 

3.6 Consolidation 
The consolidation phenomenon is a process by which soils decrease in volume due to applied 
stresses. During this process soils gain effective stress through dissipation of excess pore water 
pressure. For tailings materials, the rate and amount of consolidation are highly impacted by 
compressibility and hydraulic conductivity (Carrier et al., 1983). During operation, the chal-
lenges involving consolidation include unfavourable compressibility and deteriorating hydraulic 
conductivity; soft tailings surfaces preventing surcharge application; and unknown long-term 
consolidation behavior (Krizek 2004). 

3.7 Subsurface drainage 
Sub-surface drainage techniques such as bottom drainage blankets, sand layering and wick 
drains are widely used in many thickened tailings storage facility to reduce the drainage path 
and to increase the rate of consolidation (Krizek, 2004). Operational challenges of subsurface 
drainage systems include: 
• Pre-installation and non-maintainable components. 
• Blinding of drainage due to consolidation and fines migration at the drainage boundary. 
• Start-up challenges – tailings with unfavourable properties often get deposited onto the bot-
tom drainage boundary, reducing its overall functionality and success. 
• Access and installation challenges on soft tailings deposits for wick drains. 
• Complex operation limiting the chances of success (in a case of sand layering). 
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3.8 Fines 
Tailings and soil engineering behavior is highly influenced by particle size distribution. Fines or 
particles finer than 0.075 mm (geotechnical silt and clay size particles) are used in geotechnical 
engineering as an index parameter to classify and categorize the behavior of soils. For some 
thickened tailings, fines can be related in the same way to key deposit behavior including con-
solidation, segregation, turbidity, and strength.  

Increasing the fines content in a tailings deposition stream can lead to several issues such as: 
• Reduced hydraulic conductivity, leading to slower rates of dewatering. 
• Excessive suspended particles in supernatant water for recycle. 
• Lower deposit strengths. 
• Increased segregation and possible fouling of drainage and water collection systems. 
• Fines migration and possible clogging of drainage and water collection system. 
• Flatter beach slopes and reduced containment capacity. 

4 OPERATIONAL LESSONS FROM THICKENED TAILINGS DEPOSITION PRACTICE 

The following comments are intended to be somewhat provoking – offered from the perspective 
of the tailings operations team, which is usually saddled with the responsibility of creating a 
stable thickened tailings deposit from anything that comes out of the end of a pipe. These expe-
riences highlight the consequences of the challenges described earlier. 

4.1 The operation of a thickener and the deposition of thickened tailings have a very narrow 
intersection set 
The function of a thickener is to produce a pumpable tailings slurry, in which a typical yield 
stress could be anywhere from a few Pa to a few hundred Pa. The purpose of a tailings deposi-
tion scheme in turn is to create a stable deposit that will not move, in which a desirable deposit 
yield stress is ideally a few hundred Pa to a few kPa. That yields very little common language 
for the thickener operator and the deposition manager to be talking to one another. As a result, 
they usually end up at cross-purposes, as they each have fundamentally non-commensurate ob-
jectives. 

4.2 The thickener circuit and the tailings facility are not the place to dump excess water 
Traditional plant operations worldwide have long considered the thickener, tailings pumping 
distribution box and consequently the tailings disposal facility as the quick solution for the dis-
posal of any excess fluid. Excess fluids could include wash water, overflows, and flushing wa-
ter from anywhere in the plant. Even worse, for fear of sanding a line, when volumetric 
flowrates drop unexpectedly, excess water is added as a quick fix to maintain line velocities. 

Until the production of tailings feed is tightly controlled to within a narrow operating margin, 
and viewed as a performance specification for the thickener operation, the tailings deposition 
process is bound to suffer from ongoing variation in feed quality. 

4.3 A thickener can be asked to do too much 
The common belief is that the thickener operator actually knows how to operate and control a 

thickener and that due to process pressures he is forced to operate the thickener at less than op-
timal conditions. This is simply untrue. In almost all cases the thickener operators are profound-
ly ignorant of the sedimentation process that takes place in a thickener and on how to control it. 
In general they rely on a set of control philosophy rules provided by the thickener supplier on 
how to operate the thickener.  

Thickener control is difficult due to the multi-functional and chaotically variable inputs such 
as (amongst others): 

• Solids tonnage 
• Ore mineralogy 
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• Process water quality 
• Flocculant dose 
• Mixing shear conditions 
 
Faced with such control challenges and production pressures such as minimizing thickener 

downtime by avoiding a sanded thickener at any costs (i.e. maintaining low rake torque), the 
under-pressure operator is often left with little alternative but to operate the thickener so that it 
provides as little operating problems as possible. A common practice is to keep rake torque be-
low the imposed limits by running the underflow pumps to the maximum in an intermittent 
on/off manner. This generally means that the thickener is not allowed to perform the task of 
thickening and delivers a more dilute and problematic underflow slurry to the deposition site. 

Unfortunately, there are many thickener control philosophies which are specified and which 
have not worked because they are either based on fundamentally flawed assumptions or due to 
inappropriate instrumentation. The fact is that these control philosophies and rules are still 
propagated by the vendors as they are unaware of anything else and unfortunately they are 
completely inadequate to control thickeners in general.  

4.4 Thickeners work best for silt and worse for clays 
Thickeners have a long and successful history in the worldwide minerals extraction industry. 
They have been synonymous with the extraction of gold, copper, platinum, diamonds and many 
other minerals over the past five decades or so. These hard rock tailings (with the exception of 
diamond tailings or kimberlites) are usually the result of a milling or grinding process, generat-
ing tailings, which are mostly in the geotechnical silt fraction range (coarser than 2 micron and 
finer than 75 micron). Since milling is a very energy-intensive and expensive extractive process, 
the ore is not milled any finer than is absolutely necessary for the optimal recovery of mineral. 
At the same time, the milling process is designed to reduce particle size to one where subse-
quent extractive processes are efficient. If the milled ore contains too much of a sand fraction, 
valuable ore may remain locked up in the sand. The end result is that the best hard rock milling 
results in tailings that have a largely single-size particle distribution, or gap-graded tailings.  

Over the years, anecdotal evidence tends to indicate that thickeners operated in milled hard 
rock mines are described as being “forgiving” with regards to changes in feed tonnage and ore 
type.  On the other hand thickeners operating in mines with abundant clay minerals in the ore 
are described as being difficult to operate due to the short “reaction time” available once pro-
cess variables change. These problems however, may not be related so much to the physical and 
mechanical design of the thickeners but rather to a lack of understanding of the sedimentation 
process and control thereof. 

It has been found that the accumulation rate of the mud bed within a thickener is linearly 
proportional to the thickener solids throughput (t/m2.h). For non-clay milled hard rock slurries 
the relationship is very flat (i.e. low rate of rise of the mud bed) and so the thickener appears to 
be very forgiving to process changes; for clay containing slurries, the relationship is very steep 
(i.e. high rates of rise) and so the thickeners appear to be very sensitive to process changes and 
“slime” easily and quickly (Vietti and Dunn, 2014). These differences appear to be related to 
the hydraulic permeability of the mud bed – the permeability of a mud bed consisting of milled 
hard rock tailings tends to be high and therefore the mud bed consolidates quickly while for 
clay containing tailings it tends to be low and therefore the mud bed consolidates slowly.  

Thickener operational performance and control depends on the sedimentation and consolida-
tion properties of the solids within the feed. Since there are essentially two independent pro-
cesses occurring within a thickener under dynamic operation (i.e. sedimentation of the floccu-
lated solids onto a mud bed and the accompanied accumulation thereof with time and 
consolidation of the mud bed with time) appropriate thickener control needs to take both pro-
cesses into account.  

4.5 Two-stage thickening may be an option 
Uncoupling the thickening for heat/water recovery and thickening for deposition processes may 
be an option. In the first stage a traditional thickener could be used primarily for heat recovery 
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and/or water return in the plant. Since the operation is targeting heat/water recovery for the 
plant the tailings would not be required to be thickened to the same extent as for deposition. 
This helps reduce the pumping cost by minimizing the water return line as well as reducing the 
viscosity of the flow. Nearer the ultimate deposition point through a second thickener or in-line 
methods the tailings can be thickened again for the purposes of optimizing deposition where 
operation is not contingent on heat/water recovery. This option may be more viable for opera-
tions where thickening infrastructure is already in-place as there would be significant capital 
costs for a green field project. 

4.6 Shear thinning loops can help 
The introduction of a shear thinning loop at the base of the thickener allows slurry underflow to 
be thicker (more dense), while decreasing the yield stress of the slurry. It thus enables slurries 
of higher relative density (and hence less water content) to be affordably pumped to disposal, 
while reducing water volumes in circulation. 

Unfortunately, in many existing paste thickening applications, the shear thinning loop system 
is turned off, either to save on the extra pumping power costs or simply because the thickeners 
are not generating high enough density underflows due to the thickener operating practices 
mentioned earlier. However, if proper control of the thickener is achieved, the benefits of a 
shear thinning loop for ease of discharge of the dense underflow from the thickener and the re-
duced power consumption of the overall tailings delivery pump system are apparent. 

4.7 In-line thickening may have a supplementary role 
There is a growing trend to measure in-line thickener underflow densities, and where necessary, 
to add flocculant downstream of the thickener to the discharge line, as a means to improve both 
dewatering and tailings deposition. Again this may be an industry reaction to the poor perfor-
mance of thickeners due to inadequate thickener control. 

4.8 Thickener pilots and trials are less expensive than thickener failures 
The high cost (in dollar terms sometimes upwards of seven or eight figures) of thickener con-
struction and operation (even at pilot scale) has hindered the comprehensive evaluation of 
thickener design and performance, especially for new mines. 

However, the cost of failure of a thickened tailings scheme may be much higher than the cost 
of an expensive thickener pilot. The risks may include production losses, higher operating costs, 
extensive plant downtime and unplanned and emergency maintenance, and might even extend to 
reputational damage and loss of shareholder value for the mine in question. 

A key to a successful thickener pilot trial is generating design data for sizing the thickening 
circuit and process equipment to match the process specifications. Equally important is gather-
ing data for specifying the correct thickener control philosophy for the material being treated. 
Often thickener control philosophy is specified and tested only in the later project phases with 
disastrous and costly effects. 

Gidley and Boswell (2013) offer a 16-step model for technology development in oil sands 
tailings based on interviews with leading oil sands technology development experts. 

5 A SUCCESSFUL THICKENED TAILINGS DEPOSITION PLAN 

A successful thickened tailings deposition plan is a systematic approach to all aspects that in-
fluence the performance of the tailings deposit. Some of the primary elements are listed below. 

5.1 Dyke construction schedule 
Dyke construction should be planned at least three years in advance of requirements. Any re-
quirement for pre-build should be detailed in the design. Sufficient storage must be maintained 
so that deposition can continue throughout the year, independent of construction periods, while 
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continuing to maintain the required freeboard. At least six months of contingency space should 
be maintained. 

5.2 Embankment stability 
This item is one of the critical elements. In the case of the oil sands, the rigorous implementa-
tion of the observational approach is vital in ensuring risk-appropriate and cost-optimized con-
tainment of tailings.  

For upstream tailings construction, susceptibility to static (and dynamic) liquefaction should 
be closely monitored and avoided. Control of internal erosion (piping) is currently a renewed 
focus within ICOLD and member associations. Filter and drainage integrity and limitation of 
settlement require high quality design and regular monitoring and inspection. 

5.3 Tailings planning 
Sound tailings planning is required early on in the design phase. Upon commissioning the long-
range plan is mapped out, after which detailed planning is developed for both mid-range (annual 
and seasonal) and for short-term planning (monthly, weekly and daily).  

5.4 Off-specification intervention plan 
Items include tailings line sanding-out or failure; design and operator interventions; interven-
tions arising from implementation of the observational method in the event of dyke movement; 
control of thickener underflow solids content; rapid elimination of excess water and precipita-
tion events through sound drainage and decanting techniques; development of a conservative 
deposition cycle; discharge control; and allocation of storage space for off-specification dis-
charge, recovery and remediation. 

5.5 Role of chemicals and additives 
Further investigation into fit-for-purpose chemicals and additives may help widen the operating 
window for deposition and reduce the amount of off-specification material. Some areas where 
additives can help performance are: hydraulic conductivity (and secondarily consolidation), sur-
face crack depth and density and deposit shear strength. 

5.6 Beach deposition 
The paragraphs above have shown the critical role of beaching in facilitating tailings deposi-
tion, in allowing dewatering and consolidation, in controlling segregation and in maintaining 
stability. Effective beaching deposition practice is usually a strong indicator of a successful tail-
ings scheme.  

5.7 Maximizing drying efficiency 
In cold weather or short summer season climates every effort must be made to maximize the 
drying season by being ready to deposit as early as the season permits. It is critical that the last 
layer of the previous season be of high quality and within operational controls because the be-
havior of this layer will dictate how soon operations can begin in the spring.  

5.8 Pond location 
Pond location management is essential to many aspects of tailings management, including: 

• Control of beach slope and run-out distance. 
• Establishment of stable equilibrium beaching. 
• Protection of freeboard, pond volume and tailings deposition capacity. 
• Facilitation of the timely recycling of supernatant free of suspended solids. 
• Rapid removal of excess precipitation and flood events. 
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5.9 Fines capture 
There is a fine balance between maximizing the capture of fines in sand beaches (which is one 
of the most cost-effective technologies for the purpose), and avoiding the risks of embankment 
instability, layering and liquefaction. This is not to say that it should not be attempted: the re-
wards are clear, but the attendant risks should be carefully managed. 

5.10 Accumulation of fluid fine tailings 
In Alberta, Canada, the publication and application of Tailings Directive 074 and subsequent 
industry and regulatory initiatives now prescribe limits for this practice in detail.  

5.11 Dewatering 
In 2012, the development of a Tailings Roadmap for the Alberta oil sands drew attention to the 
existence of over 600 potential technologies that were considered at the time for the treatment 
of fluid fine tailings in the oil sands. The study also selected over 20 technologies for further 
development. 

It was acknowledged in the study that no single technology existed which would universally 
solve the problem. Many operators are now considering dewatering technologies in parallel or 
in combination. 

A comprehensive tailings plan is required to detail plans for the dewatering of tailings, in 
particular fluid fine tailings. 

5.12 General 
In addition to the important items above, the following elements should also be included in a 
tailings plan, and are not elaborated upon further in this text: 

• Development of trafficable surfaces; 
• Compliance with local and international laws; 
• Tailings reclamation; 
• Water inventory; 
• Debris management; 
• Recycle water; and 
• Land use. 

6 CONCLUSION 

The technology of tailings thickening has developed over the past decades to become synony-
mous with the successful international practice of mining and extraction of many minerals, in-
cluding gold, copper, platinum, diamonds, coal, and other precious and base metals. The indus-
try has a proven track record in dealing with typical thickened tailings management challenges 
of variation in feed, solids content, beach establishment, stability and capacity constraints, 
drainage, consolidation, supernatant and fines. Also the Alberta oil sands are venturing into uti-
lizing conventional tailings thickening schemes. Like the other mining areas, early operation 
has been met with challenges. It would be a pity if the true benefit of conventional tailings 
thickening is missed simply because remedies to these challenges are not readily or immediately 
apparent. 

This paper draws from a review of literature, a consideration of the fundamental science and 
international operating practice, placing the issues in context, and offering insights and inter-
ventions for local thickened tailings deposition challenges. 
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1  INTRODUCTION 

The Karara Iron Ore Mine operated by Karara Mining Limited (KML) is located approxi-
mately 70km east from Morawa in the mid-west region of Western Australia. The operation 
mines magnetite iron ore associated with banded iron formation (BIF) ridges and has a name-
plate capacity of approximately 8 Mt per annum of magnetite concentrate. At that production 
rate the plant will produce approximately 1,600 dry tonnes per hour (tph) of de-watered tailings 
material.  The dewatered tailings are deposited by a radial stacker at a dry stack tailings storage 
facility (TSF).  

 
The selection of a dry stack tailings storage facility for the Karara iron ore mine was made 

based on a combination of key drivers. The specification for the magnetite concentrate typically 
has a limit on the chloride content. To produce a product within the chloride specification there 
were two options (in the West Australian context); one, utilise saline water in the processing 
and later wash the concentrate  prior to loading to remove excess salt. Or, two, the process 
could utilise fresh water in the processing and thereby remove the requirement for washing. The 
fresh water processing option was selected by KML. However, with the evaporation exceeding 
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ABSTRACT: Globally, mine operators are becoming increasingly aware of water availability 
costs and constraints. This is leading to a trend of de-watering tailings disposal particularly 
where fresh water is required for processing. The Karara Mining Limited operation located in 
the Mid-west of Western Australia selected a large scale dry stack facility for their tailings dis-
posal and storage largely for this reason. There are a range of considerations which must be 
made when designing and operating a large scale dry stack facility, which relates to both the 
traditional tailings material parameters, and conveyor and stacker properties.  

The Karara facility operates a 35,000 tpd capacity stacker and conveyor system to develop a 
tailings dry stack landform. Key issues such as stability of the tailings mass and stacker founda-
tion, storage capacity, landform development and closure considerations were considered dur-
ing the design phase and permitting. These have been re-evaluated and updated during commis-
sioning and subsequent operations, along with statutory reporting.  

This paper presents a case study of the design considerations for a unique large scale dry stack 
facility. Design analyses from feasibility and detailed engineering stages are presented along 
with discussion related to updated operational testing. The paper will provide insight into oper-
ating issues that may impact the decision processes of potential future similar operations. 
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precipitation by approximately 10:1 (annual average precipitation 310 mm, annual average 
evaporation 3,875 mm) and the majority of the groundwater in the area being saline, the availa-
bility of freshwater in the mine area is scarce. A freshwater aquifer was available some distance 
away, but the available allocation from this aquifer could not sustain the full mine make-up wa-
ter requirement for any tailings disposal strategy other than filtering and dry stacking. 

 
The tailings material consists of two-sized fractions co-disposed onto a belt conveyor and 

conveyed to the tailings facility.  The two tailings products, namely coarse and fine, are me-
chanically dewatered to around 15% moisture (mw/ms). The coarse tailings material is de-
watered via screens and the fines by mechanical press filtration. 

 
The terrain in the mine area is flat, with the only relief provided by the BIF ridge that is Mt 

Karara, and it will ultimately be mined to below the natural ground. There are no identifiable 
streambeds and most precipitation run-off is via sheet flow. 

 
The following additional design criteria were provided for use in the feasibility design: 
 
x Coarse stream 80% minus 1.5 mm 
x Fine stream 80% minus 35 micron 
x 50/50 blend of coarse and fine 
x Delivered tailings maximum moisture limit 18% 
x 27 year tailings facility design life 
x Operation to be 24 hours per day 365 days per year with an operating availability of 90.2 

% or 7,900 hours per year.  
x Life of facility design tonnage is approximately 320 million tonnes. 
 

As the tailings are filtered to low moisture content (i.e. would not flow), pumping was dis-
counted as a transport method.  Options for transport of the tailings to the TSF were narrowed 
down to the following possible options based on the tailings being conveyed to a surge bin close 
to the disposal area: 
 

x Truck the tailings from the surge bin location to the final disposal location within the 
TSF footprint; 

x Convey the tailings from the surge bin location to a final disposal location within the 
TSF footprint using an overland conveyor/radial stacker arrangement; or 

x A combination of trucking and conveying, i.e. trucks for a limited number of years to 
offset initial capital expenditure and after which conveyors will be used. 

 
The client went through a selection process between the above options and selected the stack-

ing only option based largely on net present value calculations. 

2 DESIGN CONSIDERATIONS 

The design of the TSF required many considerations some of which are unique to dry stack 
facilities   and   others   which   are   common   to   all   TSF’s.   This   paper   presents   discussion   on   the  
unique aspects that were considered for this facility design. 

2.1 Dry stack configuration 
A typical TSF configuration is designed minimising fill requirements for embankments in 

agreement with the local topography. The dry stack layout design is unique due to the inter-
dependence of the stack configuration, the conveyor and stacker design, and the design produc-
tion rate. A change in conveyor type, size or configuration can have a large impact on the in-
termediate and final stack configuration. Conversely to achieve a certain stack configuration the 
stacker and conveyor system must be designed accordingly. Furthermore, the progressive foot-
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print development must be designed for the production rate such that the stacker and conveyor 
advance rate is kept within practical limitations. The goals of the stack and stacker configura-
tion are too: 

x Minimise initial and overall footprint 
x Minimise stacker downtime due to changeovers between lifts and sweeps 
x Maintain stacker progression rates within practical limitations 
x Maximise evaporative drying of the stacked tailings 
x Maximise density of tailings mass 
x Minimise stacker and conveyor costs (approximately proportional to size/weight) 
x Allow progressive reclamation and rehabilitation to manage dust 

 
The final landform height of the facility was capped by the state permitting at the elevation of 

other banded iron formations in the area, which provided a maximum TSF height of approxi-
mately 90 m on average. The footprint of the TSF was minimised by maximising the height of 
the stack and calculated to achieve the required total storage volume utilising the closure slope 
angles. 

 
In order to minimise initial footprint and therefore up-front costs, a higher lift height was pre-

ferred. An individual lift height of 25 m was selected as a practical maximum. This also worked 
to minimise the number of lift raises required for the conveyor system. The initial design called 
for the radial stacker to develop its own starter ramp up to the first 25 m lift. However, the de-
sign philosophy was changed to a waste rock starter ramp to minimise costs of the stacker fea-
tures and risks, both to the stacker and of extended shutdown periods. This waste rock starter 
ramp also provided a barrier between the laydown and offices areas and the tailings stack, and 
reduced exposed surfaces in the first years prior to concurrent closure being adopted.  

 
The configuration of the feed and the disposal conveyors in relation to the starter ramp re-

sults in a maximum conveyor angle for the Karara conveyor and stacker configuration of 13 de-
grees. It was assumed that the combined tailings product will be fully mixed at the discharge lo-
cations via the actions of the conveyor transfers and the subsequent dumping of the tailings. 
With respect to the design of the TSF, the main difference between trucking and conveyors is 
the possible heights of the individual lifts. 

 
The feed conveyor transports the tailings from the Karara process plant to the TSF area onto 

the ramp conveyor for transport of the tailings up to the initial ramp and onto the radial stacker. 
In order to allow a bypass of the ramp conveyor in cases where the tailings were inadequate for 
stacking or the radial stacker was temporarily shut-down, a bypass arrangement and emergency 
storage area was designed. This bypass and emergency storage area allows a degree of flexibil-
ity in the system, such that if there are problems with stacker deposition the effects do not flow 
back to the plant causing plant shutdowns – a high priority. Any tailings deposited in the emer-
gency area can later be manually fed back into the conveyor system for stacking via a separate 
surge bin. 

 
The facility has a series of berms and channels, designed and constructed to separate impact-

ed from non-impacted stormwater runoff.  The non-impacted water is intercepted upstream of 
the facility and directed around it, while impacted water is directed to a downstream water 
management pond. The stormwater berms were designed to be phased as required for the depo-
sition stages.   

 
The intermediate layout of the TSF is presented in Figure 1. This shows the initial ramp and 

the radial sweeps of the stacker as it progresses. Each sweep has a radius of approximately 300 
m and at full production rate will take 250 days to stack. The stormwater diversion channels and 
berms can be seen surrounding the initial facility, they divert clean water away from the facility 
and capture and direct impacted water to a separate retention pond. The bypass system and 
emergency storage area can be seen adjacent to the initial ramp. 
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Figure 1 - Karara Dry stack TSF configuration 

2.2 Stacker configuration 
There are two main options for the stacking configuration; advance stacking or retreat stack-

ing, see Figure 2. The key differences being the location of the stacker relative to the stack and 
direction of stack progression.  

 
The majority of stacking operations in the mining industry are heap leaching projects and this 

is therefore where the majority of the industry experience lies. Typically in heap leaching, re-
treat stacking is preferred in order to reduce compaction of the heaped ore. This was not an is-
sue at Karara. The individual lift heights of heap leach pads are also generally lower, due to 
leaching criteria, than the 25 m selected for the Karara dry stack.  

 
Preliminary stacker designs were conceptualised for both concepts, which showed that the 

stacker required to retreat stack a 20 m slope was excessively large and costly. By advance 
stacking the stacker unit can be much smaller, although the necessary horizontal reach to obtain 
a safe set-back distance requires detailed calculation. 

 
If retreat stacking was selected this might put the stacker at risk of being inundated with tail-

ings. The tailings material is placed at angle of repose and so there is an inherent risk for minor 
slips and sloughing of the stack face. This could be exacerbated with tailings moisture fluctua-
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tions. Conversely with advance stacking there is a risk of slope failure causing the stacker to 
fall; this was investigated in detail and is discussed below. 

 

Figure 2 – Potential stacking arrangements 

2.3 Stability  
The stability of the dry stack TSF, as with any TSF, requires stability evaluation for different 

scenarios throughout the life of the facility. The stability scenarios that were analysed during 
the design phase were a single lift, multiple lifts and the closure final landform.  

 
In addition, due to the likely slumping and sloughing of the angle of repose material, it was 

anticipated that the stacker standing at the edge of the crest of the forming slope would be an 
unsafe situation. Thus, a safe set-back distance from the stack crest needed to be determined for 
the stacker tracks in order to calculate the necessary cantilever length of the stacker arm.  

 
A target factor of safety (FoS) of 1.3 was used for all intermediate/active slopes, i.e. those be-

ing stacked, while a FoS of 1.5 was used for final or overall slopes.  The stability analyses were 
carried out using commercial 2D limit equilibrium stability software. The analyses were under-
taken for a stack face slope of 1:1.5(V:H) with the slope heights of 5, 10, 15, 20, and 25 m.  The 
slope angle of 1:1.5 (33.6 degrees) was adopted which is slightly steeper than the internal fric-
tion angle (31 degrees). This was to account for a small amount of suction in the unsaturated 
tailings resulting in a steeper stack angle. The shear strength parameters and the density of tail-
ings were estimated from laboratory test results.  

 
The load exerted by the stacker provided by the supplier was modelled in the stability anal-

yses. For each slope height, the analyses were repeated with varying stacker position (in the 
range of 1-10 m from the top edge of the slope). The configuration of the stability analysis is 
presented in Figure 3. The critical distance of the slip surface was defined as that yielding a FoS 
of 1.3; it was measured horizontally on the top of the stack from the slope crest to the initiation 
of the surface.  

 
The analysis showed that the critical slip surface distance increases with the increasing 

stacker distance, and at some point drops to a distance equal to that calculated for no load con-
ditions. This means that the stacker load at distances beyond that point does not have any influ-
ence on the stability of the slope. This critical distance was used as the optimum safe distance; 
Figure 4 presents the results of this analysis for each slope height.  

 
It can be seen that for a stack height of 25 m a setback of at least 9.5 m is required. This was 

incorporated into the stacker design. 
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Figure 3 – Stability analysis configuration to determine stacker set back distance 

 

Figure 4 – Safe stacker distance vs slope height plot 

2.4 Conveyability 
Conveyability testing was undertaken to determine the moisture content cut-off criteria for 

the conveyability of the tailings material. That is, at what moisture content do the tailings be-
come too wet to transport up the ramp conveyor and should therefore be directed to the emer-
gency disposal area.  

At plant start-up and when processing various ore types, there has been some variability in 
the ratio/blend of coarse to fine material.  The spread of likely ratios was provided by KML 
process staff; this was used to select the following blends for testing: 

 
x Blend 1 - 100% fines 
x Blend 2 – 80% fines 20% coarse 
x Blend 3 – 50% fines 50% coarse 
 

The variability of the different blends at varying moisture content is shown in  
Figure 5. At the maximum conveyor angle of 13 degrees the maximum moisture content 

which will allow efficient conveyability for each blend is summarized in  
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Table 1. 

 

 
Figure 5 - Variability of maximum conveyable moisture content with conveyor angle 
 
Table 1 - Conveyability test results summary 

Blend Maximum moisture content (%) 

100% fine 30% 

80% fine 27% 

50% fine 16% 

2.5 Water Balance 
A water balance was developed to determine the likely water volumes that would report to 

the TSF and the potential volumes that would drain to the retention pond.  The methodology for 
the  dry  stack  facility  water  balance  was  similar  to  that  employed  for  typical  conventional  TSF’s  
in that it is a balance of inflows and outflows. However, the inflow water volumes are greatly 
reduced due to the filtering process and no bleed water collection is expected. As the tailings 
facility will be surrounded and protected by storm water berms and channels, the rainfall on the 
tailings facility catchment area provides the major water outflow from the facility. The tailings 
water balance was developed in conjunction with the retention pond water balance which is not 
presented here. A sensitivity analysis was also undertaken considering wet and dry years from 
the wettest and driest years in the local weather station records. 
 

The water balance shows that the volume of water available from the tailings system de-
creases with the increase in the stack area due to more evaporation potential of the increased ar-
ea and infiltration into the dry stack.  The maximum volume of water accumulation in the reten-
tion pond occurs during July of each year, and decreases from 54,000 m3 in Year 1 to 26,000 m3 
in Year 7.  After Year 14 the infiltration rate/capacity and the evaporation rate exceeds the pre-
cipitation and little or no runoff is expected. This is shown in Figure 6 which presents the water 
inflow, water loss and flow to the retention pond with time based on the design assumptions. 

 
The sensitivity analysis showed that the effects of a dry year are minimal as the plant does 

not rely on reclaim water.  There is very little variation in the response of the TSF and the flows 
to the retention pond between an average and a dry year. In the case of a wet year, there would 
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be an excess amount of water. The maximum amount of water reporting to the retention pond 
during a wet year would range from 190,000 m3 to 213,000 m3 depending on its footprint size.  

 
This water balance is very different to a typical conventional slurry TSF water balance as the 

calculations show that at some point the TSF will not accumulate any excess of water available 
for reclaim. Therefore compared to a typical TSF the water containment infrastructure required 
is of a much smaller scale. 
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Figure 6 - Water inflow and outflow in TSF for average conditions 

2.6 Dust 
The prime component of the tailings is a silica material. It was identified at the design stage 

that the inherent problems would be erodibility and dust generation. Given that the mid-west 
climate for much of the year is generally hot and dry, and the fact that the tailings will be depos-
ited dry, it was expected that dust generation could be a significant issue. Dust control was 
identified to be a key operational issue. Disturbed surfaces, such as any-rehandling of the tail-
ings, trafficking of the stack, and exposed faces to prevailing winds were expected to generate 
dust.  Thus, a number of measures were designed into the facility. These included concurrent 
reclamation of intermediate/lower stack slopes and dust suppression measures for active top 
slopes. The active measures included keeping traffic to a minimum, capping designated road-
ways and conventional dust suppression measures such as watering.  

2.7 Closure considerations – concurrent 
Closure will be undertaken concurrent to operations, i.e. once a lift or section of a lift has 

been completed, it can be closed. Concurrent reclamation is planned to commence in Year 2 
and continue every two years thereafter until the end of the mine in an effort to reduce erosion 
and dust generation, and to reduce the volumes of impacted stormwater runoff to be managed. 
Deposition of the tailings is such that the material is placed at the angle of repose which is esti-
mated to be a slope of approximately 1V:1.5H.  However, for long term stability the final land-
form will have an average 1V:3H slope and for optimum results in erosion control a concave 
slope profile was calculated to produce a lower soil loss. Therefore before reclamation is to take 
place, the slope is to be modified by cut and fill method using the deposited tailings material as 
shown in Figure 7. The final slopes will then be covered with topsoil and selected coarse NAF 
waste rock to armour the surface.   
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Reclamation of the impacted water channel is to consist of the installation of two water 
pipes, such that impacted water from the TSF area still flows. The channel is then in-filled with 
waste/topsoil material from the channel base up to ground surface along the defined distance for 
reclaim. This system is shown in Figure 8. 

 

Figure 7 - Typical tailings closure cut and fills detail 

 

Figure 8 - Cross section of concurrent reclamation of impacted water channel  

3 OPERATIONAL ISSUES  

As with all facilities there are commissioning and operational issues which arise during these 
stages and may require minor modifications to the design. Some of these issues are discussed 
below. It is hoped that the experience gained from the implementation of this project will be 
used in future designs of similar facilities. 

3.1 Commissioning – tailings storage 
The facility was commissioned in early 2013 and there were some issues that lead to tempo-

rary inefficiencies in the dewatering system at Karara as a result of varying ore type. These in-
cluded the particle size distribution was significantly finer than design; 80% minus 50 micron 
(approximately 98% fine stream and 2% coarse stream). This initially resulted in much higher 
moisture contents for the delivered tailings than the initially assumed 18%. This start-up period 
presented multiple issues for the operators, firstly, the transport of the tailings and secondly the 
storage of the, at times, essentially conventional tailings slurry. Given the design is for filtered 
tailings and the selected transport mechanism was conveyors, there were early tailings transport 
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issues for obvious reasons. This problem was rectified on site by the washing of the conveyors 
and pumping of slurry into tank trucks for transport and disposal into small emergency storage 
ponds, initially and then later pumping direct from the plant into the ponds. 

  
Due to clearing and bonding considerations, the emergency tailings slurry ponds were located 

within the initial or first year footprint, as it was the only areas cleared and available. However, 
as the facility has ramped up, in terms of, dry stacking of tailings, the concern was raised about 
founding the stacked material on the wet, saturated and unconsolidated material in the ponds.  

 
 In-situ and laboratory testing of the deposited pond material was conducted to determine 

strength parameters. Initial stability analyses were conducted considering the weakened founda-
tion as well as the steeper stack slope (discussed below) to identify the potential failure mecha-
nisms and control parameters. The initial stability analyses supported the onsite observations of 
poor founding conditions as represented by a bow wave in the wet pond material, and indicated 
the potential for large deformations and slip failure of the overall first lift of the stack slope.  

 
A range of stabilisation measures were considered and discussed with Karara. These included 

but were not limited to: 
x Retreating the stacker back from the slope crest and dozing placed material down the 

slope to form a greatly reduced stack face slope angle 
x Ripping of the wet tailings to allow drying and strength gain of the foundation (also con-

sidered in combination with other measures) 
x Excavation and removal of slurry deposited tailings material within sweep footprint. 
x Placement of existing drier tailings material located in the emergency storage area as a 

preload and buttress  
 
Each of these were analysed for stability to determine effectiveness in providing a stable 

stack configuration.  Karara decided to implement the  preload and buttress option  truck dump-
ing of the existing tailings material from within the emergency storage area as the most effec-
tive, safe and viable alternative. This was done in combination with ripping the surface of the 
tailings ponds to increase evaporative drying over the summer months.  

 
The stability analysis configuration is shown in Figure 9 for the preload and buttress stabili-

sation measure. The successful implementation of the preload and buttress system, along with 
ripping is shown in a site photograph in Figure 10 below.  

 

 

Figure 9 – Section of selected stabilisation measure – preload and buttress 
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Figure 10 – Photograph of successfully implemented preload and buttress, and ripping 

3.2 Stack Angle 
Following commissioning and when a steady state operation had been reached the stack slope 

angle was investigated. The slope of the dry stack was measured from photographs taken during 
the TSF inspection. This is presented in Figure 11. The average slope was found to be in the 
range of 40° when stacked in a cone (with a maximum of 41°) and 38° when stacked correctly 
in a thin sheet along the face. The average slope of 40° is significantly steeper than the friction 
angle determined from previous laboratory testing of a representative tailings sample. It is noted 
that only one test was performed and the sample may no longer be representative of the final 
product. However, it is expected that the friction angle of the tailings product would be in the 
range of that indicated by the testing (31-33°) to a maximum of 37°.  

 
The overly steep angle is likely caused by the partially saturated nature of the tailings adding 

apparent cohesion to the average shear strength, evaporative drying causing matrix suction, and 
the deposition in one place allowing build up into a cone rather than constant ravelling down 
the slope. The danger of this is that as the stack dries or becomes saturated from precipitation 
the apparent cohesion is lost and the stack slopes may become unstable.  This is compensated 
by safe stand-off distance requirements from the slope crest and toe, and also the implementa-
tion of concurrent reclamation with appropriate (outer slopes).  

 
This also does have an effect on the global stability as the steeper face angle results in the 

stacker being closer to the toe of the stack. This reduces the FoS for a slip failure which in-
volves the stacker. Based on an operating distance of 12 m from the face of the stack, with a 40° 
stack angle, the stacker is at an angle of 29° from the toe. This provides a FOS of 1.17 when 
applying a friction angle of 33° and zero cohesion. The analyses showed that to achieve a FOS 
of 1.3 the stacker front track must be at least 17 m from the stack face when this is at 40° and 
the material is dry.  

 
It was concluded that the stacking operators must stack the face correctly by the placement of 

thin layers across the face with a constantly moving stacker arm. This has two effects, first to 
minimise build-up of the tailings in cones and second to allow greater drying of the placed ma-
terial. If the stack remains overly steep and is to be dormant for an extended period, then the 
stacker should be moved to at least 17 m from the stack face. This was to be included in the 
TSF operating manual. 
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Figure 11 – Photograph and measurement of stack face angle 

3.3 Future test work 
Following on from the successful commissioning and initial operation of the Karara dry stack 

facility it is important to continue to update knowledge of the tailings material behaviour and 
properties in-situ. This is especially important prior to stacking lift 2 onto lift 1 and what the 
likely density regime of the initial stack is at that time. Cone penetrometer testing with pore 
pressure measurements (CPTu) of the first stack are proposed to determine in-situ density, shear 
strength and pore pressures/moisture distributions within the developed stack. This will be cali-
brated with test pitting and undisturbed sampling for laboratory testing.  This probing and asso-
ciated testing will be used to build a more realistic geotechnical profile, which in turn will help 
optimising the multi-lift design. This will include updated consolidation and storage capacity 
assessments, and stability analyses for the future intermediate and final configurations. Current-
ly in-situ testing of the stack material on the active face is deemed unsafe and surface testing on 
the crest is considered unrepresentative.  

4 CONCLUSION 

The Karara TSF is a unique facility globally based on the combination of disposal methodol-
ogy and rate. Additionally, there are no other dry stack facilities in Western Australia of any 
scale. The successful design, commissioning and operation of this facility demonstrates that this 
is a viable disposal strategy for other mines in similar conditions. The facility is operating as 
designed; commissioning of the facility provided some challenges which with some prior con-
sideration can be overcome to remove any negative impact on the success of the dry stack facili-
ty as a whole. From the Karara commissioning experience these include measures to handle out 
of specification tailings and changes in stack configuration based on in-situ operating condi-
tions. 
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1 INTRODUCTION 

Tailings impoundments can reach up to several square kilometers in area and up to more than 
50 m in thickness. They are considered amongst the largest man-made structures and are very 
challenging projects due to their constantly changing size and state of stress. Poor operational 
practices often result in potential risk to human safety. In conventional mine tailings disposal 
operations, the tailings are pumped into containment ponds formed by construction of large tail-
ings dams. Removing a significant amount of the process water, or “thickening” permits the 
slurry to form a slope, which can lead to significant reduction in the size of the tailings dam and 
in the area needed for storage. Construction of the confining dam using the residual material it-
self is also a commonly applied cost-efficient strategy. However, this practice has often led to 
catastrophic dam failures, resulting in environmental disasters and fatalities. Examples of tail-
ings dam failures are Sullivan Mine, Canada in 1991, Merriespruit, South Africa in 1994, 
Aznalcollar Dam, Spain in 1998, etc. According to Davies (2002), approximately 2 to 5 “major” 
tailings dam failure incidents occur per year. Evaluation of the behavior of deposited mine tail-
ings is necessary to improve the performance and cost-effectiveness of these impoundments. 

In this study, fine-grained tailings from a planned copper-gold mining project were used to 
study the consolidation evolution during and after construction. Centrifuge testing can offer sev-
eral advantages. The long duration of the consolidation process is reduced and simulating proto-
type stress conditions in a small scale model is enabled. The basic scaling laws of centrifuge 
modeling are included in Table 1. Modeling the disposal of mine tailings in layers is also possi-
ble. As a result, the variation of properties with depth can be taken into account. To date, most 
experimental research on mine tailings has consisted of small scale laboratory tests, such as 

Centrifuge modeling of deposition, consolidation and seismic 
loading of fine-grained mine tailings  

N. Antonaki, I. Sasanakul & T. Abdoun 
Rensselaer Polytechnic Institute, Troy, NY, USA  

M. V. Sanin & H. Puebla 
Golder Associates, Burnaby, British Columbia, Canada 

J. Ubilla 
Golder Associates, Santiago, Chile 

ABSTRACT: Most experimental research on mine tailings has consisted of small scale labor-
atory tests and very few attempts of physical centrifuge modeling tests have been made. Ge-
otechnical centrifuge testing allows simulation of prototype conditions under full scale stresses 
through tests performed on small scale models. Tests were performed on tailings obtained from 
a planned copper-gold mine. The mine tailings are of low plasticity with approximately 60% fi-
ne-grained material. In the field, the tailings are thickened (dewatered) and hydraulically depos-
ited into the containment structure in layers. The objective of the centrifuge testing is to evaluate 
the consolidation behavior of the 25 m tailings stack deposited at the pumping water content 
(59%). Tailings were prepared in layers and consolidated in the centrifuge, thus allowing in-
strumentation of each layer before consolidation of the complete impoundment. Pore water 
pressure and shear wave velocity were also measured during the consolidation process. A pre-
liminary shaking test was also performed on a consolidated model and sample data is presented 
herein. Results from this study provide useful data for assessing the in situ consolidation behav-
ior, the characterization of the tailings material and its liquefaction potential under dynamic 
loading.

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

305



simple or direct shear tests, triaxial tests, etc. (Aubertin et al. 1996, Dimitrova et al. 2011, Garga 
et al. 1984, Highter et al. 1980, Proskin et al. 2010, Qiu et al. 2001, Sanin et al. 2012, 
Wijewickreme et al. 2005, etc). Very few attempts of physical modeling tests using a centrifuge 
have been made (Stone et al., 1994). 

The main objectives of this study are to model the deposition of fine-grained mine tailings in 
layers, to evaluate their properties and to examine the consolidation behavior. A new technique 
for monitoring settlement of the layers during consolidation was also developed. Finally, a pre-
liminary shaking test was performed on the consolidated mine tailings. 
 
 
Table 1. Basic Centrifuge Scaling Laws (Taylor, 1995) _____________________________________________________________________________ 
 Parameter    Centrifuge Model Units   Full Scale Prototype Units _____________________________________________________________________________ 
 Length            1/N                   1 
 Area             1/N2               1 
 Stress        1            1 
 Strain        1            1 
 Displacement     1/N           1 
 Volume       1/N3           1 
 Density        1            1 
 Mass        1/N3           1 
 Time (diffusion event)  1/N2           1 
 Time (dynamic event)   1/N           1 _____________________________________________________________________________ 
N:Scale factor 

2 MATERIAL PROPERTIES 

The tailings material under study was shipped from the site thickened to 59% water content. It 
has a specific gravity of 2.73 and about 60% of material passing through the #200 mesh. The 
tailings are classified as low-plastic (CL-ML), based on Sanin et al. (2012). Constant volume 
cyclic simple shear tests were conducted on the tailings material, with varying initial water con-
tent (36, 48, 59%) and initial effective confining stress (50 - 500 kPa). The results indicated that 
the final state and the cyclic resistance of the tailings consolidated to stresses less than 100 kPa 
depend on the initial slurry density. More specifically, specimens at 59% initial water content 
were found to lead to higher final void ratios. For the centrifuge tests, initial water content is set 
equal to the field pumping water content of 59%. The maximum consolidation stress is approx-
imately equal to 200 kPa. 

3 TEST DESCRIPTION 

Pore pressures, settlements and shear wave velocities were measured to evaluate the consoli-
dation process and the variation of material properties with time and depth in the model. One of 
the main objectives is simulating the evolution of consolidation until completion. Therefore, 
tests can conclude once these monitored parameters become constant with time. Measuring set-
tlements per layer to establish the settlement profile of the impoundment was a challenge. Con-
ventional  sensors  such  as  lasers  or  LVDT’s  could  not  be  placed  at  a  depth  inside  the  model.  A  
new system was developed by modification of conventional pressure transducers to monitor set-
tlements per layer during consolidation. The sensors were sealed and connected to a fixed, con-
stant water level tube with hoses. Being placed on the surface of every layer allows them to 
measure change in water head caused only by their change in location. 

In this study, a series of centrifuge tests were carried out at the geotechnical centrifuge re-
search center at Rensselaer Polytechnic Institute (Troy, NY). The centrifuge is a 150 g-ton ma-
chine with a nominal radius of 2.7 m. These tests were conducted at 80g centrifugal acceleration 
to simulate a 25 m high tailings deposition. In order to best simulate field conditions the models 
were constructed in three to six layers, and each layer was subjected to a brief period of prelimi-
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nary consolidation at 20g before the consolidation of the full model was conducted. Drainage is 
located at the surface at all times to model the process as it takes place in the field. 
3.1 Model 

The tailings were consolidated in a rigid container with internal dimensions of 71 cm x 36 cm 
x 37 cm (Fig. 1). The container allowed drainage at the surface during consolidation via a metal 
filter (Fig. 2 (a)). The filter was attached to a drainage hole at the wall of the container. Open-
ings were made at various heights to ensure that as the model height increases with the addition 
of subsequent layers, the location of drainage also moves to a higher level above the current sur-
face. Holes below the surface remain closed. Geotextile along the same wall of the container 
was added for the second test as shown in Figure 1, in order to prevent clogging of the filter and 
allow efficient drainage during consolidation. 
 
 

Figure 1. Model Setup. 
 
 
The model was instrumented with settlement gauges, pore water pressure sensors, bender el-

ements and LVDTs. Pore pressure transducers and settlement gauges were used to obtain data 
per layer. LVDTs were placed on the surface to measure total settlement of the model. Bender 
elements were installed on fixed columns located inside the model and used to measure shear 
wave velocity with depth throughout consolidation. The instrumentation setup is shown in Fig-
ure 1. During the test, videos were also recorded via centrifuge onboard cameras. 
3.2 Testing Procedure 

Two centrifuge tests were conducted for this study. The first model consisted of five layers of 
total initial prototype height of 22.2 m and the second model consisted of six layers of total ini-
tial prototype height of 31.1 m (at 80g). The testing sequence consisted of two phases. The first 
phase was the initial consolidation of each layer at 20g, which allowed the tailings to gain some 
strength before adding the following layer. The second phase was the consolidation of the com-
plete model at 80g. 

3.2.1 Preliminary Consolidation at 20g 
Preliminary consolidation of each deposited layer for 30 hours in prototype time at a lower g-

level (20g) is conducted before placing the following layer. Through this procedure the material 
becomes thicker and sensors can be placed on each layer before conducting the consolidation 
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test of the complete model. It also models the actual short-term consolidation of tailings as the 
impoundment is gradually filled with material. It is noted that time duration reported herein is in 
prototype scale and the centrifuge acceleration and deceleration times are not included. 

The first layer was poured into the container using a funnel and pouring through a hose, after 
a pore pressure transducer was taped to the bottom of the rigid container and the pairs of bender 
elements were in place (Fig. 2 (b)). The height of the funnel was constantly adjusted so that it 
was located close to the surface of the tailings (Fig. 2 (c), (d)). This technique best simulates 
field conditions, since mine tailings are generally deposited hydraulically at one or more points 
of the disposal space and left to flow. Subsequently, a settlement gauge was attached to a float-
ing plastic plate and placed on the surface of the layer (Fig. 2 (e)). After each layer was added 
and consolidated at 20g, the plates attached to the sensors were slightly embedded into the mate-
rial as shown in Figure 2 (f), thus allowing the sensors to stay in place for the rest of the test. Af-
ter the centrifuge stopped, a pore pressure sensor, also attached to a plate, was placed on the sur-
face of the tailings and the second layer was poured in. The same was repeated for each 
following layer. The LVDTs used to measure settlement of the final surface are installed as 
shown in Figure 2 (g), (h). 

 
(a)            (b)  

(c)            (d) 

(e)            (f)  

(g)           (h)  

 
Figure 2. (a) Drainage (b) Pore pressure transducer and bender setup (c) Funnel used for placing material 
into container (d) Pouring first layer of mine tailings (e) Settlement gauge attached to plate on top of the 
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first  layer  before  and  (f)  after  consolidation  of  layer  at  20g  (g)  LVDT  ’s  attached  to  plates  on  final  surface  
of model before and (h) after consolidation of model at 80g. 

3.2.2 Consolidation at 80g 
The consolidation of the complete model was then performed. For Test 1, the model remained 

at 80g for approximately 900 days in prototype time, while for Test 2 the respective time was 
500 days. After the centrifuge stopped, water remaining on the surface was removed. After 
draining, the model was carefully dissected in order to identify the final location of the sensors 
and collect soil samples for final water content measurements. 

3.2.3 Shaking at 80g 
Instead of using a rigid container with drainage on the side as previously described, a “flexi-

ble”   laminar container was used for this test.   This   type   of   container   consists   of   thin   “rings”  
which can slide with regard to each other thanks to the presence of bearings between them, thus 
allowing the model to deform laterally without imposing unrealistic fixed boundary conditions 
(Fig. 3 (b), (c)). Instrumentation for this test was similar but additionally included accelerome-
ters placed on top of each layer of mine tailings and glued on the rings of the container at the 
approximate depth of the layers after consolidation, as estimated from the previous tests (Fig. 3 
(b)). Accelerometers placed in the model needed to be stabilized using small plastic plates, wax 
and aluminum foil wrapped around their cable in order to maintain their position and accurately 
obtain data during dynamic loading (Fig. 3 (a)). Figure 3 (c) is a photo of the laterally deformed 
container at the end of the test. 
 
 
(a) 

(b)            (c) 

 
Figure 3. (a) Accelerometer being placed on top of layer of mine tailings while stabilized with rectangular 
plastic plate, wax and aluminum foil, (b) Accelerometers glued approximately at depth of layers on the 
sliding rectangular rings of the laminar container and on the shaking table and (c) Residual lateral defor-
mation of container after dynamic loading. 

 

Accelerometer Setup on 
Rings of Laminar Box

Accelerometer on 
Shaking Table

Lateral  Deformation  ≈  1.5  cm

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

309



After completion of the test the model was dissected and sensors were tracked, the main ob-
jective being the evaluation of the accelerometer stability which would affect the reliability of 
the obtained data. Figure 4 is a photo of an accelerometer as it was found during the dissection. 
The sensor had maintained its direction of measurement, despite the strong dynamic loading that 
the model was subjected to. 
 
 

 
Figure 4. Verification of direction of measurement for accelerometers located in the soil during post-
testing dissection of model. 

4 RESULTS AND DISCUSSION 

4.1 General Observations 
For both consolidation tests that were conducted, 75% of the total settlement took place dur-

ing 20g consolidation. For Test 1, the height was reduced to 16.7 m (from 22.2 m), while for 
Test 2 the respective height was 22.6 m (from 31.1 m). Most settlement per layer occurred dur-
ing its first consolidation at 20g, before pouring the following layer and consolidating at 20g 
again. 

Additional settlement occurred during consolidation at 80g. Final heights of consolidated tail-
ings were approximately equal to 14.8 m and 20 m for Tests 1 and 2 respectively. These ob-
served final heights are consistent  with  the  data  from  the  LVDT’s  used  to  measure  the  surface  
settlement during consolidation of the full model. 

Figure 5 presents the pore pressure dissipation for Test 2 during consolidation at 80g. Final 
depth of sensors observed during the post-testing dissection of the model is included in brackets 
in prototype scale. It can be observed that the rate of dissipation is initially very high, especially 
at the bottom of the model, where the largest pore pressure is built up. However, the rate de-
creases with time and pore pressures become essentially stable after approximately 250 days for 
both tests. 

 

Cable wrapped in aluminum foil

Stabilizing plastic plate

Accelerometer
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Figure 5. Pore pressure dissipation during consolidation at 80g (Test 2). 
 

 
Mine tailings had initial water content of 59%, which corresponds to a void ratio of 1.6. Final 

void ratio with respect to effective stress is plotted in Figure 6 for both tests. Samples collected 
from very shallow depths have very high void ratio, since water content was very high on the 
surface even after draining was completed. However, the values drop significantly within a cou-
ple of meters from the surface. Final distribution is similar for both models, with an average 
void ratio of 0.6 for confining stresses above 50 kPa. For Test 2, final water content is slightly 
lower. That can be attributed to the presence of geotextile throughout the height of the model 
along the draining wall of the container during the second test. 
 
 

 
Figure 6. Final distribution of void ratio with effective stress for Tests 1, 2. 
 
4.2 Shear Wave Velocity 

Bender elements were placed at fixed locations inside the container. Data were obtained at 
regular time intervals and were used to evaluate the shear wave velocities of the mine tailings 
throughout the consolidation process at 80g. Variation of shear wave velocity with depth and 
time is plotted in Figure 7 for Test 2. Similar trends were observed for Test 1. Shear wave veloc-
ity is not measured near the surface because bender elements have difficulty in obtaining relia-
ble data when the material is too loose and the confining stress is very low. The shear wave ve-
locity increases with depth and is initially very low, even near the bottom of the model (below 
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100 m/s). However, significant stiffening of the material can be observed soon after the consoli-
dation process at 80g begins. The rate of increase is very high at first, but reduces notably after 
114 days into consolidation. More specifically, the shear wave velocity rises by 27 to 43 %, in-
creasing with depth, based on the first two measurements (0 and 57 days into consolidation at 
80g). The increase between the second and third measurement (57 and 114 days) drops to 7 - 10 
%. After approximately 114 days of consolidation at 80g, the increase between measurements 
becomes lower than 3 %. Finally, the distribution of the shear wave velocity with depth is stabi-
lized after approximately 230 days of consolidation. The final shear wave velocity distribution 
corresponds to the excess pore pressure dissipation. 

 
 

 
Figure 7. Shear wave velocity with respect to depth obtained from Test 2. 
 
 
4.3 Dynamic Loading Data 

The Vina del Mar seismic record (2010) was used for the shaking test. The amplitude of the 
motion was adjusted to 0.20 g (Fig. 8 (a)). Acceleration measured at the depth of the first layer 
is depicted in Figure 8 (b), in the soil and on the container in black and gray respectively. The 
motion is clearly amplified at first, but is soon followed by a sudden drop in the soil acceleration 
that is not seen in the data obtained from the accelerometer glued on the container. This drop is a 
clear indication of liquefaction, as the soil loses its strength and can no longer sustain the dy-
namic loading. Acceleration measured on the surface of subsequent layers indicated that the soil 
at shallower depths liquefied after a smaller number of cycles. Figure 8 (c) depicts pore pressure 
built up at the same depth during dynamic loading, zeroed at its hydrostatic value before appli-
cation of the motion. 

5 CONCLUSIONS 

Results from a series of consolidation tests on fine-grained mine tailings with 59% water con-
tent using the centrifuge were presented herein. Some main conclusions can be drawn. The dis-
posal and consolidation process of the tailings was successfully modeled. Pore pressure was 
monitored until full dissipation was achieved. At the end of consolidation, shear wave velocity 
of tailings at a depth of 7 to 12 m (middle region of final soil profiles) ranged from 120-145 m/s. 
A preliminary shaking test was performed and signs of liquefaction were clearly observed in the 
data. Future research will include centrifuge seismic tests on sloped mine tailings. The ability to 
deposit tailings under a small angle is crucial financially and environmentally. Subjecting that 
slope to dynamic cyclic loading will offer valuable information regarding its stability and risk of 
liquefaction in case of a seismic event or undrained loading in general. 
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(a) 

(b) 

(c) 

 
Figure 8. (a) Acceleration measured on the shaking table, (b) acceleration measured on the surface of the 
first (bottom) layer and at the same level on the rings of the container and (c) pore pressure build-up 
measured on the same layer during seismic loading. 
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1 INTRODUCTION 

Topographic conditions, as well as archeologically sensitive areas, can cause significant chal-
lenges for the location of mining infrastructure in the Peruvian Andes.  In this type of setting, 
many times filtered tailings can be an appropriate form of tailings storage since they can be 
placed, spread and compacted to form an unsaturated, dense and stable tailings stack or "dry 
stack", which requires no dam for water or slurried tailings retention (Davies & Rice, 2001). 

The Ollachea gold mine project is located in the Puno Region of southern Peru. The project 
consists of an underground mine to exploit an orogenic or mesothermal-style gold deposit host-
ed in Devonian-aged carbonaceous metasediments on the eastern flank of the Cordillera Oriental 
of the Peruvian Andes. The ore deposit will be mined from underground using long-hole-open-
stoping (LHOS) with paste fill. Topography is highly irregular with elevations ranging from 
about 2,500 to 3,100 m above mean sea level within the main facilities.  

Previous studies (AMEC, 2011) identified filtered tailings as the preferred tailings manage-
ment alternative for this project. A tailings storage facility (TSF) was designed to accommodate 
storage of 5.85 Mt of filtered tailings with overall ultimate slopes of 2.5H:1V and an ultimate 
height of approximately 145 m as measured from the toe of the starter buttress to the crest. The 
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ABSTRACT: Parametric and sensitivity analyses were performed for a proposed filtered tail-
ings storage facility in challenging topography from the Southern Peru region. The purpose was 
to identify elements which are likely to dictate performance and stability, and to understand the 
risk profile for the facility. The analyses were performed varying: foundation material physical 
and hydraulic properties, tailings physical and hydraulic properties, foundation configuration, 
seismicity, and staged construction. The physical properties of the foundation material were var-
ied by changing the Mohr-Coulomb VWUHQJWK�SDUDPHWHUV�F¶�DQGࢥ�¶��ZKHUHDV�WKH�K\GUDXOLF�SURp-
erties were varied by moving the groundwater table upwards or saturating a larger amount of the 
foundation material. A similar approach was adopted in order to vary the physical and hydraulic 
properties of the tailings. The foundation configuration was varied by hypothetically moving the 
starter buttress closer to the edge of steep slopes further downhill from the facility. Staged con-
struction stability analyses were simulated by analyzing filtered tailings fill configurations, 
which followed the overall design slope but varied in height. All analyses presented herein were 
conducted for the most critical failure mode for each scenario. The results from these parametric 
analyses showed that the design of the facility was highly sensitive to tailings potential satura-
tion. In the simulation scenarios, saturation of the tailings caused instability in both static and 
seismic conditions. This sensitivity to moisture conditions highlighted the importance of proper-
ly defining the unsaturated filtered tailings parameters and simulating water infiltration process-
es through the vadose zone.  
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TSF site is located just west of the Ollachea River (where topographic relief is about 150 m) and 
north of the Curcunchaca River, approximately 2 km north of the process plant and the mine 
lower portal access tunnel (see Figure 1). 

Given the potentially active geomorphology of the area, two inclinometers were installed 
downslope of the design TSF footprint to monitor global stability of the TSF site. Additionally, 
parametric and sensitivity analyses were carried out for the filtered TSF to identify the material 
properties and other design parameters that likely dictate the performance and physical stability 
of the structure. 

These parametric and sensitivity analyses focused on the following: (a) foundation material 
physical and hydraulic properties; (b) tailings physical and hydraulic properties; (c) foundation 
configuration; (d) seismicity; and (e) staged construction. 

This paper presents the results of these parametric analyses and highlights the importance of 
properly defining the unsaturated filtered tailings parameters and simulating water infiltration 
processes through the vadose zone. 

 
 

Figure 1. General Arrangement of the Filtered Tailings Storage Facility. 

2  GEOTECHNICAL CHARACTERIZATION OF MATERIALS 

The TSF site consists of Quaternary sandy gravel and cobble deposits with estimated thick-
ness of 50 to 150 m overlying lightly metamorphosed sandstone. The TSF will be set back from 
the crest of steep valley slopes between the TSF and the Ollachea River. A geotechnical site in-
vestigation program was carried out at the TSF site, including 10 boreholes and 10 test pits. 
Groundwater was observed at depths of 38 to 47 m in piezometers installed in selected bore-
holes.  
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The TSF design includes a starter buttress at the toe of the TSF constructed from locally 
sourced granular soils. Tailings will be hauled to the TSF by truck and be compacted according 
to design specifications. Two tailings zones with different compaction requirements have been 
specified to provide operational flexibility while maintaining stability of the TSF. A nominally 
compacted zone (90% of maximum dry density -MDD) in the interior of the tailings stacking 
and a “full spec” compacted zone (95% of MDD) in the exterior of the staking to confine the 
tailings fill. An erosion protection layer will be progressively placed on the exterior slope of the 
TSF during operations. Figure 2 shows a typical cross section of the TSF along the E-W direc-
tion, and the materials that composed the sections analyzed. 

The following materials were considered for the analyses: (1) compacted tailings, (2) nomi-
nally compacted tailings, (3) starter buttress material, (4) foundation soil; and (5) bedrock. The 
material properties used in the parametric analyses are described below and summarized in Ta-
ble 1. 

Figure 2. Critical Section of the TSF showing the Materials considered for the Analyses 
 

2.1 Filtered tailings 
Tailings material was classified as non-plastic sandy silt with clay trace (ML) according to the 

UCSC.  This material has approximately 70% (by weight) finer than 75 microns and a P80 of 
114 microns.  The estimated specific gravity is 2.83. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Direct Shear Test Results for Filtered Tailings. 
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Based on the standard proctor compaction test, the tailings had a MDD of 1.806 kg/m3 with 
optimum moisture content (OMC) of 16.9%.  The tailings had an estimated void ratio of 0.65 
and 74% saturation at 95%compaction of MDD.  

The tailings shear strength properties were obtained from direct shear tests, which were con-
ducted on tailings compacted to 95% of MDD. Three direct shear tests were conducted, at the 
optimum moisture content (OMC), at 1.5% above OMC, and at 3% above OMC. The three tests 
yielded effective friction angles ranging from 30° to 32° with null cohesion (Figure 3). 

Tests results demonstrated no loss of strength for tailings compacted at moisture content 
slightly higher than OMC compared to those compacted at OMC. Nonetheless, a strength reduc-
tion was applied to the nominal compacted tailings.  

Two permeability tests in a constant head permeameter at 95% of MDD yielded average satu-
rated hydraulic conductivity of 2E-9 m/s.  The soil water characteristic curve was obtained to 
know the unsaturated seepage behavior. The moisture retention curves were obtained from suc-
tion and soil water content measurements with a Tempe cell. The model proposed by van 
Genuchten (1980) was fitted to the experimental measurements to determine the water retention 
curve. The Brooks and Corey model (1964) was used to estimate unsaturated hydraulic conduc-
tivity from the saturated hydraulic conductivity (AMEC, 2012a). 

 
2.2 Starter buttress material 

The material proposed for the starter buttress  consisted of locally sourced granular soil (col-
luvial soil from the TSF foundation preparation and grading removal) compacted at 95% of 
MDD of standard proctor. Geotechnical investigations at the TSF indicate that the colluvial soils 
are typically well-graded sandy gravel (GW) with cobbles and trace silt. Shear strength proper-
ties for this material were assumed conservatively to have null cohesion and a 35 =¶ࢥ°, based on 
experience with similar materials. 
2.3 Foundation Soils 

Similar to the starter buttress material, foundation soils consisted of medium dense to very 
dense, sandy gravel and cobbles with silt, lightly to moderately cemented. Shear strength pa-
rameters were obtained based on SPT and LPT values (Large Penetration Tests) from the site 
investigations. The values obtained from NSPT correlations for ࢥ¶ ranged across the soil profile 
from 35° to 42°. Given the type of material composing the foundation soils, cohesion due to ce-
mentation was difficult to estimate from conventional laboratory tests. Back-analyses for ex-
posed steep slopes of similar material returned “cohesion” values of up to 30 kPa. 

For design purposes, values for cohesion of 0 kPa, internal friction angle of 40°, and unit 
weight of 20 kN/m3 were initially considered. 
2.4 Bedrock 

Bedrock was encountered at 56 m depth, approximately. Bedrock mostly consists of slate en-
countered at depths between 56 and 67 m, and lightly metamorphosed sandstone encountered 
between 67 and 85 m.  Field logging characterized the slate as moderately fractured, high hard-
ness (R4), with basic rock mass rating (RMR) between 40 and 57, and classified as “fair” rock 
according to RMR’89 (Bieniawski, 1989).  The meta-sandstone is moderately fractured, low to 
high hardness (R2-R4), and classifies mostly as “poor” to “good” rock according to its RMR’89. 

 
Table 1. Materials Shear Strength Properties Considered for Analysis.  

Material Type  Unit Weight  
(kN/m3) 

Effective Friction 
Angle (°) 

Effective Cohesion 
(kPa) 

Compacted Tailings 16 30 0 
Nominally Compacted Tailings 16 28 0 
Starter Buttress Material  20 35 0 
Foundation Soil  20 40 0 
Bedrock   24 40 1000 

Considering the RMR values and the characteristic of theses rocks, the values of cohesion of 
1000 kPa, internal friction angle of 40°; and unit weight of 24 kN/m3 were assumed. 
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3 PHREATIC SURFACE 

Standpipe piezometers installed in five boreholes showed that water table ranged from ap-
proximately 38 to 47 m depth. For sensitivity purposes, two different conditions for the water 
table depth were analyzed: 
� Water table at 40 m below the native foundation ground surface. 
� Water table at the foundation ground surface. 

4 CONSIDERATIONS ON SEISMICITY 

The pseudo-static coefficients for stability analyses were based on a site specific probabilistic 
seismic hazard study developed for the project (AMEC, 2012a). Peak ground accelerations 
(PGA) for return periods of 2475, 5000 and 10000 years were determined to be 0.29g, 0.34g, 
and 0.41g, respectively. Pseudo-static coefficients equal to one-half of the PGA were used for 
seismic stability analyses as suggested by Hynes and Franklin (1984) and Seed (1982). 

5 GEOTECHNICAL ANALYSIS 

5.1 Methods of analyses 
All analyses presented herein were conducted for the most critical failure mode for each sce-

nario. The parametric and sensitivity stability analyses were done using Spencer´s method for 
limit equilibrium in the SLIDE 6.0 software (Rocsience, 2012; Spencer, 1967). The minimum 
factors of safety (FS) used for the project consisted of 1.5 for static long-term condition, 1.3 for 
static short term condition and 1.0 for pseudo-static or seismic conditions. 

5.2 Parametric and sensitivity analyses 
Parametric and sensitivity analyses were performed based on evaluation of stability of the 

TSF under static and seismic (pseudo-static) conditions considering different scenarios and 
varying material parameters that could affect the stability of both the foundation and the tailings 
facility. The scenarios considered and the results are detailed as follow: 

5.2.1 Physical and hydraulic properties of foundation material 
 
The analyses were performed on foundation materials by varying the original strength proper-

ties (effective cohesion c’ and effective friction angle ࢥ¶), and developed considering different 
scenarios: 
� Varying the cohesion parameter to 0 kPa, 15 kPa and 30 kPa in order to obtain FS for differ-

HQWࢥ�¶�YDOXHV�LQ�ERWK�VWDWLF�DQG�SVHXGR-static conditions. 
� Varying the cohesion factor to different intervals 0 kPa, 15 kPa and 30 kPa in order to obtain 

D�PLQLPXP�HIIHFWLYH�IULFWLRQ�DQJOHࢥ�¶�QHHGHG�WR�DFKLHYH�WKH�PLQLPXP�FS for both static and 
pseudo-static conditions. 

� Two water table conditions were also considered: design conditions (40 m depth approxi-
mately) and shallow surface groundwater conditions. 
7KH�YDOXHV�REWDLQHG�IURP�VHQVLWLYLW\�DQDO\VHV�ZHUH�FRPSDUHG�ZLWK�WKH�IULFWLRQ�DQJOHࢥ�¶�YDlues 

obtained from the site investigation. 
 
Table 2 presents the FS´s obtained by varying cohesion and friction angle parameters for stat-

ic and pseudo-static conditions and considering two water table scenarios for the critical section 
analyzed (Figure 2). For the pseudo-static analyses, a value of 1/2 of the PGA (0.145g) was 
used, which corresponds to a return period of 2475 years. 
.  
Table 2. Factors of Safety Varying c and ࢥ¶ of the Foundation Material– Critical Section 
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Cohesion, c 
(kPa) 

Foundation 
soil unit 
weight J 
(kN/m3) 

Friction 
angle, ࢥ’ 

(°) 

Design water table condition Shallow water table condition 
FS FS 

Static Pseudo-static Static Pseudo-static 

0 20 

25 1.4 0.9 1.1 0.7 
30 1.6 1.1 1.2 0.8 
35 1.9 1.2 1.5 1.0 
40 2.0 1.3 1.7 1.2 

15 20 

25 1.4 1.0 1.1 0.7 
30 1.7 1.1 1.3 0.9 
35 1.9 1.3 1.5 1.0 
40 2.1 1.4 1.8 1.2 

30 20 

25 1.5 1.0 1.1 0.7 
30 1.7 1.2 1.3 0.9 
35 2.0 1.4 1.6 1.1 
40 2.2 1.5 1.8 1.3 

 
Table 3 presents the minimum ࢥ¶ values for the foundation material obtained from parametric 

and sensitivity analyses on the critical section, required to reach the minimum FS´s for static and 
pseudo-static conditions under two water table scenarios. 

 
Table 3. Friction Angles required in the Foundation Material to reach Minimum FS. 

Cohesion, c 
(kPa) 

Foundation  
soil unit  
weight, J 
(kN/m3) 

0LQLPXP�IULFWLRQ�DQJOHࢥ�’ (°) for foundation soils 
Design water table condition Shallow water table condition 

Static Pseudo-static Static Pseudo-static 

0 20 28.0 27.6 35.2 32.6 
15 20 26.6 24.8 34.5 34.8 
30 20 25.1 25.0 33.7 35.1 

5.2.2 Physical and hydraulic properties of tailings 
The critical section was analyzed considering a variation in tailings parameters (mechanical 

and hydraulic) under the geometrical configuration of original design. This analysis was per-
formed considering that all failure surfaces involve only the tailings stack. Two cases were ana-
lyzed:   
� Case 1: Sensitivity analysis considering a variation of friction angle for the tailings under 

static and seismic conditions (2475 years of return period). 
� Case 2: Sensitivity analysis considering a variation of Ru parameter (hydraulic pore pressure) 

under static and seismic conditions. 
 
Tables 4 and 5 show the critical strength and hydraulic parameters required to reach the min-

imum specified factors of safety. 
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Table 4. Critical Strength Parameters for Tailings required to reach Minimum FS.  

Case Type of 
Analysis 

FS 
c’=0 kPa Critical Friction Angle 

 ĭ¶min=25° ĭ¶max=35° Minimum (°) ’ࢥ

1 
Static 1.2 1.9 1.5 29.7 

Pseudo-
static 0.9 1.4 1.0 26.5 

     
Table 5. Critical Hydraulic Parameters of Tailings required to reach Minimum FS.  

Case 
Seismic  

Coefficient 
(g) 

FS 
c’=0 kPa, 30=’ࢥ° 

Critical Ru 
Rumax=0.5 Rumin=0 Minimum 

2 
0 0.7 1.5 1.5 0.01 

0.145 0.5 1.1 1.0 0.11 
 

The Ru parameter, simplistically represents the hydraulic head within the tailings material 
(water pore pressure). The value of Ru equal to 0.5 means that the soil is completely saturated; a 
null value represents an unsaturated soil. 

5.2.3 Foundation configuration 
A sensitivity analysis for the foundation configuration was performed on the critical section 

of the TSF. As Figure 4 shows, three configurations were developed:  
� Case 1: Original study design conditions. 
� Case 2: The slope of natural ground was moved to a mid-point between the current natural 

ground and the location of the starter buttress, assuming erosion of the downhill slopes closer 
to the starter buttress. 

� Case 3: The slopes downhill were placed right at the toe of the starter buttress.  
 

Figure 4. Foundation Configurations considered for Sensitivity Purposes. 
 
The three configurations were analyzed under static and pseudo-static conditions and the re-

sults are summarized in Table 6. 
 
Table 6. Sensitivity Analyses Results due to Different Foundation Configurations   

Condition FS 
Case 1 Case 2 Case 3 

Static 2.2 2.1 2.1 
Pseudo-static 1.4 1.4 1.4 
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5.2.4 Seismicity 
Stability sensitivity analyses for different return periods were conducted on the critical section 

of the final TSF configuration (maximum height and storage volume). The FS´s obtained from 
the analyses are shown in Table 7. 
 
Table 7. Factors of Safety for Different Seismic Conditions  

FS 
2475 year  

(k=0.145g) 
5000 years  
(k=0.170g) 

10,000 years  
(k=0.205g) 

1.4 1.4 1.3 
 

5.2.5 Staged construction TSF 
Sensitivity analyses were performed considering 4 stages of construction for the TSF (tailings 

stacking of: 30, 60, 90 and 120 m high (Figure 5). These analyses were conducted under static 
and pseudo-static conditions. 

Figure 5. Conceptual Staged Construction Analysis. 
 
Table 8 shows the values of critical factors of safety for each analysis conducted and their re-

spective minimum FS. 
 
Table 8. Factors of Safety for different construction stages  

H 
(m) 

FS 
Static Pseudo-Static (0.145g) 

Computed Minimum Computed Minimum 
30 1.5 1.3 1.0 1.0 
60 2.0 1.3 1.3 1.0 
90 1.8 1.3 1.2 1.0 

120 1.5 1.5 1.1 1.0 

6 DISCUSSION ON SENSITIVITY STABILITY ANALYSES 

The foundation materials showed more sensitivity in the stability analyses to ࢥ¶WKDQ�c. The 
hydraulic conditions of the foundation materials had a significant impact on the factor of safety. 
These conditions had a more pronounced effect on the tailings stacking as this material depends 
exclusively on its shear strength properties and pore water pressure conditions. 

Based on the stability analyses, the foundation configuration in theory appeared not to have a 
significant effect on the resulting FS. However, it was recognized that a situation where either 
local slope failure or erosion progressed right to the limits of the foundation would be highly 
undesirable. 

The TSF design showed low sensitivity to PGA`s corresponding to different return periods, 
covering both operational and long-term physical stability conditions. Staged construction and 
its corresponding overburden stress showed a varying effect on the resulting FS, which peaked 
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midway through construction of the tailings staking and had its lowest values at one third and at 
the proposed final height. 

7 RELEVANCE OF UNSATURATED TAILINGS BEHAVIOR 

Sensitivity stability analyses showed a high vulnerability of the TSF design to potential satu-
ration of the tailings stacking. The applicability of this sensitivity results to the TSF highly de-
pended on the actual hydraulic performance of the unsaturated tailings material, i.e whether or 
not the tailings stack could saturate and be susceptible to significant increase in pore water pres-
sures under static or seismic loads. 

The moisture retention curves were obtained from suction and soil water content measure-
ments with a Tempe cell AMEC´s laboratories in Hamilton, Ontario (Figure 6). The model pro-
posed by van Genuchten (1980) was fitted to the experimental measurements to determine the 
water retention curve. The Brooks and Corey model (1964) was used to estimate unsaturated 
hydraulic conductivity from the saturated hydraulic conductivity. Characteristic curves were fit-
ted to data of the filtered tailings and foundation soil to generate suction curves (Van Genuchten 
Model), and unsaturated hydraulic conductivity curves (Brooks and Corey Model). 

Figure 6. Suction-water content characteristic curve for tailings (AMEC, 2012b). 
 
Based on the hydrological information and the TSF design configuration, a conceptual model 

was developed, which took account of the balance of the volume flow control of the tailings 
storage facility. This conceptual model was developed to determine an appropriate discretization 
in time and space (AMEC, 2012c). 

A seepage numerical model was developed to estimate the volume and rate of seepage from 
the filtered tailings storage facility. This seepage was calculated by steady-state and transient 
flux water models using the finite-difference groundwater simulation code, MODFLOW-
SURFACT, which included saturated and unsaturated flow, recharge, and fracture flow capabili-
ties, and analysis of contaminant transport (Panday and Huyakorn, 2008). Based on this model-
ing approach, it was determined that the seepage flows were mainly a result of the low saturated 
permeability of filtered tailings, and thus the surface of the tailings stack becomes saturated very 
quickly and does not allow the passage of water at deeper levels. Therefore, precipitation rates 
in excess of the tailings infiltration capacity will run-off the TSF, making it very improbable to 
be sensitive to saturation. 
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8 CONCLUSIONS 

Parametric and sensitivity analyses were performed for a proposed filtered tailings storage fa-
cility in challenging topography from the Southern Peru region. The analyses were performed 
varying: foundation material physical and hydraulic properties, tailings physical and hydraulic 
properties, foundation configuration, seismicity, and staged construction. Results indicated that 
the design of the facility was highly sensitive to the tailings moisture conditions. In the simula-
tion scenarios, saturation of the tailings caused instability in both static and seismic conditions. 

These parametric and sensitivity analyses stressed the importance of properly characterizing 
the hydraulic behavior of the tailings stacking to determine whether saturation of the tailings 
was a probable scenario. Based on tailings material unsaturated testing and numerical modeling, 
it was determined that despite the relatively wet site conditions, tailings were very unlikely to 
saturate and hence that the potential sensitivity to this condition would not likely materialize as 
long as construction and operation followed the design criteria and design assumptions of the 
facility.   

A proper geological and geohazard assessment has to be coupled with any parametric and 
sensitivity analyses. The analyses presented here followed a comprehensive assessment of mul-
tiple potential tailings sitting options that was conducted in previous studies. However, further 
data will need to be collected to conduct additional probabilistic sensitivity analyses, which will 
extend beyond a factor of safety based approach. It is anticipated that additional foundation ma-
terial characterization (through large scale laboratory testing or further in-situ testing), as well as 
more instrumentation will be required to monitor the adequate performance of the proposed fa-
cility. 

Given the specific conditions presented for the project site, it has been shown that filtered tail-
ings can be a feasible waste storage option in challenging topography and wet climatic condi-
tions. Additionally, with proper surface and subsurface water management measures, filtered 
tailings can help mitigate potential risks for groundwater contamination due to their low tenden-
cy to saturate and allow solute transport.  
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1 INTRODUCTION 
 

The stacking method of tailings deposition has been commonly used in northern Ontario, 
Canada (Crowder et al., 2000). Using this method, a tailings “stack” was formed on an existing 
tailings beach by the progressive upstream construction of discharge dykes on the newly created 
tailings beaches followed by the discharge of tailings from the dykes. To construct the dis-
charge dykes, the coarse portion of tailings from pre-existing beaches was mechanically placed 
and compacted. Such a system of disposal and construction represents a cost effective method 
of deposition (Crowder et al., 2000). It requires the placement of little or no fill material (other 
than the tailings themselves), thus the associated capital costs are low.  (The costs of periodical-
ly raising the discharge dykes using tailings are often considered to be operating costs.) 
   After reviewing Vick (1992), Martin & McRoberts (1999) suggested eight fundamental rules 
for the design, construction and operation of upstream tailings dykes including: a sufficient 
supply of segregated tailings on a wide beach, a slow dyke rate of rise, prevention of seepage 
emerging on the dam face, understanding of tailings mechanical behaviour, regular performance 
monitoring, an earthquake-induced liquefaction assessment, understanding of seepage condi-
tions with the dams, and consistency between design requirements and operational require-
ments. Considering these rules, the current paper addresses the geotechnical design considera-

Geotechnical design considerations for tailings deposition by 
stacking method  

R Moghaddam & K Bocking 
Golder Associates Ltd., Mississauga, Ontario, Canada 

ABSTRACT: This paper addresses the geotechnical design considerations of the proposed stack-
ing method of tailings deposition for the existing Tailings Management Facility at the Hol-
loway-Holt gold mine in Ontario (Canada). To establish the design parameters for stacking of 
tailings, a geotechnical field investigation program was carried out that included conducting 7 
electronic piezo-cone tests (CPT) at the existing tailings deposit as well as the collection of 
three bulk surficial tailings samples for geotechnical index testing. The CPT-based liquefaction 
analysis results showed that the existing tailings and the future tailings stack will be liquefac-
tion resistant under the design earthquake with an Annual Exceedance Probability of 0.002. The 
static and pseudo-static stability analyses suggested that the tailings stack with overall down-
stream slope of 4H:1V will meet the stability requirements. The result of this study suggested 
that the deposition of slurry tailings with stacking is a feasible alternative for regions with low 
seismic activities. 
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tions of the proposed stacking method of tailings deposition for the existing Tailings Manage-
ment Facility (TMF) at the Holloway-Holt gold mine in Ontario, Canada. 
 
1.1 Background 

The Holloway-Holt - mill has operated on a nearly-continuous basis for over 25 years. The 
mill employs a conventional processing circuit consisting of: crushing and grinding, cyanide 
leach, carbon-in-leach gold recovery, and electrowinning.  The mill capacity is currently about 
3,500 tonnes per day, and it may be increased further in the future. The tailings are finely 
ground (with a nominal grind of about 75% passing the 325 mesh sieve).  The mill discharges 
slurry tailings at a typical solids content of about 50%.  

As shown in Figure 1, the TMF is divided into 4 basins: the North Basin, the Southwest Ba-
sin, the Southeast Basin and the Polishing Pond. The North Basin was formed in a valley by the 
construction of perimeter dams 1, 2, 3, 3A, 4 and 5.  The capacity of the North Basin was in-
creased in 1995 by raising the foregoing dams and by constructing new dams referred to as 4A, 
7, 8 North and 8 South.  The nominal crest elevation of the dams is currently Elev. 321.82 m, 
except for the North Causeway of Dam 5 which is nominally 321.32 m.  It is not practicable to 
raise the North Basin perimeter dams any higher because of topographic constraints, as well as 
stability considerations regarding Dam 5. 

 
Figure 1. The tailings management facility plan view 

1.2 Tailings Deposition Plan 

A tailings deposition plan has been developed to increase the capacity of the TMF. The ob-
jectives of the plan were: 

x To increase the tailings storage capacity of the existing TMF to accommodate a total 
7.3 Mt of tailings; 

x To maintain the original design elevations of the existing perimeter dams in order to 
avoid additional dam construction; and 

x To utilize the existing perimeter dams as the secondary containment structures for tail-
ings stacking in the North Basin. 

The tailings deposition plan indicated that it is feasible to meet the storage requirements for 
the future development of the TMF by stacking tailings in the North Basin (in conjunction with 
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some continued subaerial deposition in the Southwest and Southeast Basins by discharging tail-
ings from the perimeter structures and roads).  The deposition will provide an additional storage 
capacity of 5.38 Mm3 which is sufficient for the planned milling of 7.3 Mt of ore. The planned 
increase in the storage capacity of the each tailings basin is: 

x 2.93 Mm3 (4.25 Mt of tailings) for the North Basin; 
x 1.11 Mm3 (1.61 Mt of tailings) for the Southwest Basin; and 
x 1.34 Mm3 (1.94 Mt of tailings) for the Southeast Basin. 

This report only addresses the geotechnical design considerations including liquefaction po-
tential and slope stability assessment for stacking of tailings in the North Basin. 

1.3 Tailings Deposition Plan 

To maximize the storage capacity of the TMF, the following deposition criteria were adopted 
for the tailings basin modelling: 

x To provide the required  tailings storage capacity of the TMF with little or no re-
quirement for  dam raises or new dam construction; 

x To continue with the current use of a subaerial slurry deposition method for all three 
tailings basins;  

x To use mechanical stacking to develop a tailings stack in the North Basin;  
x To avoid any potential significant impacts to the perimeter dams in North Basin in the 

event of failures of the tailings stacks, such as an unacceptable decrease in the stabil-
ity factors for the perimeter dams;  

x To limit the volume of any liquefied tailings flow that could overtop the perimeter 
dams, should a presumed failure occur; and 

x To maintain the capacity of the existing Polishing Pond and the flow path for the final 
effluent to the adjacent river (south of the TMF). 

The design cross-section for stacking (Figure 2) was selected based on the stability analysis 
and the existing tailings surface conditions in the North Basin.  Key features of the design are: 

x A minimum setback distance of 60 m from the perimeter dam crest to the toe of the 
tailings stack in the North Basin to provide a sufficient buffer zone; 

x An overall slope of 4H:1V for tailings stack upstream raises in the North Basin; 
x Slopes of 1.0% for subaerial deposition; and  
x Slopes of 5.0% for underwater deposition (not shown). 

The North Basin exhibits an elongated shape in the north - south direction, which is favoura-
ble to tailings discharge from a raised elevation near the north end to form a tailings stack that 
slopes down towards the south end.  This will leave a small water pond against the North 
Causeway of Dam 5, which means that water transfer can be handled using the existing North 
Basin pump station during operations and using the North Basin Spillway after closure.  The 
tailings deposition from the discharge dykes should use a multiple spigots discharge method to 
enhance segregation and to encourage a beach slope of about 1%. Discharge berms and dykes 
must be constructed progressively to facilitate ongoing tailings deposition. Most of the tailings 
stacking will be accomplished using tailings excavated off the beaches.  Rock fill or granular 
materials may also be used in some areas to facilitate equipment access or construction. 

For the North Basin, the planned maximum tailings elevation is 330.0 m, which represents an 
8.1 m raise above the nominal crest elevation of the perimeter dams of 321.82 m.      
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Figure 2. The design cross-section for stacking at Dam 1 

Construction of discharge starter dykes was undertaken in the fall of 2013.  The water level 
in the North Basin had been previously lowered to expose the tailings beach and to lower the 
phreatic surface below the tailings surface in preparation for the fill placement. To start the 
stacking process, the tailings will be discharged from the discharge starter dyke locations at a 
minimum 60 m setback distance from the perimeter boundary and/or the inside crest of the pe-
rimeter dams along the east side of the basin to develop a tailings beach for the next stage of 
dyke raising.  Later, tailings will primarily be discharged from the north end of the basin to 
form the tailings stack which will slope towards the south.  The final crest of the tailings stack 
will be at elevation 330.0 m and the maximum height of the tailings stack will be approximately 
11.0 m (measured from the outer toe of the starter dykes). 

The volume of the existing water pond in the North Basin tailings pond will be gradually re-
duced.  At the completion of the stacking, the remaining pond will be located at the south end of 
the North Basin, and adjacent to the existing pump station and spillway.  The existing maxi-
mum operating water level (MOWL) of 319.82 m will be maintained.  

Local runoff and seepage water will tend to collect against the downstream toe of the tailings 
stack.  It will be necessary to ensure that this collected water can flow freely by gravity around 
the western side of the stack and finally report to the North Basin pond.  It may be necessary to 
construct a drainage ditch in places near the toe of the tailings stack.  Buried culverts may be 
required as a contingency to ensure that adequate drainage is provided.   

2 GEOTECHNICAL DESIGN 

2.1 Design Considerations 

To validate the design parameters for stacking of tailings described in Section 1.2, the fol-
lowing considerations were taken into account: 

x Liquefaction potential assessment for the existing tailings in the North Basin based on 
the electronic piezo-cone test (CPT) data; 

x Slope stability for the proposed tailings stack; and 
x The effect of tailings stack on the stability of the perimeter dams in the North Basin. 

2.2 Geotechnical Site Investigation 

To assess the liquefaction potential and stability of tailings stack and the perimeter dams, a 
geotechnical investigation was carried out in the North Basin of the TMF. The geotechnical in-
vestigation consisted of the following: 

x 7 electronic piezo-cone penetration tests (CPT10-01 to 03, CPT10-06 to 09) were 
pushed into the tailings using a track mounted drill rig (for a combined total depth of 
CPT testing of 55.9 m); 
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x The collection of three bulk samples of the surficial tailings deposit in the North Basin 
for geotechnical index testing; and 

x Laboratory testing of the bulk samples to determine their geotechnical properties. 

Details of CPT logs for CPT10-01 and CPT10-02 are presented in Figures 3 and 4, respec-
tively, as two representative profiles. The general description of all CPTs can be found in the 
following paragraphs. 

Based on the inferred soil behaviour type (Ic) from the CPT data and from the visual inspec-
tion of the bulk samples in the lab, the tailings were characterized as a non-plastic SILT with 
trace  amounts  of  sand  and  clay  sized  particles.  (The  use  of  the  terms  ‘clay’  and  ‘clayey’  herein 
refers to the grain size of the tailings particles, not to plasticity properties). On occasion, thin 
seams of clayey silt and silty sand to sandy silt were encountered.  This is an indication that 
some segregation occurred during the slurry deposition of pre-existing tailings.  Upstream of 
Dam 1, the inferred tailings depth ranged from 2.2 m to 7.6 m.  Upstream of Dam 2, the inferred 
tailings depth ranged from 5.6 m to 8.8 m.  Note that CPT10-01 and CPT10-02 include the natu-
ral glacio-lacustrine deposits (clay and silt and silty sand layers) located beneath the tailings. 

 

Figure 3. CPT 10-01 log 
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Figure 3. CPT 10-02 log 

The average undrained shear strength of the tailings inferred from the CPT data was about 34 
kPa.  Typically a weathered crust of 1 to 2 m thickness was encountered with shear strengths 
ranging from 100 kPa to 200 kPa. The hydraulic conductivity of the tailings, inferred from the 
CPT data ranged from 1x10-9 m/s to 1.0 x10-5 m/s in accordance with Robertson (2010a). For all 
CPT holes, the groundwater table was estimated at 0.1 m below ground surface, indicating that 
the tailings are predominantly saturated. 

A summary of the laboratory testing performed on the bulk tailings samples is provided on 
Table 1.  The moisture content of the tailings samples collected at surface ranged from 26.5% to 
33.6%, with an average value of 30.3%.  Particle size distribution tests indicated that tailings 
consist on average of 5% sand size particles, 89% silt size particles, and 6% clay size particles. 
The specific gravity of the tailings was determined to be 2.85. Based on this, the inferred tail-
ings void ratio ranged between 0.75 and 0.96 and the inferred tailings dry density ranged be-
tween 1.62 t/m3 and 1.45 t/m3. Atterberg limit testing indicated that the tailings were non-
plastic. 

 
 
 
 
 

 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

332



Table 1. Tailings laboratory testing summary 

CPT/ 
Borehole 
Location 

Sample 
No. 

Sample 
Depth 
(m) 

Moisture 
Content 
(%) 

Particle Size Distribution 
Atterberg 
Limits 

Specific 
Gravity 
(Gs) 

% 
Gravel 

% 
Sand 

% 
Silt 

% 
Clay 

CPT10
-04 1 0 – 0.3 30.8 - 8 87 5 Non-

plastic - 

CPT10
-05 1 0 – 0.3 26.5 - 2 90 8 - 2.85 

CPT10
-06 1 0 – 0.3 33.6 - - - - Non-

plastic - 

3 TAILINGS LIQUEFACTION POTENTIAL 

This section presents the results of the liquefaction assessment for the existing tailings depos-
it in the North Basin, which will support the proposed tailings stack.  The analysis methodolo-
gy, selection of the design earthquake event and the rationale for determination of soil proper-
ties and analysis parameters are also discussed. 

3.1 Methodology 

The  ‘simplified  procedure’  (Youd  et  al.,  2001)  is  commonly  used  in  North  America  for  eval-
uating liquefaction potential of soils.  The simplified procedure was developed from evaluations 
of field observations and field and laboratory test data.  In this procedure, an estimation of Cy-
clic Stress Ratio (CSR) and Cyclic Resistance Ratio (CRR) is required for evaluating the lique-
faction resistance of soils. The liquefaction potential of a soil layer can then be determined by 
calculating the factor of safety against liquefaction (FSL), which is the ratio between CRR and 
CSR. Soils with a FSL greater than 1 are considered to be liquefaction resistant for a given level 
of seismic acceleration.    

3.2 Seismic Hazards Assessment 

To evaluate a CSR as a result of seismic loading imposed on a soil layer, the peak ground ac-
celeration (PGA) in horizontal direction is required. The applicable PGA from a design earth-
quake (i.e., seismic loading) is determined by carrying out a seismic hazard assessment for a 
particular site. Both deterministic and probabilistic methods may be used to evaluate seismic 
hazard at a specific site.  In both cases, geologic data, tectonic data and historical seismicity da-
ta are used to divide the area around a given site into defined seismic source areas. The 2010 
National Building Code of Canada (NBCC) hazard calculations, which is a probabilistic method 
was used in this study.   

3.2.1 Dam Classification 
The state-of-practice with regard to seismic assessment procedures has progressed since the 

design criteria were  originally  established  in  the  late  1970’s.    The  guidelines  that  are  most  wide-
ly used in assessing dam safety in Canada are those suggested by the Canadian Dam Associa-
tion  (CDA)  in  its  “Dam  Safety  Guidelines”  issued  in  2007.    In  Ontario,  the  Ministry  of Natural 
Resources  (MNR)  issued  similar  guidelines  in  its  “Classification  and  Inflow  Design  Flood  Cri-
teria”,  which  was  issued  as  a  technical  bulletin  in  2011.   

A previous  classification of dams at the mine TMF  recommends that the dams associated 
with the  TMF  for  this  site  would  fall  into  “very  low”  to  “low”  consequence  category  based  on  
the  CDA  guidelines   (1999),  which   can  be   categorized   as   “low”   to   “significant”  based  on   the  
newer CDA guidelines (2007).   
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The current evaluation addresses the proposed new tailings stack in the North Basin.  It was 
proposed that the tailings stack have a downstream slope of 4(H):1(V) and an approximate 60 m 
offset zone between the toe of the stack and perimeter of the North Basin at the TMF. There-
fore, it was required to assess the hazard potential associated with the failure of the proposed 
tailings stack.  It should be noted that the methodology for assessing hazard potential considers 
only the possible consequences of a presumed dam failure.  It does not consider the low proba-
bility of such a possible occurrence. 
The  hazard  potential  of  the  proposed  tailings  stack  was  considered  to  be  “Low”  for  the  fol-

lowing reasons:  
1. No loss of life is expected since no one lives in the downstream area.  People only 

rarely traverse the downstream area and only on a temporary basis. 
2. The worst case scenario for the failure of the proposed stack is considered to be on the 

section adjacent to Dam 2.  The post-failure strength parameters of tailings suggest 
that the tailings would outflow from the failed stack at a slope of about 10%.  Consid-
ering the low height of the stack and the 60 m nominal offset distance, the volume of 
tailings from a stack failure that might overflow Dam 2 is not significant.  The 
potential inundation area at the downstream toe of Dam 2 is undeveloped bush land.  
It would be necessary to restore the slope of the stack and to clean up the tailings and 
transport them back within the stack, but this is a relatively minor consequence.      

3. Most of the tailings from a presumed failure of the proposed stack would remain in 
the 60 m offset zone between the toe of the stack and the perimeter of the North 
Basin.  This zone does not represent terrestrial or aquatic habitat. 

4. The area at the toe of Dam 2 is bush land which hosts a very small stream comprising 
flows from seepage through the dam.  The stream is too small to host fish and the 
terrestrial habitat is common to the whole region.  The toe area would restore itself 
naturally after a tailings spill was cleaned up.  There would be no permanent loss of 
habitat. 

5. There will be no water impounded on top of the stack because it will be sloped to 
drain to the south, towards Dam 5.  No free water would be released in the case of a 
failure, only a small volume of tailings pore water or tailings contact runoff could 
possibly flow off-site.  The first important receiver (i.e., a river)  is located several 
kilometres to the north of Dam 2.  Little or no water contamination would be expected 
with no deterioration of fish or wildlife habitat. 

6. No cultural heritage values are known to exist at the toe of Dam 2. 
Based on the foregoing, the Hazard Potential Category of the proposed tailings stack was con-
sidered  to  be  “Low”  according  to  MNR  (2011)  and  “Low”  according  to  CDA  (2007). 

3.2.2 Peak Ground Acceleration 
For   a   “Low”   hazard   potential   category,   both  MNR   (2011)   and  CDA   (2007)   recommend   that  
dams be designed for an earthquake with an AEP of 0.002 (i.e., a 500 year return period). Table 
2  presents  the  PGA’s  at  different  AEP’s  for  this  site  based  on  the 2010 NBCC hazard calcula-
tions. The mean PGA of 0.021g on Soil Class C was selected for this site based on the AEP of 
the design earthquake. 
Table 2. 2010 NBCC seismic hazard calculations 

 Annual Exceedance Proba-
bility 

PGA 
(Mean) 

PGA (Medi-
an) 

0.01 0.006 0.006 
0.0021 0.021 0.019 
0.001 0.034 0.029 

0.000404 0.060 0.05 
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3.2.3 Design Earthquake 
Since this site is located in north eastern Ontario, the magnitude of the largest earthquake with 
an AEP of 0.002 was obtained from the recurrence curve for this region. This site is located 
within the Cochrane Zone with a lower limit earthquake magnitude of M4.9 and a higher limit 
earthquake magnitude of M5.8 with an AEP of 0.002. Using the most conservative of the fore-
going values, an M5.8 earthquake was considered as a representative for this site for the evalua-
tion of liquefaction potential.   

3.3 Cyclic Stress Ratio 
The method developed by Seed & Idriss (1971) was used to evaluate the CSR values for the soil 
profiles (i.e., CPT10-01 and CPT10-02). In this method, peak acceleration values at the tailings 
surface are required.   

To estimate the acceleration of soil and tailings layers as the dynamic loading (i.e., the accel-
eration record of the design earthquake) propagates upwards from the seismic source, a one-
dimensional ground response analysis was carried out using the well-established computer pro-
gram SHAKE2000 ( Ordonez, 2008). The ground motion history of the 1988 Saguenay earth-
quake was scaled for a PGA of 0.021g and was used as the bedrock input ground motion in con-
junction with the dynamic soil properties, such as shear modulus (Gmax), damping ratio and 
relative stiffness.   

The empirical relationships of normalized shear modulus (G/Gmax) and damping ratio with 
shear strain for sands (Seed & Idriss, 1971), built in SHAKE2000 were used for the tailings in 
this study. In addition, the small strain shear modulus (Gmax) was estimated from the CPT data 
using the following equation (Kramer, 1996): 

375.0'25.0
max )()(1634 vcqG V  (1) 

Where:  

qc  =  CPT tip resistance; and  

σ’v  =  vertical effective stress. 

Figures 5 and 6 show predicted peak accelerations along the soil profiles with 0.046g and 
0.039g at the ground surface for CPT10-01 and CPT10-02, respectively. The results of CSR 
calculations are also presented in Figures 5 and 6 for each soil profile. 

3.4 Cyclic Resistance Ratio 
Empirical relationships have been developed to determine CRR from the CPT.  A simplified 
approached were used for this study, as described by Youd et al. (2001). To standardize the 
CRR values to a M5.8 earthquake (i.e., the design earthquake), a Magnitude Scaling Factor 
(MSF) of 1.93 was used in accordance with Idriss presented in Youd et al. (2001).  

In this study, the CPT data (i.e., corrected tip resistance and adjusted sleeve friction) were di-
rectly imported into SHAKE2000 and CRR values were calculated based on the MSF.  Note 
that, If the behaviour of the soil layer is identified as clay-like materials (i.e., Ic >2.7), 
SHAKE2000 does not provide any CRR values.  However, the liquefaction potential of clay-
like materials is given in terms of zones of potential liquefaction.  As described by Robertson 
(2010b), zones of potential liquefaction were assessed based on normalized friction ratio and 
normalized cone resistance. Figures 5 and 6 present the CRR values for CPT10-01 and CPT10-
02, respectively. 

3.5 Liquefaction Potential Results 

3.5.1 Existing Tailings and Foundation 
A comparison between CSR and CRR values for each profile indicates that the CRR values are 
significantly higher than CSR values resulting in FSL values higher than unity. In other words, 
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the tailings and subsurface layers with an IC < 2.7 (sand-like materials) are resistant to liquefac-
tion under the design earthquake.  

The fine-grained tailings layers with an IC > 2.7 that identified as clay-like materials (be-
tween 4.0 m and 5.6 m for CPT10-01 and between 2.4 m and 5.5 m for CPT10-02) are located 
in  Zone  4  of  Robertson’s  chart  (2010b)  with  limited  liquefaction  potential.   

The silty clay layers with an IC > 2.7 that identified as clay-like materials (between 6.5 m and 
7.7 m for CPT10-01 and between 7.3 m and 12.1 m for CPT10-02) are located in Zone 3 of 
Robertson’s   chart   (2010b).   Since   this   silty   clay   foundation   layer   has   a  medium  plastic   index  
with a water content/liquid limit ratio of less than 0.8, it can be considered as non-liquefiable 
materials based on Bray et al. (2004) criteria. 

 

Figure 5. Liquefaction results for CPT10-01      Figure 6. Liquefaction results for CPT10-02 

3.5.2  Tailings Stack 
The addition of 11m thick (maximum) layer of tailings as a result of the deposition of 2.93 M-
m3 by stacking method in the North basin may result in improvement of existing tailings proper-
ties due to consolidation. However, another one-dimensional ground response analysis was car-
ried out to estimate the peak acceleration at the surface of proposed tailings stack considering 
the existing tailings properties. To evaluate the shear modulus for the proposed tailings stack in 
this analysis, the cone tip resistance was considered to be 0.4 MPa. The results showed that the 
PGA at the ground surface did not change significantly while the maximum CSR for the pro-
posed tailings stack layer increased to 0.07. Considering a minimum CRR value of 0.11 for the 
stack based on the CPT results presented in Section 3.5.1, the proposed tailings stack was con-
sidered to be liquefaction resistant (CSR<CRR) under the design earthquake.    
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4 SLOPE STABILITY ANALYSIS 

Based on the deposition plan, the proposed new tailings stack will have a downstream slope of 
4(H):1(V) and an approximate height of 11 m.  The tailings beach will slope to the south with 
an assumed beach slope of about 1%. The offset zone between the toe of the stack and perime-
ter of the North Basin has been set at 60 m.  The offset zone provides ample room for the col-
lection and conveyance of runoff around the stack and into a pond on the north side of Dam 5.  
It also provides space for the containment of any tailings which may wash or slump off the face 
of the raise.   

The stability of the proposed tailings stack in the North Basin and its effect on the stability of 
Dam 1 were assessed using the computer program SLOPE/W utilizing the Morgenstern-Price 
evaluation.  The cross-section also includes the typical cross-section of adjacent Dam 1.  Dam 1 
is included to allow assessment of the overall stability of the proposed dam raise in conjunction 
with the tailings stack in the North Basin. Dam 1, which is underlain by an average 3.5 m thick 
silty clay layer, was considered to be the critical case for the stability analysis.  

Table 3 summarizes the soil properties used for this evaluation. The soils properties were es-
timated based on experience in these materials.  The estimation was also informed by the results 
of previous field testing, including the Standard Penetration Test (SPT) and the Field Vane 
Shear Test (FVST). The FVST was used to estimate the in situ undrained shear strength of the 
clay layers beneath Dam 1.      
 
Table 3. Soil properties for the stability analysis of the proposed tailings stack and Dam 1. 

Type of Soil 
Zone No.  
(if applicable) 

Unit Weight 
(kN/m3) 

Cohesion 
(kPa) 

Angle of Internal Friction  
(degrees) 

Core 1 20  28 
Shell 2-3-4 22  35 
Tailings  18  35 
Clayey Silt  18 60  
Silt  19  28 
Sand  21  35 
 

As estimated from the current investigation, the groundwater table in the existing tailings was 
about 0.1 m below ground surface, indicating that the tailings are predominantly saturated.  
Considering the geometry of the new tailings stack, the depth of phreatic surface was consid-
ered to be between 0.1 and 1 m below the new tailings surface for the slope stability analysis. 
This is a conservative assumption because the elevated tailings stack will drain.  

The result of static stability analysis for the tailings stack showed that the most critical slip 
surface lies within the body of the tailings with a minimum factor of safety of 1.7, which repre-
sents an acceptably safe design (CDA, 2007).  The performance of the stack tailings during an 
earthquake with a PGA of 0.021g (AEP of 0.002) was also assessed using a pseudo-static analy-
sis. The result showed that the minimum factor of safety for the tailings stack in the pseudo-
static analysis is 1.4, which is also an acceptable value.    

On the other hand, the effect of the tailings stack on the stability of Dam 1 was investigated 
by considering a non-circular slip surface that passes through the foundation of Dam 1 (i.e., the 
clayey silt layer) and the tailings stack.  The factor of safety for this design was more than 2.0, 
which indicated that the 60 m offset zone was more than adequate for the stability of Dam 1.  
The pseudo-static analysis also suggested that Dam 1 would be stable during an earthquake with 
a PGA of 0.021g.  

The "simplified" method of liquefaction analysis used in this paper does not predict the ex-
cess pore water pressure during an earthquake. Regarding the potential effect of post-
earthquake excess pore water pressures on the stability of the dams, CDA (2007) only requires 
a pseudo-static analysis to address the dynamic stability of the dams.  The excess pore water 
pressure for soils subject to seismic loading can be investigated by laboratory testing such as 
cyclic simple shear testing, or it can be predicted by numerical analyses. Such predictions 
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would be warranted for sites that could be subject to much stronger seismic activity of multiple 
cycles. 

5 CONCLUSIONS 

The geotechnical design considerations of the proposed stacking method of tailings deposi-
tion for an existing TMF at the Holloway-Holt gold mine in Ontario (Canada) were investigat-
ed.  

It was shown that the existing tailings in the North Basin are liquefaction resistant under the 
design earthquake by carrying out a CPT-based liquefaction analysis. It was also shown that the 
proposed tailings stack is liquefaction resistant under the design earthquake using the inferred 
CPT data.  

In addition, the static and pseudo-static stability analyses suggested that the tailings stack 
with overall downstream slope of 4H:1V will meet the stability requirements. It was also shown 
that the tailings stack with a 60 m offset zone has no effect on the stability of the existing pe-
rimeter dams.  

The result of this study indicates that it is practicable to augment the tailings storage capacity 
of the existing TMF North Basin without requiring any additional dam construction and main-
taining the original design elevations of the existing perimeter dams. The result of this study 
suggested that the deposition of slurry tailings using stacking may be feasible for the regions 
with low seismic activities. 
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ABSTRACT: Co-disposal provides an alternative to the most frequently used method of sepa- 
rate disposal of tailings and mine rock.  This paper describes the co-disposal concept proposed 
for the NICO Project in Canada. Although the co-disposal concept will increase the complexity 
and cost of operations, it will reduce the footprint area, increase the rate of consolidation of the 
tailings, improve the stability, reduce the potential for freeze drying and dusting of the tailings, 
and reduce the metal leaching and acid mine drainage from the mine rock. 

 
 
 

1  INTRODUCTION 
 

1.1  Project and Site Background 
 

The proposed NICO Project site is located at latitude 63°33’N and longitude 116°45’W in the 
Northwest Territories, approximately 160 km northwest of Yellowknife (Figure 1). The project 
is owned by Fortune Minerals Limited (Fortune). 

The project has 31 Mt of ore reserve, of which 2.2 Mt will be accessed via underground and 
the remaining 28.8 Mt via an open pit. The underground ore is planned to be extracted within 
the first two years of operations. The ore will be processed at a rate of 4,650 t/d. The life of 
mine is approximately 19 years. Over the life of mine, 30 Mt of tailings and 97 Mt of mine rock 
(waste rock plus overburden) and sub-economic mineralized rock will be generated. The overall 
ratio of mine rock to tailings is about 3.1:1 by volume; however the ratio is expected to vary be- 
tween 5.2:1 and 0.7:1 during the life of mine. 

The site has a continental subarctic climate with long cold winters and short cool summers. 
Average daily temperatures typically fall to below freezing in October and remain at sub-zero 
(Celsius) levels until late April or early May. The annual average temperature, precipitation, and 
lake evaporation of the site are - 4.7 °C, 344 mm, and 479 mm, respectively. 

The main geological formations in the region include Faber Group felsic volcanic rocks 
which overlie Snare Group meta-sedimentary rocks (Strathcona, 2000). Lithologies of the meta- 
sedimentary rocks include siltstones, subarkosic wackes, and dolostones. Lithologies of the fel- 
sic volcanic rocks include rhyodacitic ignimbrites, tuffs, and volcaniclastics. The Faber Group 
volcanics were subject to intense potassium metasomatism, resulting in the development of the 
mineral microcline. The site also has some felsic to intermediate dykes (including quartz- 
feldspar porphyry and feldspar-amphibole-quartz porphyry) that transect both geological for- 
mations. 

The site lies within a region of low seismicity, where the peak ground acceleration for the 1 in 
475 years seismic event is 0.011g (NRC, 2013). 
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Figure 1: NICO Project Location 

 
The site has a rugged topography, varying in ground elevation between 198 and 365 m. In the 

hilly areas, rock outcrops are common. In the valley bottoms, the bedrock is typically overlain 
by overburden soils. The maximum thickness of overburden soils recorded in boreholes was 
9.3 m. The stratigraphic sequence of overburden soils (from top to bottom) consists of peat or 
topsoil (0.6 to 4.5 m thick), glacio-lacustrine deposits (2.9 to 6.2 m thick), and glacial till or 
cobble and boulder materials (0.4 to 4.4 m thick).�Slightly weathered to fresh bedrock (including 
porphyry, breccia, schist, tuff, and wacke) were encountered beneath the glacial till at depths 
ranging from 0.4 to 9.3 m below the ground surface.  

Groundwater flows radially outward from the topographic high areas to the topographic low 
areas, where shallow groundwater discharges to streams and lakes. The groundwater levels in 
the topographic high areas varied from 1 to 37 m below ground surface.  The bedrock is rela-
tively low hydraulic conductivity material, with a geometric mean hydraulic conductivity of 
3x10-8 m/s. Much of the overburden material comprises silty till with occasional pockets of 
sand. The hydraulic conductivity of the overburden ranged from 5x10-4 to 3x10-8 m/s. 

The site has discontinuous permafrost.  Permafrost conditions were encountered in valley 
floors where the surface peat layer was thick and the vegetation cover was dense. The perma-
frost thicknesses in these areas ranged between 29 and 76 m, with an active layer ranging in 
thickness from 2 to 4 m. Unfrozen conditions were encountered in the valley slopes, bedrock 
hills, and ridges where the vegetation cover is generally sparse.   

1.2 Characteristics of Tailings and Mine Rock 
The particle size distribution of the tailings stream is shown in Figure 2. The tailings consisted 
of 7-14% of sand sized particles, 80-85% silt sized particles, and 6-8% of clay sized particles. 
The tailings were non-plastic and are classified as Silt to sandy Silt.  The specific gravity of the 
tailings varied between 3.20 and 3.32. The hydraulic conductivity of the tailings was approxi-
mately 2x10-7 m/s. The tailings have potential for metal leaching and have low potential for acid 
generation.   

The anticipated particle size distribution of the mine rock from the underground and open pit 
operations are shown on Figure 2. The majority of the mine rock will be ironstone, which is me-
dium strong to strong rock. Other rock types which will be present in the mine rock include 
feldspar porphyry, rhyolite, breccias, and siltstone, which are strong to very strong.  

The geochemical composition of the mine rock was found to vary in relation to their proximi-
ty to the mineralized zone.  Sulphide minerals tend to occur in higher concentrations near the 
mineralized zone.  The mine rock and sub-economic mineralized rock has <0.005 to 1.4% sul-
phide sulphur.  Approximately 53% of the sub-economic mineralized mine rock and 10% of the 
mine rock have acid generating potential. Both the mine rock and the sub-economic mineralized 
mine rock have metal leaching potential.  
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Figure 2: Particle Size Distributions of Tailings and Mine Rock 

1.3 Classification of Mine Rock  
Mine rock and sub-economic mineralized mine rock cannot necessarily be distinguished based 
on visual parameters, such as lithology.  A geochemical characterization protocol is proposed to 
classify the mine rock during mining.  The proposed geochemical classification criteria are 
based on sulphide sulphur content, arsenic content and bismuth content as shown on Table 1.   

Table 1: Mine Rock Classification Criteria 
Classification Solid Phase Composition Description 

Type 1 mine 
rock 

< 0.3 % sulphide sulphur 
< 50 ppm bismuth 
< 1000 ppm arsenic 

Mine rock with a low potential for acid genera-
tion and metal leaching,  suitable for construc-
tion of seepage collection dams and the perim-
eter dyke 

Type 2 mine 
rock 

< 0.3% sulphide sulphur
< 1000 ppm arsenic 
> 50 ppm bismuth

Mine rock with a low potential for acid genera-
tion, suitable for construction of the perimeter 
dyke 

Type 3 mine 
rock 

> 0.3% sulphide sulphur
> 50 ppm bismuth 
> 1000 ppm arsenic

Potentially acid generating and metal leaching 
rock, suitable for placement within the co-
disposal area

Sub-economic 
mineralized 
mine rock 

Classified according to  
grade control cut-off 

Sub-economic mineralized mine rock, to be 
placed within the co-disposal area and a mini-
mum of 20 m offset from the interior of the pe-
rimeter dyke 

2 HISTORY OF NICO TAILINGS AND MINE ROCK DISPOSAL STUDIES   

Design studies for the tailings and mine rock disposal facilities were conducted in 2005, 2007, 
and 2010.  During these studies, two potential sites close to the open pit were identified as the 
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preferred locations for the disposal of the mine waste streams. The first site was located east of 
the open pit and the second site was located south of the open pit.   

During the 2005 pre-feasibility study, it was proposed that the tailings be disposed at the east 
site and the mine rock at the south site (Figure 3). To reduce the size of the containment dams 
required, the 2007 feasibility design recommended disposing both the tailings and mine rock in 
the two sites adjoining each other as shown in Figure 4.  During both studies, the tailings were 
assumed to be deposited at 39% solids content.  At this solids content, the tailings would have 
segregated and tailings discharge would have produced a sizable tailings pond.  In both scenari-
os, the mine waste disposal facilities would have occupied a total footprint area of 210 ha.   

In the dual tailings and mine rock disposal option from the 2007 feasibility study, the tailings 
ponds would have occupied a large percentage of the footprint area. Containment dams would 
have been provided for the tailings facilities at topographically low areas and tailings ponds 
would have been impounded against the dams. The required dams would have been large in size 
and they would have required water retaining elements. In both sites, the mine rock dumps 
would have been deposited over top of the tailings, starting from the top of the watershed di-
vides. Based on the grain size distribution shown in Figure 2, the mine rock will be coarse 
grained and highly permeable.  It was anticipated that relatively poor quality water would have 
discharged from the toes of the mine rock dumps and that this water would have required water 
treatment in the long term after closure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Disposal of Tailings Slurry and Mine Rock at Separate Sites 
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Figure 4: Adjoining Disposal of Tailings Slurry and Mine Rock at Dual Sites 

 
During the 2010 review of the feasibility study, the mine waste disposal concept was revisited 

to reduce project economical and environmental risks. The study recommended layered co-
disposal of tailings and mine rock on the site east of the open pit (Figure 5) as the preferred mine 
waste management scheme. The co-disposal facility (CDF) would consist of a co-disposal area 
enclosed within a perimeter dyke, as well as seepage collection ponds at the topographically low 
areas downstream of the co-disposal facility. The co-disposal area would comprise alternating 
layers of tailings and mine rock. The tailings would be thickened and discharged as a high den-
sity slurry with a solids content within the target range of 73-77 %.  At these solid contents, the 
thickened tailings would be non-segregating and would produce little bleed water.  

It was recognized that the proposed co-disposal scheme would have a number of benefits 
compared to the conventional separate disposal concepts previously considered. The total foot-
print area of the co-disposal facility would be reduced to only 139 ha.  Consolidation of the two 
mine waste streams into a single facility close to the open pit and process plant would reduce 
both the hauling distance for the mine rock and also the tailings pumping length.  The inter-
layering of tailings and mine rock would greatly increase the rate of consolidation of the indi-
vidual tailings layers, because the coarse mine rock layers would act as drainage paths for tail-
ings consolidation water.  The presence of mine rock layers would also increase the overall sta-
bility of the facility, reducing operational and post-closure risks.  Filling part of the mine rock 
void space with thickened tailings would reduce infiltration and reduce the rate of oxygen in-
gress into the co-disposed mass, thus reducing the rates of mass transfer of solutes, sulphide ox-
idation and acid generation.  This would improve the quality of water produced from the co-
disposal facility and would thereby reduce the water treatment requirements. The co-disposal 
process would significantly reduce the surface area of tailings that would be exposed at any giv-
en time. The thickened tailings would not segregate on deposition and would remain saturated 
for extended periods of time. These two characteristics of the tailings would reduce the suscep-
tibility to freeze-drying during winter months and to wind erosion and dusting during the sum-
mer months. The deposition scheme developed for the co-disposal facility would allow progres-
sive closure to begin shortly after the start of operations.  
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Figure 5: Co-disposal of Tailings and Mine Rock in a Single Site 

3 DESIGN OF CO-DISPOSAL FACILITY  

3.1 Storage Capacity 
The co-disposal facility was designed as a permanent storage facility for all of the tailings 
(30 Mt) and the mine rock (97 Mt) that will be generated over the life of the mine. The average 
specific gravities of the tailings and mine rock are 3.3 and 2.75, respectively.  The assumed dry 
densities of the deposited tailings and mine rock are 1.74 t/m3 and 1.93 t/m3, respectively.  The 
life of mine total tailings volume was estimated at 17.2 M-m3 and the total mine rock volume 
was estimated at 50.3 M-m3. Approximately 6.1 M-m3 of the mine rock will be used to construct 
the perimeter dyke of the co-disposal facility, and another 0.3M-m3 of the mine rock will be 
used to construct the seepage collection pond dams and for the planned production of under-
ground cement rock backfill. It was assumed that 50% of the voids of the remaining mine rock 
will be filled with tailings during the co-disposal process, which corresponds to 6.6 M-m3.  The 
remaining tailings, which amount to 10.6 M-m3 will be deposited by creating numerous tailings 
disposal cells within the co-disposal area. Therefore, the co-disposal facility (including the pe-
rimeter dyke) was designed to provide storage capacity for 60.7 M-m3 of tailings and mine rock. 

3.2 Stability Design Criteria for the Co-disposal Facility 
The co-disposal of mine rock and tailings will form a structure which is inherently stable. The 
perimeter dyke will comprise a veneer of mine rock (a minimum of 25m thick) with a flat over-
all slope of about 4:1 (H:V).  Inside the perimeter dyke, the zones of tailings will be supported 
by a grid of mine rock zones.  A loss of tailings containment is therefore very unlikely to occur, 
whether it is due to seismic liquefaction of tailings or due to extreme climatic events. Selection 
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of the stability design criteria followed the procedures recommended in the Canadian Dam Safe-
ty Guidelines (CDA, 2007). Under these procedures, a failure condition is assumed, (without 
consideration of probability), and the potential modes and consequences of a presumed failure 
are evaluated.  The failure consequence rating of the co-disposal facility perimeter dyke was 
conservatively classified as “High”.  According to the requirements of the guidelines, the co-
disposal facility was designed to be able to sustain an Inflow Design Flood rainfall storm of 1/3 
between a 1000 year return period and the Probable Maximum Precipitation (PMP) rainfall.  
The CDF was also designed to resist the accelerations associated with a 2,500 year return period 
earthquake.  Slope stability analysis was carried out to demonstrate that the design exceeded the 
minimum factors of safety of 1.3 until the r end of construction, 1.5 for long term (static), and 
1.0 for pseudo-static.   

3.3 Design Concept 
The general arrangement plan of the co-disposal facility is shown on Figure 5. The ridge sur-
rounding the co-disposal facility reaches its peak elevation of approximately 330 m in the 
northwest corner and slopes towards the east reaching as low as 230 m in the northeast corner. 
The configuration of the facility was developed to optimally utilize this topographic high to re-
duce the perimeter dyke requirement. The facility will have a maximum height of 90 m. The top 
surface of the facility will be operated to slope towards northwest to facilitate run-off.  A re-
claim pond will be operated on top of the facility up against the northern ridge. Five seepage 
collection ponds will be constructed downstream of the facility within topographic lows to in-
tercept both contact run-off and seepage.  During operation, water from the reclaim pond and 
seepage collection ponds will be first pumped to a surge pond and then to the process plant for 
re-use.  Any excess water (i.e., beyond the requirements of the process plant) will be sent to an 
effluent treatment plant for treatment followed by release to the environment. During closure, 
water from the seepage collection ponds will be passively treated using constructed wetlands 
prior to release to the environment.  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Cross-Section of the Perimeter Dyke 

3.4 Perimeter Dyke 
The bulk of the co-disposal facility will comprise alternating layers of tailings and mine rock. A 
perimeter dyke will be progressively constructed around the facility to provide containment for 
the alternating layers of tailings and mine rock. The perimeter dyke will comprise a discrete 
zone of mine rock without any tailings layers. The dyke will be raised continually in 5 m lifts 
using the upstream construction method, ultimately to a maximum elevation of 310 m. A typical 
cross-section showing 5 m lifts is shown on Figure 6. The dyke will have an overall crest width 
of 25 m, an interior slope at the angle of repose of the rock fill and an exterior slope of 3H:1V 
(between benches). The final exterior slopes of the dyke will have 10 m wide benches on every 
second 5 m lift (i.e., at 10 m of intervals of height), which will provide an overall slope of 
3.8H:1V. This configuration will allow concurrent reclamation of the exterior slopes.   
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The perimeter dyke lifts will have three zones: an interior zone, a central filter zone, and an 

exterior zone. The interior zone will be constructed earlier to provide containment for either tail-
ings or co-disposed tailings and mine rock using Type 2 mine rock (as defined in Table 1). Con-
struction of the exterior zone, as well as the central filter zone, could follow slightly behind if 
sufficient Type 2 mine rock is not readily available. The interior zone will have a crest width of 
10 m, an interior slope of about 1.4H:1V, and a filter zone side slope of 3H:1V. The filter zone 
will prevent tailings from passing through the dyke to the downstream face. The filter could 
comprise Type 2 mine rock crushed down to a gravelly sand size range, natural sand and gravel 
material, or a heavy weight non-woven geotextile. The exterior zone will be constructed of Type 
2 mine rock. The zone is expected to be free draining, which will reliably depress the phreatic 
water level near the perimeter of the co-disposal facility. The exterior zone will be 15 m wide 
and its exterior slope will be 3H:1V.   

The starter perimeter dyke will be constructed to a crest elevation of 230 m to provide storage 
capacity for about 2 M-m3 of tailings and mine rock. The dyke will have a crest width of 20 m to 
accommodate two-way haul traffic by mine vehicles. The interior and exterior slopes of the 
dyke will be 2H:1V and 3H:1V, respectively. A 1 m thick granular filter will be provided on the 
interior face of the starter dyke. 

3.5 Co-Disposal Area 
The co-disposal area will be developed by depositing alternating layers of tailings and mine 
rock. The thickness of the tailings will be approximately 5 m, but the thickness of the mine rock 
layers will be dictated by the mine rock to tailings ratio. 

The tailings layers will be contained by constructing a series of tailings disposal cells. Typi-
cally, each tailings disposal cell will be 200 m by 200 m (Figure 7). The cell perimeter berms 
will be constructed by end dumping mine rock (Type 2 or Type 3). The berms will have a nomi-
nal crest width of 10 m to allow vehicle access. The downstream and upstream slopes of the 
berms will be at the angle of repose of the mine rock. 

The deposition of the tailings and mine rock layers will aim to maintain a 2% slope toward 
the northwest throughout the operational stages of the mine. To achieve this objective, the thick-
ened tailings will be discharged through a series of spigot discharge points from the eastern 
berms of each tailings disposal cell.  

The subsequent layer of mine rock will normally be pushed over the freshly deposited tailings 
to encourage inter-mixing. Since the berms of the tailings disposal cells will be permeable, tail-
ings bleed water and runoff will seep through them. In the early stages of operation, a reclaim 
pond will develop at the northwest edge of the active deposition area against the natural topog-
raphy. During the later years of operation, when the reclaim pond is close to the permeable pe-
rimeter dyke, the basin and the perimeter of the pond area may be covered with back-spigotted 
tailings to reduce seepage losses. 
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Figure 7: Typical Cross-section of Layered Co-disposal  

4 OPERATION AND MANAGEMENT  

4.1 Mine Rock Management  
Mine rock production and classification will be an integral part of the mine planning. It is pro-
posed that the mine block model be updated continuously to assure appropriate classification of 
the mine rock ahead of mining. This will be achieved by sampling from blast hole cuttings and 
testing for sulphide-sulphur, arsenic, and bismuth content. This information will be used to de-
lineate sources of the various mine rock types within the open pit. Production of specific mine 
rock type will be dictated by the mine plan and also by the construction requirements. Addition-
al random sampling and confirmatory testing will also be carried out by the construction team 
from the blasted mine rock muck prior to trucking to the appropriate destination. 

4.2 Perimeter Dyke Construction 
The construction schedule of the perimeter dyke will be planned ahead of the co-disposal area to 
provide containment, not only for the alternating layers of tailings and mine rock, but also for 
the runoff from the design storm event.  As part of the start-up construction, the starter perimeter 
dyke will be constructed across the low-lying area at the east end of the co-disposal facility. 
Based on the current plan, the starter perimeter dyke will provide storage capacity for approxi-
mately the first six months of tailings and mine rock. During the operations, the perimeter dyke 
will be raised progressively, as required by the tailings and mine rock co-disposal schedule, us-
ing the upstream construction method. 

The footprint area of the co-disposal facility will be cleared of trees. The trees will be 
mulched and stockpiled for use as a source of organics for closure and reclamation. The foot-
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prints of the perimeter dyke will be grubbed and stripped of all organics. Clearing and grubbing 
within the co-disposal facility will take place in stages as the facility develops.   

The perimeter dyke will be constructed using well-graded Type 2 or Type 1 mine rock. To fa-
cilitate proper drainage and to prevent the build-up of pore pressure, the fines content (i.e., that 
passing the 0.075 mm sieve size) should be less than 10% by weight. The mine rock will be 
placed in loose lift thicknesses not greater than 1 m. This material will be placed in a manner 
that will minimize segregation or nesting of coarse particles. To reduce settlement, each lift will 
be compacted using 10 to 20 ton steel drum vibratory rollers.  

A filter material will be used to act as a separator between the mine rock of the outer section 
of the perimeter dyke and the co-disposed material. The filter material will be well-graded sand 
and gravel. The filter material will be placed without compaction. A heavy-weight non-woven 
geotextile may be used in the perimeter dyke instead of the sand filter material, except for the 
starter perimeter dyke.  

4.3 Tailings and Mine Rock Co-disposal Strategy  
The co-disposal concept ties disposal of mine rock to the disposal of tailings. The co-disposal 
facility operational schedule is, therefore, planned based on a consistent proportion of mine rock 
to tailings, and a mine rock production schedule. The mine rock to tailings ratio will be high in 
the early years of production; however, the ratio will become smaller in the final years of pro-
duction. This trend is beneficial from the geotechnical and geochemical points of view. The bot-
tom layers of the facility will be predominantly mine rock which will improve the stability of 
the facility. The top layers of the facility will be primarily tailings resulting in the mine rock be-
ing covered with lower permeability tailings that will help reduce the influx of oxygen.  

Careful planning will be required to construct the tailings disposal cells well ahead of tailings 
placement. One of the major factors that will affect the dimensions of the cells is the deposited 
beach angle of the tailings. Ideally, it would be preferable to produce non-segregating thickened 
tailings that easily penetrate the mine rock and form a 2% beach angle upon deposition. The ex-
tent to which these objectives are achieved will be assessed at the start-up of co-disposal with 
adjustments made to the tailings thickening and/or placement procedures to improve perfor-
mance.  

The filling curve of the CDF is presented in Figure 8, which shows the volume of tailings and 
mine rock that will be deposited in the CDF each year. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8: Filling Curve of Co-disposal Facility 

4.4 Contingency Measures 

4.4.1 Variance in mining and milling plan  
Contingency plans are required to allow operational flexibility and to adjust for temporary 
changes in the proportions of produced waste streams (tailings and mine rock).  Within a given 
year, the availability of mine rock at the co-disposal facility will vary with the blasting schedule, 
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haul distance, number of trucks, and cycle times. Production of excess mine rock can be ac-
commodated by the placement of rock to build additional tailings disposal cells to contain future 
tailings, by pre-building the perimeter, or by the temporary stockpiling of mine rock  within the 
facility. Production shortfalls of mine rock can be managed by creating larger sized tailings dis-
posal cells or by using stockpiled mine rock.  

Tailings will be produced at a nearly constant rate based on the mineral processing plant 
throughput rate. While excess tailings production is unlikely, temporary tailings shortfalls could 
result from periods when the plant goes off-line, whether for planned maintenance, or resulting 
from unscheduled shut-down due to power outage, or other situations. Production of tailings at 
less than the design plant throughput rate can be accommodated by using the mine rock to con-
struct multiple tailings disposal cells ahead of schedule that will be filled in later, when tailings 
are again being produced.  

4.4.2 Variance in tailings solids content   
The tailings disposal cells are sized based on the assumption that the thickened tailings will be 
delivered at solids content in the range of 73 to 77% and that it will form a 2% beach slope on 
deposition. When the plant or thickeners go off line for scheduled or unscheduled maintenance, 
the properties of the tailings may vary temporarily. Typically, this would involve the short term 
production of a tailings material that has solids content less than 73%. In the early years of oper-
ation, the basin upstream of the perimeter dyke will provide ample contingency storage for par-
tially thickened tailings during plant commissioning and operations. The perimeter dyke can be 
raised as required until the upset condition is put back to the normal operation condition. During 
the later years of operations, multiple cells or larger tailings disposal cells can be created that 
will allow thin deposition of tailings.   

4.4.3 Tailings spill control  
The tailings delivery pipeline will run up the outer slope of the perimeter dyke. Along this 
alignment, the pipeline will be placed on the surface within twin soil berms to provide contain-
ment for leaks and/or spills. Liner will be placed inside the twin berms and spillage will drain by 
gravity back to an emergency spill containment pond. Should any spill occur, the pond will be 
quickly cleaned out to maintain sufficient storage capacity. 

The tailings trunk line and the tailings distribution pipeline will be located within the co-
disposal area. Leakage from these tailings pipelines will not result in the external discharge of 
tailings and water and can be dealt with as an operational matter. Depending on the circum-
stances, it may be possible to leave the “leaked” tailings in place to be incorporated into the co-
disposed mass.   

Circumstances that could potentially develop, such as blockage, rupture or leakage of the 
pipeline resulting in a measurable difference in the flow and pressure monitoring system of the 
Positive Displacement pumps would annunciate an alarm and allow for rapid intervention and 
an orderly shutdown of the pumping system. 

The non-segregating and viscous nature of the tailings would limit the movement of the 
spilled material away from leak or pipeline rupture areas. Spilled material could, therefore, be 
easily reclaimed with mobile equipment and deposited back within the co-disposal facility. The 
thickened tailings will release relatively little bleed water.  

5 CONCEPTUAL CLOSURE PLAN   

A closure cover will be placed progressively over the surface area of the co-disposal facility. 
The proposed closure cover system is intended to be effective at shedding water (primarily of 
benefit during the spring freshet), and also to provide adequate store and release capacity to re-
duce infiltration during the dry summer months. 

Two types of closure covers are recommended for the co-disposal facility. The closure cover 
at on top of the co-disposal facility will comprise 0.5 m of glacial till underlain by 0.25 m of 
sand. The top surface of the closed co-disposal facility will slope towards the northwest at about 
2%, and this slope will significantly enhance the water shedding capacity, reducing net infiltra-
tion rates to about 15% of the total precipitation. The 0.25 m sand layer will serve as a capillary 
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break, to minimize the potential for the upward flux of tailings pore water, reducing the poten-
tial for arsenic uptake by vegetation. Because the mine rock alone will not be a significant 
source of arsenic uptake, there is no need to include a capillary break under the perimeter dyke 
cover. The cover for the perimeter dyke will comprise only a single 1.0 m thick layer of glacial 
till. 

Placement of the closure cover will begin on the lower benches of the perimeter dyke shortly 
after the start of operations. A significant proportion of the total surface area of the co-disposal 
facility is expected to be covered by the end of operation as shown on Figure 9. It is envisioned 
that closure and remediation of the co-disposal facility will be completed within two years after 
cessation of operations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9: Extent of Expected Closure Cover Placement at the End of Operations  

6 CONCLUSION  

The following can be concluded from the co-disposal concept proposed for NICO Project: 
x Layered co-disposal of thickened tailings and mine rock is an attractive waste management 

concept for hard rock mines in the cold climate where space is limited and the mine rock 
has metal leaching and acid generation potential.  

x The benefits of co-disposal can outweigh the increase in operating costs for mine waste 
management.  

x Layered co-disposal has the potential to increase stability and to reduce acid generation and 
metal leaching potential. 
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1 INTRODUCTION 
In Peru, seismic amplification analyses are often required in the design of mine waste rock fa-
cilities and tailings storage facilities projects and for buildings foundations analysis. 

Using the multichannel analysis of surface waves (MASW) method, stratigraphic profiles can 
be developed based on the stiffness of the soil and/or rock. With this, more realistic seismic 
amplification results can be obtained for a seismic behavior assessment through using both the 
one-dimensional wave propagation methodology with the ProShake program, and through the 
two-dimensional explicit finite difference program, FLAC, which allows for a detailed under-
standing of the seismic behavior of both the ground and the structures.  

MASW is a seismic exploration method and provides reliable S wave velocities for evaluat-
ing ground profile stiffness. MASW measures seismic surface waves generated from a seismic 
sources, analyzes the propagation velocities of those waves and it deduces shear wave velocity 
(Vs) variations below the surveyed area (Park et al., 1999). Shear wave velocity (Vs) is closely 
related to dynamics shear modulus (G).  

The vertical profile of S wave velocities provides average values of Vs (30) according with 
the estimated values in International Building Code (2009). 

This paper presents two seismic amplification analyses which were performed on a waste 
rock and a tailings storage facility as part of the slope stability assessment. It also includes the 
results of the seismic amplification analysis in the ground and its relationship with the perfor-
mance and damage of the structures. This kind of analysis is being incorporated into the Peruvi-
an building seismic standards.  

2 WASTE ROCK FACILITY SEISMIC AMPLIFICATION 
A seismic amplification analysis was carried out in order to evaluate the seismic behavior of the 
design slopes of a 200-m high waste rock facility composed of loose, coarse, granular material 
with a large percentage of cobbles and low fines content.  

Acceleration records of two Peruvian subduction earthquakes that are the most representative 

Seismic response analysis for the stability of waste rock dumps 
and tailings dams 

R. Vargas, S. Paihua, A. Ordoñez & F. Herrera 
Knight Piésold Consultores S.A., Lima, Lima, Peru 

 

ABSTRACT: The measurement and analyses of shear wave velocities for soil and rock materi-
als obtained using the multichannel analysis of surface waves (MASW) can be used to evaluate 
the effects of amplification of acceleration, deformations and displacements. This paper pre-
sents the results of applying the propagation of shear waves methodology, using the ProShake 
and FLAC programs, for the seismic stability evaluation of a waste rock dump and a tailings 
deposit located in the southern region of Peru, an area with high seismic activity. The experi-
ence obtained with the application of the seismic response analysis for waste rock dumps and 
tailings dams provides an understanding of seismic behavior for these structures and expected 
potential damages. Currently, this type of analysis is being evaluated for its incorporation into 
the Peruvian building seismic standards. 
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of those that occur in southern Peru were used. Figures 1 show the horizontal E-W acceleration 
components recorded during the Pisco Earthquake (2007) and the Arequipa Earthquake (2001). 
Table 1 presents the details of the earthquake acceleration records used.  

 
Table 1. Acceleration Records 
Earthquake Record Location Date Magnitude Maximum 

Acceleration 
Pisco C.Lima – CIP 

(Hard Soil) 15-Aug-07 
ML=7.0 
Ms=7.9 
Mw=8.0 

0.05 

Arequipa C.Viscarra (CD GR 
Moquegua) 

(Hard Soil) 
23-Jun-01 Mb=6.9 

Mw=8.3 0.30 

 
 

 
Figures 1. Pisco and Arequipa earthquakes                                                         

 
Without changing their frequency, the acceleration records were scaled to the peak ground 

acceleration value to represent the earthquake events with a 150 and 500-year return period 
(PGA = 0.30 g and 0.44 g respectively).  

The dynamic properties of the materials in the stratigraphic profile were estimated based on 
the results of the MASW tests and characteristics of the foundation material.  MASW is based 
on the frequency analysis of dispersion over surface distance or Rayleigh waves. Since these 
waves contain up to 98% S wave component and only 2% of P wave, an iterative modeling pro-
cess may be done to invert the shear wave velocity to a much higher resolution than previous 
techniques.  

This method was developed in the late 1990s by the Kansas Geological Survey and Kansas 
University. The technique may be regarded as a major turning point for seismic applications. It 
is also possible to construct complete 2D images of S wave velocities with MASW if measure-
ments are performed at stations located along profiles at interval of 20m or less. The data reduc-
tion process involves some basic filtering but mostly consists of properly recognizing the Ray-
leigh Wave in an overtone analysis chart of Phase Velocity versus Frequency, using the 
software Kansas Geological Survey's Surfseis. 

The MASW allow obtaining reliable measurements up to 30 m depth, therefore it was neces-
sary to develop a shear wave velocity profile for greater depths to characterize the seismic be-
havior of the facilities. A profile of vertical effective confining stress with depth was developed 
for the waste material.  In order to generate this profile, the variation in dry density was utilized.  
Profiles of mean effective confining stress for each probe was then estimated as follows: 

 
V´m = (V´v+2*K0*V´v)/3 

 
where: V´m - mean effective confining stress 
  V´v - vertical effective confining stress 
  K0 §��-sinI´ - at-rest lateral earth pressure coefficient 
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and a profile of Gmax was then estimated (Seed and Idriss, 1970) as follows: 
 

Gmax = 22*K2,max*(V´m*Patm)0.5 
 
where: Gmax - small strain shear modulus 
  K2,max - shear modulus number 
� � V´m - mean effective confining stress 
  Patm - atmospheric pressure in compatible units 
 
and a profile of shear wave velocity (Lambe and Whitman, 1969) was then estimated as fol-

lows: 
 

Vs = (Gmax/Usat)0.5 = (Gmax/(Jsat/g))0.5 
 
where: Vs - shear wave velocity 
  Gmax - small strain shear modulus 
  Usat - saturated density 
  Jsat - saturated unit weight 
  g - acceleration due to gravity 
 
A statistical evaluation was then completed to establish the value of K2,max for the waste ma-

terial that provided the least variation between measured and calculated shear wave velocity 
values; resulting in a K2,max of 110. According to the international literature (Braja Das, 1993), 
the value of K2max, corresponding to a coarse granular material is within the range of 80 to 180. 
Previous experiences of Knight Piésold in loose granular material deposits indicate values K2max 
near to 100. Seed, Wong, and Tokimatsu, Idris (1984) conducted a series of tests on cohesion-
less granular materials, obtaining values of K2max for medium dense gravels in the range of 75 to 
110. The estimated K2,max = 110 was used to estimate shear wave velocity when shear wave ve-
locity measurements were not available.  

The one-dimensional wave propagation analysis provided information on the seismic behav-
ior of the analyzed profile in a time-history solution. The seismic ground response assessment 
was performed using the ProShake program, which is based on the SHAKE program (Schnabel 
et al., 1972). The ProShake analysis takes into account the material stiffness and damping ef-
fects and uses the one-dimensional shear wave propagation equation by performing an equiva-
lent linear analysis.  

The seismic wave propagation analysis results indicated that due to the stiffness of the loose 
waste rock material, the seismic waves with short periods and high intensity are attenuated in 
the waste rock,resulting in  a de-amplification of the accelerations, as can be seen in Figure 2. 
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Figure 2. Seismic acceleration propagation in the 200m height waste rock profile 

 
The peak ground acceleration considered in the 0.30 g and 0.44 g analysis mainly presented 

de-amplification (value decreases) when the short period and highest acceleration shear waves 
pass through the waste rock up to the crest.  

Seismic de-amplification is characteristic of loose materials, such as a waste rock facility. 
Under the International Building Code (IBC) classification system, the waste rock material is 
classified as Type D, which is based on the surface shear wave velocity values.  

A wave propagation analysis in an 80-m height stratigraphic profile of a waste rock slope 
was carried out, which is representative for slip surfaces in the first waste rock slope benches. 
Average peak ground acceleration values of 0.30 g and 0.36 g were calculated at the crest (see 
Figure 3) for earthquakes with a 150 and 500-year return period, respectively. 

 

 
Figure 3. Seismic acceleration propagation in the 80m height waste rock profile  
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The seismic behavior of the waste rock facility during the seismic amplification assessment 

allowed for evaluating the variation of the accelerations in the body and the crest of the waste 
rock facility. Based on this, 0.12 and 0.15 seismic coefficients were estimated, which are con-
sidered more realistic values for the pseudo-static analyses. With these seismic coefficients dur-
ing the pseudo-static analysis, factor of safety values higher than 1.0 were obtained. 

The acceleration values induced by the earthquake were used to estimate the permanent dis-
placements produced in the waste rock slope, using the method proposed by Newmark (1965). 
To carry out these analyses, the SHAKE2000 program was used. This program includes a 
methodology that facilitates double integration of the acceleration records, considering the pre-
viously estimated yield acceleration value. The analysis results are shown in Table 2.  

 
Table 2. Maximum displacements  

Waste Rock Facilities Maximum Displacements (cm) 

West 15.3 – 18.5 
Southwest 14.5 – 17.3 
Northeast 11.8 – 16.0 
Southeast 10.0 – 18.9 

 
Based on the permanent displacement analyses results, it was concluded that the proposed 

waste rock design slopes will performance satisfactorily during the design earthquake events 
considered. 

3 TAILINGS STORAGE FACILITY SEISMIC AMPLIFICATION 
A seismic amplification analysis was carried out for a 45-meter high tailings dam. To raise the 
existing rock fill embankment, a 10-meter high reinforced wall was built in the crest of the 
starter dam following an up-stream construction method.  

Preliminary stability analyses indicated that the tailings dam satisfied minimum factor of 
safety requirements under static, seismic loading (pseudo-static) and post-earthquake condi-
tions. In addition, a liquefaction potential assessment was carried out on the tailings deposit. 
The liquefaction assessment indicated that the tailings located deeper than 20 m were suscepti-
ble to liquefaction. However, they would not influence the global stability of the tailings dam.  

In order to complete the seismic stability assessment, a seismic amplification analysis was 
carried out to evaluate elastic seismically induced deformations of the 10-meter high reinforced 
wall located in the crest of the rock fill embankment. The FLAC program was used to provide 
the numerical solution to the elastic dynamic problem (Itasca Consulting Group Inc., 2008).  

The stiffness values of the stratigraphic profile were obtained from the MASW tests and us-
ing elastic correlations and the Mohr Coulomb elastic-perfectly plastic model was used to carry 
out the dynamic analysis. The elastic SDUDPHWHUV� DUH� GHQVLW\� �ȡ���bulk modulus (K), and the 
shear modulus (G). The plasticity paUDPHWHU�LV�WKH�IULFWLRQ�DQJOH��ĳ�� 

The material parameters used in this analysis are shown in Table 3.  The geotechnical model 
developed for the analysis is presented in Figure 4. 
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Table 3. Material properties used for the FLAC modeling 

Material 

Shear 
Wave 

Velocity  
 

m/s 

Density,�G 
kg/m3 

Shear Mo-
dulus, G 

kPa 

Poisson 
coeficient, 

v  
Bulk Modulus, 

K 
kPa 

Phi 
I�

Dry Tailings 195 1682 6.37E+04 0.3 2.02E+05 28 
Compacted 
Tailings 

250 1733 1.08E+05 0.3 2.35E+05 32 

Tailings IA 150 1631 3.67E+04 0.35 1.10E+05 25 
Tailings II 200 1631 6.52E+04 0.35 1.96E+05 24 
Tailings III 150 1631 3.67E+04 0.35 1.10E+05 27 

Tailings IVA 240 1631 9.39E+04 0.35 2.82E+05 26 
Tailings IVB 240 1733 9.98E+04 0.30 2.99E+05 26 
Reinforced 

Wall 
250 1733 1.08E+05 0.30 2.35E+05 34 

Gabion Wall 500 2243 5.61E+05 0.30 1.21E+06 38 
Rockfill 500 2304 5.76E+05 0.30 1.25E+06 36 

Elastic correlations used: G=G(Vs)2  and K=2G(1+v)/3(1-2v) 
 

 
Figure 4. Geotechnical model. 
 

 
Figure 5. Horizontal displacements. 
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Figure 6. Calculated Horizontal displacement Time Histories. 
 
 Figures 5 and 6 present the induced horizontal displacements during the design earthquake, 

from the rock fill embankment base up to the reinforced wall crest. As illustrated, the maximum 
displacements have occurred in the reinforced wall. A maximum differential displacement of 
0.5 m between the reinforced wall base and crest is expected. 

 

 
 

Figure 7. Vertical displacements 
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Figure 8. Calculated vertical displacements Time Histories 

 
 
Figures 7 and 8 show the vertical displacements in the analyzed cross section. As in the case 

of horizontal displacements, the maximum displacement values are located in the reinforced 
wall, which is founded in loose tailings.  

The maximum vertical displacements are located at the base of the reinforced wall and reach 
values of 0.8 m. Considering this settlement, a maximum displacement of approximately 0.15 m 
is expected to occur in the abutment zone, perpendicular to the analyzed cross section.  

The dynamic analysis results indicate that the performance of the reinforced wall under 
earthquake loading is unsatisfactory, due to excessive displacements which may put the facility 
at risk.  

4 SEISMIC AMPLIFICATION & DAMAGE TO BUILDINGS 
Based on the seismic wave propagation analyses, it can be determined that the horizontal and 
vertical displacements produced in the ground, which would be generated during the earth-
quake, are strongly associated with the level of damage that would be produced in the struc-
tures, which would reach extreme values in the case of soft or loose soils.  

In those cases where displacements caused during the earthquake were largest, the structures 
designed using acceleration response spectra methodologies based on the current seismic design 
standards could not support them; so the levels of damage in the buildings could be higher. 

Table 4 presents the results of the seismic amplifications in the ground according to the 
Vs(30) value. The ground characteristics are correlated with the level of damage expected dur-
ing the earthquake. Due to the displacements, in the case where Vs(30) is lower than 360 m/s, a 
high level of damage could expected.  
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Table 4. Foundation Ground, Expected Damage to Buildings and Recommendations with regard to Seis-
mic Design Standards for Buildings 

 
 

The structural design must consider the effect of the foundation displacements during the 
earthquake. Several types of solutions could be implemented in order to limit the level of dam-
age. 

5 CONCLUSIONS  
The MASW tests can be implemented to estimate soil stiffness that can be used in seismic am-
plification analyses. During an earthquake, the variation of ground accelerations and displace-

Expected level of damage during the earthquake due to site class

Tipo de Terreno IBC, 2009

BCD
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E

RockDense Soil (SPT >50) 
Hard Soil (qu>2 kg/cm2)
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Comments on seismic standards for buildings
Standards do not consider
the effect of ground
displacements in the
structure. Ground
displacements during the
earthquake must be
included in the structural
design; deep foundations
must be used, and/or
special structure must be
designed.

Standards do not include the
effect of ground displacements
in the structure. Ground
displacements during the
earthquake must be included in
the structural design; reinforced
foundations must be used, as
well as deeper foundations,
and/or foundation ground
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seismic
parameter value
of the
foundation soil
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parameter value of the
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ment levels in a soil profile and their effect on the tailings storages facilities, waste rock dumps 
and buildings can be assessed using the wave propagation in a seismic amplification analyses. 

Finally, the effect that the displacements will have on building performance during the earth-
quake was determined as well as the recommendation to include them in the structural design 
methodologies and the seismic design codes for structures in general. 
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1 INTRODUCTION 

1.1 Importance of geomorphology in long-term stability of mining waste 

Successful rehabilitation of mining waste can be obtained by understanding the geomorphology of 
a landscape; the surface processes which shape the landforms (Hancock, 2004, Martín-Duque et 
al., 2010). Geomorphology influences the soil, hydrology, vegetation and topography of a land-
scape (Hancock, 2004). When the processes underlying these changes are not taken into account 
in rehabilitation projects, the rehabilitation may fail because the designs are unable to sustain 
long-term stable and functional ecosystems (Hancock, 2004). Long-term stability of landforms is 
a prerequisite for a sustainable functional ecosystem. During and after mining activities the land-
scape is unstable and prone to changes. In order to ensure the long-term stability of the post-
mining landscape, the processes that influence and change this unstable landscape should be taken 
into account ( Hancock, 2004, Hancock et al., 2006). Generally the geotechnical stability of the 
waste and the design solutions are determined by the use of standard calculations, for example the 
calculation of the slip radius of potential subsidences. However, these are of limited value, as they 
are 1) short term and 2) specific for only a part of a landform and do not take into account 
changes in the rest of the area. 

1.2 Methods for evaluation of long-term stability of mining waste 

There are multiple methods that can quantify the landform stability in terms of erosion, such as 
the fallout radionuclide cesium-137 (137Cs), erosion plots, erosion pins, surveying of eroded areas 
and the quantification of sediment transported in streams (Hancock et al., 2008). These methods 
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ABSTRACT: The stability of mining waste is essential for its safe containment and prevention of 
environmental pollution. To assess this stability, surface processes on the waste itself as well as 
in the surrounding landscape should be evaluated. Using Landscape Evolution Models (LEMs) 
allows for such an evaluation on wide timescales and is not focussed on one landform alone.  

This study explores the use of LAPSUS (LandscApe ProcesS modelling at mUlti dimensions 
and scales) for the assessment of the safety of mining waste deposits in Bor, Serbia, by modelling 
the effect of water erosion and deposition. Taking into account a range of possible climates and 
other parameters, the future landscape development was estimated between a minimum and 
maximum scenario. 

The preliminary results show that LEMs can valuably be used as a risk assessment tool in min-
ing rehabilitation and confirm the importance of hydrological connectivity and influence of adja-
cent connecting catchments. 
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are time consuming and expensive ( Hancock et al., 2008) and therefore not practical in projects 
of mine rehabilitation designs at the level of engineering solutions.  

Landscape evolution models (LEMs) offer the possibility to evaluate the stability of a land-
scape on timescales ranging from one year to tens of thousands of years (Hancock, 2004, 
Hancock et al., 2006, Hancock et al., 2008, Temme et al., 2009). LEMs can make predictions 
and/or simulations about the development of landscapes over time (Kirkby, 1971). There are 
many different LEMs described in literature, such as;, GILBERT, GOLEM, CAESAR, SIBE-
RIA, LAPSUS and CHILD (Tucker & Hancock, 2010).  

1.3 Goals 

The goal of this study was to investigate if and how a LEM can be used as a risk assessment tool 
in mine rehabilitation projects. Other researchers have already studied the use of LEMs in mining 
rehabilitation designs (Hancock et al., 2003, Hancock 2004, Hancock 2005, Hancock et al., 
2008). These studies showed that LEMs can indeed assist in the design of post-mining landscapes 
and evaluate the stability of a design. The longer the time extent into the future is, the more diffi-
cult and inaccurate the predictions will be (Temme et al., 2009). In most mine rehabilitation pro-
jects only the short-term (years to maybe a decade) risks are investigated. This study was a first 
investigation of the possibilities of the simulation of longer-term risks. 

2 APPROACH 

LAPSUS (LandscApe ProcesS modelling at mUlti dimensions and scaleS) was used to predict the 
long-term effects of overland flow erosion on the mining waste. Different scenarios were run to 
investigate the stability and future development of the mining waste, modelling the development of 
the landscape to a maximum of 500 years.  

The inputs and input parameters of LAPSUS were calibrated with the available field data. 
Calibration of the model is important because the model performance depends on it. In a calibra-
tion the model outputs are compared with the situation in real life (Viveen et al., 2009). Not all 
parameters could be calibrated and assumptions were made and scenarios were developed for the 
parameters that could not be determined with data from the field. The different scenarios are 
comparable to a sensitivity analysis. In a sensitivity analysis the effect of a parameter is deter-
mined by running the model with different values of the parameter (Viveen et al., 2009).  

Three different climate scenarios (CS) were developed. It was tried to capture the upper-limit 
and the lower-limit of possible future landscape development. Within the three different CS, the 
different scenarios for the parameters that could not be calibrated were described. The actual 
landscape development will be somewhere in between the overall minimum and maximum scenar-
ios.  

Finally the results of LAPSUS were analyzed to see what the practical implication could be, 
what the possibilities to evaluate longer-term development of mining landscapes are and to test to 
what extent LAPSUS can be used within mining rehabilitation projects. Shortcomings and rec-
ommendations of LAPSUS as a risk assessment tool were described. 

2.1 Case study area 

The case study area is the ecological zone and surroundings of the copper mine in Bor, Serbia. 
The location of the area can be seen in Figure 1. The mining waste of this mine consists of waste 
dumps, mine tailings and dams.  
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Figure 1: Location of the study area. 

2.1.1 Mining history 
Mining started in 1903, when copper ore deposits were discovered (Šerbula et al., 2010). The first 
smelter started in 1906 and the current smelting plant was built in 1961 - 1968. The mean annual 
production of copper between 1994 and 1998 was 98 000 tons of anode copper and 82 000 tons 
of cathode copper (Šerbula et al., 2010). After 2000 the production decreased to 39 000 tons of 
anode copper and 13 500 tons of cathode copper a year (Šerbula et al., 2010).  

2.1.2 Mining waste 
The mining waste coming from the copper ore extraction has been dumped in two components; 
tailing fields and overburden dumps. There is approximately 250 000 tons of overburden waste 
and 88 000 tons of tailing waste (Stevanović et al., 2013). The sources of the mining waste are 
the Bor open pit and the Krivelj open pit, as can be seen in Figure 2. TDF1 and TDF2 are tailing 
fields/ponds.  
 

 
Figure 2: The different landforms in the study area of Bor, Serbia. 
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Both waste types have been observed to yield acidic water into the environment, amongst others 
polluting the local the surface water and the out flowing rivers. The mine waste itself poses an en-
vironmental and safety hazard through its potential instability. The overburden dumps and the 
dams on the edges of the mine tailings could fail as has been seen in the past (Macklin et al., 
2003).  

3 METHODS 

3.1 The LAPSUS model 

 
LAPSUS is a reduced complexity model based on works of (Kirkby, 1971, Kirkby, 1985) and 
(Foster & Meyer, 1972). The model uses multiple landscape forming process descriptions to cal-
culate sites of erosion and sites of deposition in a landscape on an annual basis (Viveen et al., 
2009). The spatial resolution can vary from a slope to a basin with grid cells from 1 to 1000 m2 
(Sonneveld et al., 2010). 

LAPSUS has been developed since 2000, with programming, calibration and validation of the 
model (Schoorl et al., 2000, Schoorl et al., 2004, Keijsers et al., 2011) and applications of erosion 
in combination with land use (Schoorl & Veldkamp, 2001). In the process of development appli-
cations extended to model the effects of shallow landslides (Claessens et al., 2005, Claessens et 
al., 2007), the effect of DEM resolution on model performance (Schoorl et al., 2000, Claessens et 
al., 2005) and the effects of individual processes and combinations of processes on landscape evo-
lution and nutrient balance studies (Haileslassie et al., 2005, Schoorl & Veldkamp, 2006, 
Claessens et al., 2009).  

3.2 Inputs 

LAPSUS needs a filtered Digital Elevation Model (DEM) of the study area as input. A filtered 
DEM of the catchments which contribute to the water balance in the study area is also preferred. 
As LAPSUS models surface processes such as erosion and sedimentation, the filtering is needed 
to remove objects such as vegetation, buildings, fences and other objects that are not part of the 
ground surface. An input DEM which has not been filtered results in the erosion of objects which 
are not part of the ground surface and thus gives unrealistic results. The input DEM for LAPSUS 
has been filtered in ArcGIS with a resolution of 5 by 5 meter and interpolated values for the cells 
which had no data within the study area.  

A land use map was made to take into account the different land surface characteristics and 
their effect on erosion and sedimentation. In LAPSUS the sensitivity to erosion and sedimentation, 
as well as different values for evaporation and infiltration, can be set per land use. A description 
of the LAPSUS input settings per land use is given below. 

A soil depth map is needed to set the amount of sediment available for erosion. The map is im-
portant for LAPSUS, as it defines how much soil is available for erosion and how much water 
can be stored in the soil. The soil thickness was defined as the soil located above the groundwater 
table which has not been saturated with water, since only unsaturated soil is available for water 
storage. Saturated soil is however available for erosion. A soil depth map for the study area was 
produced based on data from the available project reports on the properties of the different mining 
wastes and the surrounding areas (Witteveen+Bos, 2011).  

The amount of infiltration, evaporation and precipitation are prerequisite inputs for the water 
balance in LAPSUS. Together these inputs determine the amount of overland flow, which is one 
of the most important determinants of erosion and deposition in LAPSUS. The amount of runoff 
was estimated from known flow rates of rivers in the area and the catchment area of these rivers. 

Erodibility (K) and sedimentation potential (P) are the two main parameters of water erosion 
and deposition (Viveen et al., 2009). K is determined by vegetation cover and soil cohesion. P is 
determined by vegetation cover, soil texture and surface roughness (Baartman et al., 2013). These 
characteristics differ for every type of land use. Relative values for K per land use were deter-
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mined from previous studies of LAPSUS. Viveen et al. (2009) determined K values for a few 
types of land use which are also used in this study. Relative K values for the other types of land 
use were estimated based on their texture and vegetation cover. The relative values for P have not 
been changed. The effects of the absolute values for K and P have been taken into account in dif-
ferent scenarios (paragraph 3.4). Table 1 presents a summary of the erodibility and deposition 
settings per land use type. 

 
Table 1: Values for erodibility and sedimentation potential per land use type. 
Land use type Land use Erodibility (K) Sedimentation potential (P) 
1 Agriculture 0.4 1 

2 Build up 0.000001 0.000001 

3 Dam 0.7 1 

4 Forest 0.1 1 

5 Tailing 0.8 1 

6 Waste dump 0.7 1 

3.3 Calibration 

Calibration is needed to compare the outputs of the model to the situation in the real world 
(Viveen et al., 2009). Without calibration interpretation of the results can be hard or impossible 
because it is not known whether the results are plausible or not. LAPSUS was calibrated using 
the available data from the fieldwork that has been done in the study area. For the parameters that 
could not be calibrated with the field data, either assumptions were made or they were incorpo-
rated in the different scenarios (see chapter 3.4.2).  

3.4 Scenarios 

Modelling landscape evolution into the future always results in a range of possibilities. For a risk 
assessment, analysis of all possible future developments is needed to allow for unexpected out-
comes. To deal with the uncertainties, scenarios were developed based on varying climate devel-
opment and varying model parameter settings.  

3.4.1 Climate 
Uncertainty in climate change is one of the main reasons for uncertainty in landscape models. To 
take into account possible changes in climate, a total of three different climate scenarios (CS) 
were described. The most important determinant for the amount of erosion in LAPSUS is over-
land flow. As changes in precipitation may result in changes in runoff, the climate scenarios were 
based on different quantities of overland flow.  

The maximum CS has an overland flow of 300 mm (its calculation is described in section 3.2). 
This is more than 50% of the yearly annual precipitation, which probably is a significant overes-
timation of the actual amount of runoff. The middle scenario has a total of 150 mm runoff. The 
minimum scenario has a total of 30 mm runoff. Taking 50% and 10% of the amount of runoff in 
the maximum scenario covers a wide range of possible climates and their effect on the landscape. 

3.4.2 Water erosion and deposition 
Erodibility K (or sensitivity to erosion) and sedimentation potential P are the two most important 
parameters for water erosion and deposition. The combination of erodibility and sedimentation 
potential determines the spatial erosion and sedimentation patterns. In a detachment limited situa-
tion the sediment transport capacity is larger than the sediment supply (Howard, 1994), i.e. P > 
K. In a transport limited situation the sediment supply is larger than the sediment transport capac-
ity (Howard, 1994), i.e. K > P. In practice the soil is less sensitive to erosion in the detachment 
limited scenario than in the transport limited scenario.  

Since K and P could not be calibrated by using field data, three different parameter scenarios 
(PS) were developed to cover the range of possibilities: a detachment limited scenario, a transport 
limited scenario and a scenario in which K and P are equal to each other. Per CS, three different 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

369



scenarios of water erosion and deposition were run in LAPSUS, yielding a total of nine scenarios. 
The actual landscape development will be somewhere in between the overall minimum and maxi-
mum scenarios. 

4 RESULTS 

The following sections present a selection of the results of the model runs. For full coverage of the 
results, reference is made to (Witteveen+Bos, 2013). 

4.1 Maximum and minimum scenario 

In Figure 3 the result of the maximum scenario (with 300 mm of overland flow and a higher sensi-
tivity to erosion) is mapped after 10 years of water erosion and deposition. The dotted lines repre-
sent the landforms as they have been indicated in Figure 2. Darker colours represent higher rates 
of erosion and sedimentation (the results can be obtained in colour in (Witteveen+Bos, 2013) or 
by request to the author). High erosion rates are present in the biggest part of the study area, es-
pecially in the open pits and on tailings dam 3. 

In Figure 4 the result of the minimum scenario (with 30 mm of overland flow and a lower sen-
sitivity to erosion) is mapped, after 10 years of water erosion and deposition. Lower erosion and 
sedimentation rates are observed as compared to scenario 1. The erosion rates on tailings dam 3 
and in the open pits stand out as higher than in the rest of the area. 

 

 
Figure 3: Water erosion in the maximum scenario after 10 years. 
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Figure 4: Water erosion in the minimum scenario after 10 years. 
 
Figure 5 shows the profile cross sections of dam 3 in three states: t = 0, t = 10 years in the maxi-
mum scenario and in the minimum scenario. In both scenarios a gully has formed in the middle of 
the dam. In the maximum scenario a wider and deeper gully has formed as compared to the mini-
mum scenario. 
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Figure 5: Profile cross section of Dam 3 in the original DEM (top), after ten years in the maximum scenario 
(middle) and after ten years in the minimum scenario (bottom). 

4.2 Longer term landscape development 

In Figure 6 the result of 500 years of water erosion and deposition is mapped for a section of the 
study area. TDF2 has been filled up with sediment from the surrounding hills. More gullies have 
formed in dam 3 and the gullies which were present have become deeper. The deepest gully in 
dam 3 has been developing into the tailing pond. After 500 years not only sedimentation has been 
taking place in TDF2, but also erosion, indicating the waste is mobilised. 
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Figure 6: Water erosion after 500 years. 

5 DISCUSSION 

5.1 Risk assessment 

The ten year results show large differences in erosion rates between the minimum and maximum 
scenarios. As is to be expected, the amount of erosion decreases with decreasing amount of over-
land flow and with decreasing amount of sensitivity to erosion. However, even in the minimum 
scenario, high erosion rates were observed at some locations. For example, the severe erosion and 
gully development (in both scenarios) shows the instability and potential risk of tailings dam 3: 
even in the minimum scenario a gully developed. The exact timing or severity of erosion at the 
dam cannot be determined (a.o. for lack of calibration) and the future development of the dam is 
assumed to be in between the two most extreme scenarios. However, it can be showed that there is 
a high potential risk of erosion and gully development and thus potential dam failure through ero-
sion.  

The 500 year result shows what could potentially happen if nothing would be done to stop ero-
sion at dam 3: the gully will become larger and increase into the tailing pond. The increasing gully 
leads to erosion of the tailing material and its discharge trough the gully into the river. The tailing 
material then poses a risk to the ecology and communities downstream. By assessing this risk well 
ahead using a LEM as LAPSUS, measurements can be taken to prevent potential environmental 
disasters. 

Higher erosion rates in both the minimum and maximum scenario are also found on the over-
burden dumps. Most of the sediment released by erosion is deposited at the foot of the dumps. 
Since the areas at the foot slopes are not in agricultural or other use, the potentially contaminated 
sediments do not pose a direct threat to the wider environment or to humans. An exception is the 
release of material by erosion on the East Saraka overburden dump. This material is not only de-
posited in the vicinity of the dump but also into the Saraka river. As such it does pose an envi-
ronmental and human risk, since the material is made available for deposition in natural or agri-
cultural areas further downstream.  
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5.2 Model performance 

Potential high risk areas can be determined with LAPSUS, as has been described above. This al-
lows for prioritising of actions and investments, and designs in mine rehabilitation projects can be 
aimed at the areas with the highest risk. Especially in budget limited situations, e.g. abandoned 
mine sites, a risk assessment can be an effective tool to prioritise solutions for safe containment of 
waste. Knowing the areas with the highest potential risks also allows for prioritised monitoring 
and aftercare. In combination with prioritised designs for these areas, measures can be taken to 
ensure longer term stability of mining waste on these locations.  

Designs could also be tested and verified using a LEM such as LAPSUS. Changes to the slopes 
of dams or waste dumps or planting vegetation on the waste can be tested by changing the model 
inputs and parameters. Slope designs can be tested by applying the minimum and maximum sce-
narios to an input DEM reflecting the design. As landforms with vegetation are less sensitive to 
erosion than bare landforms, the sensitivity to erosion (parameter K) could be determined and 
tested by changing the input parameters of the process of water erosion and deposition.  

Calibration of water erosion and deposition with the use of field data could not be done within 
the scope of this study. Calibrating LAPSUS will give more realistic results, meaning that quan-
tity and timing of erosion and sedimentation could be closer to the situation in the field. In prac-
tice measurements of parameters over longer periods of time might not be realistic or preferred in 
an engineering setting.  

In reality multiple processes are active in a landscape. Also in the landscape of the study area, 
the influence of other processes has been observed in the field. Besides water erosion and deposi-
tion, also wind erosion and land sliding occur. Not taking these processes into account may result 
in unrealistic or inaccurate risk assessment. For instance, omitting land sliding has resulted in the 
possibly unrealistically steep slopes of the erosion gully depicted in Figure 5 (with slopes ranging 
up to near vertical); which could both underestimate and overestimate the risk for dam failure. 
Taking these processes into account could result in a more complete and more realistic risk as-
sessment.  

Lacking the simulation of wind erosion, it is advisable to implement a wind erosion module in 
the future. Only a dust deposition is available in the current model, which can add an equal layer 
of dust over the entire catchment for each time step. This module could be improved to simulate 
wind erosion. However, this introduces an additional information need to the model of e.g. wind 
speed, wind direction and the spatial parameters which influence wind erosion and deposition. 

6 CONCLUSION 

LAPSUS shows potential to be used as a risk assessment tool in mining rehabilitation projects by 
defining a range of possible future landscape developments. Predictions about the future of a 
landscape are always uncertain, because factors such as climate cannot be predicted accurately. 
LAPSUS may be used as a risk assessment tool by taking these uncertainties into account. The 
range of possible future developments can be given by defining different scenarios, using different 
values for parameters and inputs of LAPSUS which are uncertain or unknown. The actual devel-
opment of the landscape is assumed to be somewhere in between the minimum and maximum sce-
narios. Developments of the landscape which are even taking place in opposite extreme scenario 
could pose a risk. A risk assessment allows for prioritised designs and solutions. 

As a risk assessment tool, LAPSUS could be improved by calibration with field data and by in-
corporating additional landscape processes (some of which are already available in LAPSUS) to 
model the landscape development. Finally, a wind erosion module could be added. By calibrating 
the model and incorporating multiple processes a result closer to reality could be obtained and not 
only areas of risk could be assessed but also the quantity of these risks. 
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1 INTRODUCTION 

Waste rock dumps and tailings impoundments are common features at mine sites.  Many of 
these waste disposal facilities contain sulfide-rich minerals, which generate acid mine drainage 
(AMD) when they oxidize in the presence of oxygen and percolating water. Control of AMD 
can be achieved by removing one or more of the three essential components in the acid-
generating process: sulfides, air, or water. One AMD prevention measure is capping the waste 
with an engineered cover system, which minimizes the infiltration of water and diffusion of air 
into the system.  The engineered cover system also mitigates leaching of other contaminants po-
tentially present in the mine waste.  In addition to limiting the influx of atmospheric water and 
oxygen, mine covers can serve other design functions, including isolation of water, prevention 
of upward migration of waste constituents, and proving a suitable medium for establishing vege-
tation (Ayres & O’Kane, 2013).  Possible engineered cover system designs include: (1) “Store-
and-release” covers (also known as evapotranspiration (ET) or water balance covers); (2) Com-
pacted clay or low permeability soil liners (CCLs); and (3) Geosynthetic Composite covers.  The 
paucity of past geosynthetics use in mine closures was one of the motivations behind this paper; 
after presenting an introductory literature review highlighting the advantages and disadvantages 
of different cover systems, the authors then focus on important design considerations related to 
geosynthetic covers. 

Design considerations for geosynthetics in cover systems over 
mine waste rock and tailings 
 
C. Athanassopoulos 
CETCO, Hoffman Estates, IL, USA 

R. Oliver 
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ABSTRACT: Waste rock dumps and tailings impoundments are common features at mine sites.  
Many of these waste disposal facilities contain sulfide-rich minerals, which generate acid mine 
drainage (AMD) when they oxidize in the presence of oxygen and percolating water. Control of 
AMD can be achieved by removing one or more of the three essential components in the acid-
generating process: sulfides, air, or water. One AMD prevention measure is capping the waste 
with an engineered cover system, which minimizes the infiltration of water and diffusion of air 
into the system.  The engineered cover system also mitigates leaching of other contaminants po-
tentially present in the mine waste. Possible engineered cover system designs include: (1) 
“Store-and-release” covers (also known as evapotranspiration (ET) or water balance covers); (2) 
Compacted clay or low permeability soil liners (CCLs); and (3) Geosynthetic composite covers.  
Water balance covers can perform very well, and generally require climate conditions where 
there is greater evapotranspiration than precipitation, both annually and seasonally. CCLs min-
imize downward migration of liquid through the use of low permeability soils.  Geosynthetic 
composite covers are comprised of a geomembrane liner placed over and in direct contact with 
either a CCL or a geosynthetic clay liner (GCL).  This paper will discuss the advantages and 
disadvantages of each of these systems.  Additionally, important design considerations related to 
geosynthetic covers will be presented, including: hydraulic performance, drainage, slope stabil-
ity, and longevity. 
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1.1 Water Balance Covers 
Water balance, or ET, covers are earthen covers that rely on a combination of temporary storage 
of precipitation in the soil during rainy periods followed by removal of the stored water by 
evaporation and vegetation transpiration during dry periods.  These covers may be monolithic, 
consisting of a thick layer of engineered fine-textured soil, or include a capillary break, a clean 
coarse-grained soil beneath the fine-textured material (Albright et. al., 2010). Water balance co-
vers can perform very well, especially in drier climates, where there is greater evapotranspira-
tion than precipitation, both annually and seasonally.   

Water balance covers may be advantageous from a cost-perspective if on-site materials can be 
used.  However, the significant cost savings from water balance covers may not be realized at 
every site, particularly at sites with limited soil quantities and/or soil not appropriate for use in a 
water balance covers.  Over the past decade, it has become common to perform numerical mod-
eling as part of the cover design and to construct water balance cover test plots and monitor their 
performance with lysimeters prior to building a full-scale cover. Water balance cover systems 
requiring import of off-site soils with very specific properties, more detailed designs, stricter 
quality control, testing, and oversight during construction, as well as post-construction monitor-
ing, may be more costly, potentially approaching or exceeding the cost of other types of cover 
systems. 

1.2 Compacted Clay Covers 
Compacted clay or low-permeability soil covers have been traditionally used in mine closure 
and reclamation projects to limit the infiltration of surface water into the underlying waste.  
These covers are often selected because a clay-rich borrow source is located nearby that when 
compacted within a specific water content range and dry unit weight, can achieve a hydraulic 
conductivity of 1x10-7 centimeters per second (cm/s), or lower (Albright et. al., 2010). Compact-
ed clay covers are generally thick, usually between 0.6 to 0.9-meters thick, making them more 
difficult to puncture accidentally.  However, compacted clay covers can be difficult to construct 
and are subject to deterioration from various factors, including differential settlement, desicca-
tion, and freeze-thaw action (Koerner & Daniel, 1993, Erickson et al, 1994, Benson & Othman, 
1993, and Kraus & Benson, 1994). Further, compacted clay covers can involve the purchase, 
hauling, and placement of hydraulic barrier materials, which becomes expensive if not sourced 
locally (Albright et al., 2010).   

1.3 Geosynthetic Composite Covers 
Water balance and compacted clay covers have been commonly used in mine closures.  In con-
trast, geosynthetic materials are not as commonly implemented for cover systems for mine 
waste reclamation and closure projects despite having been successfully used in final cover sys-
tems at solid waste landfills for more than 30 years. Possible reasons for this include lack of 
regulatory drivers, concerns over cost and longevity, as well as perceived benefits of soil-only 
covers (Smith & Athanassopoulos, 2013). Additionally, mine sites typically have a surplus of 
waste soil and rock, which can be easily incorporated into soil-only cover systems.  

A common geosynthetic composite system consists of a geosynthetic barrier layer (i.e. ge-
omembrane) placed over a compacted clay or low permeability soil layer. The soil layer in this 
composite liner system may be replaced by a geosynthetic clay liner (GCL): a liner consisting of 
bentonite clay sandwiched between geotextiles and/or geomembranes. A drainage layer and 
cover soil are typically placed above the geosynthetic barrier layer to provide lateral drainage, 
protect the geosynthetics, and provide growth media for vegetation.  

The most commonly used geosynthetic barrier materials are geomembranes: thin, very low 
permeability, continuous polymeric sheets.  Geomembranes are typically made from high densi-
ty polyethylene (HDPE) or linear low density polyethylene (LLDPE), polyvinyl chloride (PVC), 
polypropylene (PP), or ethylene-propylene-diene-terpolymer (EPDM) (Koerner, 2012). 
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Koerner and Daniel (1993) evaluated the differences between GCLs and compacted clay lay-
ers in terms of three technical issues: hydraulic; physical/mechanical; and construction. They de-
termined that GCLs are equivalent or superior to, compacted clays in regards to hydraulic issues 
and physical/mechanical issues.  In regards to construction issues, the authors determined that, 
because they are thinner, GCLs are more susceptible to puncture damage and lateral squeez-
ing/thinning during construction than compacted clay.  However, they also noted that this type 
of installation damage can be limited with sound construction practices and quality assurance. 

If placed beneath soil layers, geosynthetic cover systems may also include a drainage layer 
comprised of drainage rock, geotextile, and/or geocomposite. Drainage rock is typically sand-
wiched between two geotextiles to provide filtration and protection on the top and bottom, re-
spectively. The geocomposite is typically comprised of an HDPE geonet bonded to a nonwoven 
geotextile(s) on one or both sides of the geonet. Geocomposite can also be comprised of other 
polymeric core materials bonded to a nonwoven geotextile.  The drainage layer provides lateral 
drainage for water percolating through the overlying cover soils to minimize head build up on 
the underlying barrier layer and subsequent saturation of cover soils. 

2 HYDRAULIC PERFORMANCE 

2.1 Field Performance Data - ACAP 
In 1998, the USEPA initiated the Alternative Cover Assessment Program (ACAP) to evaluate 
the field-scale performance of conventional compacted clay, geosynthetic composite, and alter-
native landfill covers (Albright et al. 2010).  Test facilities were constructed and monitored at 12 
sites throughout the United States.  The ACAP study provides a unique opportunity to evaluate 
the side-by-side hydraulic performance of various types of cover systems. 

2.1.1 Water Balance Covers 
Water balance covers installed at all 12 sites showed a wide range in performance, with average 
percolation rates ranging from 0 to 207 mm/yr of percolation, or 0 to 22.5 percent of total pre-
cipitation (Table 1).  Water balance cover performance was strongly related to the climate, with 
the lowest percolation rates measured at sites located in arid or semi-arid climates, and the high-
est percolation rates measured at sites located in sub-humid and humid climates. One conclusion 
of the ACAP study was, “Low percolation rates (1 mm/yr or less) cannot be achieved with water 
balance covers at all sites.  Stringent percolation objectives are unlikely to be achieved at more 
humid sites.” (Albright et al. 2010).   

Benson et al. (2007) noted that over a 4-year monitoring period, selected properties of water 
balance cover soils changed.  The factors driving changes in water balance soil properties are 
discussed further in the ‘Longevity’ section below. 

2.1.2 Compacted Clay Covers 
Covers consisting of only compacted clay were among the worst performers in the study with 
percolation rates up to 14.6 percent of total precipitation.  As shown in Table 2, compacted clay 
covers were the sole barrier layer at five sites, with measured percolation rates ranging from 3.3 
to 171.7 mm/year, and increasing with time.  Benson et al. (2007) noted that over a 4-year moni-
toring period, the saturated hydraulic conductivity of selected barrier compacted low permeabil-
ity soils increased by as much as a factor of 10,000.  The factors driving these changes in unpro-
tected compacted clay covers are discussed further in the ‘Longevity’ section below. 

2.1.3 Geosynthetic Composite Covers 
Six of the 12 sites in the ACAP study employed geosynthetic composite covers, consisting of a 
geomembrane placed over either a compacted clay layer or a GCL. The geomembrane acts as an 
impermeable barrier, which, if damaged, is protected by the underlying low permeability com-
pacted clay layer or GCL, which limits infiltration. Further, the geomembrane, when covered 
with soil, reduces water loss resulting in minimal to no desiccation cracking of the compacted 
clay layer. The data presented by Albright et al. (2010) and summarized in Table 3 showed that  
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 Table 1.  Summary of Water Balance Cover Design and Performance Data from ACAP Study 
(From Albright et al. 2010) 

Site Site Information Cover Cover Average Percentage 
 Prec. (mm/yr) Climate type Thickness (m) Percolation (mm/yr) of Prec. (%) 

Albany, GA 1,263 Humid Monolithic 1.45 109.2 9.1% 

Altamont, CA 358 Semi-arid Monolithic 1.37 44.8 11.8% 

Apple Valley, CA 119 Arid Monolithic 1.215 0.5 0.3% 

Boardman, OR (Thin) 225 Arid Monolithic 1.8 0 0% 

Boardman, OR (Thick) 225 Arid Monolithic 2.1 0 0% 

Cedar Rapids, IA 915 Humid Monolithic 1.5 207.3 22.5% 

Helena, MT 312 Semi-arid Capillary 1.8 0 0% 

Marina, CA 466 Semi-arid Capillary 1.52 63.3 13.7% 

Monticello, UT 385 Semi-arid Capillary 2 0.7 0.2% 

Omaha, NE (Thin) 760 Sub-humid Capillary 1.05 56.1 7.7% 

Omaha, NE (Thick) 760 Sub-humid Capillary 1.36 27 3.7% 

Polson, MT 380 Sub-humid Capillary 1.67 0.2 0% 

Sacramento, CA (Thin) 434 Semi-arid Monolithic 1.53 54.8 13.0% 

Sacramento, CA (Thick) 434 Semi-arid Monolithic 2.91 2.7 0.6% 

Underwood, ND 442 Semi-arid Monolithic NA 7.2 0.9% 

Prec. = Precipitation 
 

 
 

Table 2.  Summary of Compacted Clay Cover Design and Performance Data from ACAP Study 
(From Albright et al. 2010) 

Site Site Information Cover Average Percentage 
 Precip (mm/yr) Climate type Percolation (mm/yr) of Prec. (%) 

Altamont, CA 358 Semi-arid Clay 171.7 14.6% 

Apple Valley, CA 119 Arid Clay 5.6 3.3% 

Cedar Rapids, IA 915 Humid Clay 82.4 8.9% 

Underwood, ND 442 Semi-arid Clay (0.9-m) 3.3 0.8% 

Underwood, ND 442 Semi-arid Clay (1.5-m) 4.1 1.0% 

Prec. = Precipitation 
 
 
 

Table 3.  Summary of Geomembrane above Compacted Clay or GCL Cover Design and Performance Da-
ta from ACAP Study (From Albright et al. 2010) 

Site Site Information Cover Average Percentage 

 Precip (mm/yr) Climate type Percolation (mm/yr) of Prec. (%) 

Altamont, CA 358 Semi-arid GM/CCL 0.1 0.3% 

Apple Valley, CA 119 Arid GM/GCL 0.0 0.0% 

Boardman, OR (Thin) 225 Arid GM/GCL 0.0 0.0% 

Cedar Rapids, IA 915 Humid GM/CCL 2.6 3.5% 

Omaha, NE  760 Sub-humid GM/CCL 0.7 0.9% 

Polson, MT 380 Sub-humid GM/CCL 0.0 0.1% 

Prec. = Precipitation 
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the geosynthetic composite cover systems were among the best performing covers in the entire 
study, cover allowing very low percolation (0 to 2.6 mm/yr), regardless of climate.  Two of the 
sites, in Boardman, Oregon, and Apple Valley, California, employed geomembrane/GCL com-
posite systems in arid climates, and both allowed 0 mm/yr of percolation. GCL hydrated with 
water containing calcium ions or in contact with calcium-rich subgrade soil has been shown to 
have an increase in hydraulic conductivity as calcium replaces sodium in the bentonite. It should 
be noted that the GCL component of both these composite liner systems was found to have ex-
perienced ion exchange from contact with calcium-rich subgrade soils (Scalia & Benson, 2011); 
however, the overall composite cover still performed as good, or better than, the geomem-
brane/compacted clay layer and water balance covers. 

2.2 Geosynthetic Composite Cover Field Performance Data – Wisconsin Coal Ash Monofill 
Benson et al. (2007) present a case history describing the hydraulic performance of a final cover 
for a coal ash landfill, where the barrier layer consisted of a laminated GCL (GCLL) in lieu of a 
compacted clay cover. The site, which is located in southwestern Wisconsin, receives 892 mm 
of precipitation per year.  The GCL contained 3.6 kg/m2 of granular sodium bentonite encased 
between nonwoven and woven geotextiles, and laminated to a 0.1-mm thick polyethylene geof-
ilm.  The cover profile consists of a 760-mm-thick vegetated surface layer (silty sand), the 
GCLL, and a 150-mm-thick layer of interim cover soil (silty sand) placed over the ash. 

Two 4.3 x 4.9 m pan lysimeters were installed beneath the cover to monitor the percolation 
rate (discharge from the base of the cover). The lysimeters were filled with pea gravel and 
drained to a still well, which was periodically pumped to determine the volume of water collect-
ed by the lysimeter.  Two separate plots were constructed: the first had the GCLL installed with 
the geofilm downward; the second had the geofilm oriented upward.  Percolation rates remained 
low in both lysimeters.  Over a five-year period, the average measured percolation rates for the 
two lysimeters were 2.6 mm/yr (geofilm facing up) and 4.1 mm/yr (geofilm facing down).  
These percolation rates represent less than 0.5% percent of precipitation, indicating that the 
GCLL is serving as a very effective hydraulic barrier at the Wisconsin landfill site. 

2.3  Modeling Geosynthetic Composite Cover Performance 
Flow through geomembranes is typically so low, it is considered impermeable. As a result, flow 
through a geosynthetic cover system is evaluated assuming defects in the geomembrane barrier. 
The following sections describe the approaches to modeling depending on the type of cover sys-
tem. 

2.3.1 Geosynthetic Composite Liner Systems (GM/Compacted Clay or GM/GCL) 
The expected hydraulic performance of a geomembrane/Compacted Clay or a geomem-
brane/GCL composite cover can be evaluated using semi-empirical equations developed by 
Giroud (1997).  The Giroud equation for describing flow through circular defects is: 

 
ܳௗ௧ = 0.976 ή [1ܥ + 0.1(݄ ௦Τݐ ).ଽହ] ή ݀.ଶ ή ݄.ଽ ή ݇௦.ସ    (1) 

 
Where: Q = volumetric flow through each defect (m3/s); Cqo = contact quality factor (dimension-
less, assume 0.21 for good contact quality or 1.15 for poor contact quality); h = hydraulic head 
on top of the liner (m); tsoil = thickness of underlying soil layer or GCL (m); d = defect diameter 
(m); and ksoil = Hydraulic conductivity of underlying soil layer or GCL (m/s). 
 

The Giroud equation provides a prediction for the leakage rate through each defect.  In order 
to determine the total leakage through the cover system, one must make an assumption regard-
ing the expected number of defects per hectare of cover.  Though construction quality assurance 
can greatly reduce the size and frequency of defects, the cover design should assume some nom-
inal number of holes in the geomembrane as potential pathways for liquid migration. Past stud-
ies of landfill and pond liner installations (Giroud and Bonaparte, 1989; Nosko and Touze-Foltz, 
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2000) report defect frequencies ranging from one per 4000 m2 to one every 800 m2, with defect 
sizes ranging from 0.5 to 10 cm2.  Typical causes of defects include discontinuous seams, seam 
failures, damage inflicted by construction equipment, and puncturing by stones above or below 
the liner.  As a result, software packages commonly used in the landfill industry (e.g., the HELP 
Model, Schroeder et al, 1994) assume that when placed using good installation practice and 
QA/QC, the number of installation defects (caused by installation quality, equipment, and sur-
face preparation), will average between 2.5 and 10 per hectare, with a typical installation defect 
diameter of 1 cm2. 

2.3.2 Laminated GCLs (GCLLs) 
Geomembrane-laminated GCLs, or GCLLs, such as those introduced in the Wisconsin case 
study, are typically not thermally-welded; rather, the adjacent panels are overlapped by 0.15 to 
0.3 m, with supplemental bentonite added to the overlap area.  Therefore, the total potential 
leakage through a GCLL consists of the sum of: (a) leakage through defects, which can be de-
termined by the Giroud equations from Section 2.3.3.1; and (b) leakage through overlapped 
seams, which can be estimated using the following expression derived from Darcy’s Law by Er-
ickson & Thiel (2002): 

ܳ௦ = ݇ீ ή ቀቁ ή               (2)ீݐ
 
Where: kGCL = GCL hydraulic conductivity (m/sec); h = hydraulic head on top of the liner (m); 
tGCL = GCL thickness (m); and B = overlap width (m). 

 
Once the flow per unit length of seam is calculated, then the total seam flow can be estimated 

by multiplying the seam flow per unit length by the total length of seams over the project. 
 

ܳ௧௧ = ܳ௦ ή ܵ =  ܳ௦ ή ܣ ή ቀଵ + ଵ
ௐቁ          (3) 

 
Where: A = unit area (ha); L= Average panel length (m); W = Average panel width (m) 

3 SLOPE STABILITY 

Slope failures can be caused by either instability of the waste materials (resulting in lateral 
movement of waste, usually damaging the cover) or instability of the cover (which can result in 
sliding of the cover down the slope). Slope failures in the waste are usually caused by weak 
waste, waste that is too high or too steep or too wet, or excavations on or at the base of the side 
slope. Cover failures can be caused by buildup of water in the cover, excessive gas pressure be-
neath the cover (typically not an issue for mine waste), excessively long or steep cover slopes, 
or excavation at the toe of the cover (ITRC, 2003). Waste slope failures are outside the scope of 
this paper but are mentioned only as an additional slope stability consideration. 

Stability is an important consideration whenever soil is placed on a lined slope.  The weight 
of the soil or waste will induce a downslope shear force on the layers beneath it.  Interfaces be-
tween geosynthetics (geocomposites, geomembranes, and GCLs) can serve as preferential slip 
planes. These situations are commonly termed veneer stability, where sliding of a uniform, thin 
cover soil layer on top of the liner system is evaluated.  The challenge in these situations is to 
ensure that the driving force is not greater than the resisting forces keeping the liner stable.  This 
section presents a case study of geosynthetic cover systems on slopes, and presents common de-
sign tools used to assess slope stability. 

3.1.1 USEPA Cincinnati Test Plots 
Perhaps the most well-known and comprehensive study of the stability of geosynthetic cover 
systems is the USEPA Cincinnati, Ohio study (Daniel et al, 1998).  In this study, fourteen large-
scale test plots were constructed under the supervision of the USEPA to evaluate the slope sta-
bility of geosynthetics at low normal stresses typical of mine closure applications. Five plots 
were constructed on slopes having a 3H:1V configuration and nine were constructed on slopes 
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having a 2H:1V configuration. Plots were approximately 9 meters wide with the 2H:1V slopes 
20 meters long and the 3H:1V slopes 29 meters long.  In general, all the test plots were con-
structed with a double-sided textured geomembrane placed over different types of GCLs.  The 
plots were drained above the geomembrane with a drainage geocomposite (geotex-
tile/geonet/geotextile), which was covered by 0.9 m of soil.  
 

All of the 3H:1V slopes were found to be stable, with little or no internal or interface shear 
displacement occurring over several years of monitoring. In fact, recent discussions with one of 
the principal investigators confirmed that the 3H:1V test plots are still in place, almost 20 years 
after construction (Koerner, 2012).  Most of the 2H:1V slopes were also stable, although sliding 
failures did occur at three plots soon after construction: one involved an unreinforced GCL, and 
two involved the interface between the geomembrane and the woven side of a reinforced GCL.  
However, as shown in Table 4, sliding failures along these three interfaces would have been 
predicted by laboratory direct shear testing (ASTM D 6243) and an accompanying simple infi-
nite slope analysis: 

ܵܨ                 = ௧ఝ
௧ఉ               (4) 

 
Where: FS = factor of safety against sliding; I = friction angle (degrees); and E = slope 
angle (degrees). 
 

Based on experience from these test plots, the current practice of conducting laboratory direct 
shear tests on geosynthetics and using limit equilibrium methods to determine slope stability of 
design configurations has been validated. Analysis of these test plots substantiated that current 
design methods can effectively predict the slope stability of a design. 

 
 

Table 4.  Summary of USEPA Cincinnati Test Plots (From Daniel et al. 1998) 
Test Plot Slope 

Angle 
Peak Friction 

Angle 
FS 

(Infinite Slope) 
Actual Field 
Performance 

A 16.9o 37o 2.5 Stable 
B 17.8o 23o 1.3 Stable 
C 17.6o 20o 1.1 Stable 
D 17.5o 29o 1.8 Stable 
E 17.7o 20o 1.1 Stable 
F 23.6o 20o 0.8 Slide 
G 23.5o 23o 1.0 Slide 
H 24.7o 20o 0.8 Slide 
I 24.8o 37o 1.6 Stable 
J 24.8o 31o 1.3 Stable 
K 25.5o 31o 1.3 Stable 
L 24.9o 31o 1.3 Stable 
N 22.9o 37o 1.8 Stable 

 

3.2 Veneer Stability Analyses 
The infinite slope analysis introduced above is unfortunately too simplistic to use in most realis-
tic situations.  Several researchers, including Giroud & Beech (1989) and Koerner & Soong 
(2005) have derived equations based on limit equilibrium techniques to calculate factors of safe-
ty against sliding.  In particular, the analytical methods developed by Koerner & Soong (2005) 
allow for consideration of the following: 

x a finite-length slope with the incorporation of a passive soil wedge at the toe of the 
slope; 

x the incorporation of equipment loads on the slope; 
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x consideration of seepage forces within the cover soil; 
x consideration of seismic forces (pseudostatic) acting on the cover soil; 
x the use of soil masses acting as toe berms; 
x the use of tapered covered soil thicknesses; and 
x reinforcement of the cover soil using geogrids or high-strength geotextiles. 

 
Acceptable factors of safety may be dictated in regulations and are typically 1.3 for short-

term, or construction, loads and 1.5 for long-term stability.  

3.3 Importance of Drainage for Slope Stability  
The primary purpose of the drainage layer, either rock or geocomposite, in a final cover system 
is to laterally drain water that infiltrates the final cover.  The goal is to reduce the build-up of 
head on the barrier layer, thus reducing leakage and percolation through the cover system. Re-
moval of water is also important to assure veneer slope stability.  Numerous cover system slid-
ing failures causing millions of dollars of damage have occurred due to inadequate drainage 
(Bachus et al, 2007).  In general, the factor of safety for a slope with saturated soil on top of an 
impermeable layer is about one-half of the factor of safety for the same slope when it is dry 
(Thiel, 2012). 

Detailed design information for selecting and sizing an appropriate drainage layer to limit the 
build-up of head on the underlying barrier layers of a cover system is outside the scope of this 
paper.  The reader is encouraged to review the design methodologies outlined in Thiel & Stew-
art (1993), Soong & Koerner (1997), Richardson & Zhao (2003), Giroud et al. (2000), Koerner 
& Koerner (2001), Bachus et al. (2007), and Koerner (2012). 

4 LONGEVITY 

The longevity, or end of service life, is identified in the loss of functionality of the cover system 
in the form of instability or the inability to limit movement of precipitation into the underlying 
waste (Albright et. al., 2006). Covers on waste disposal facilities are expected to have a service 
life within the institutional term, 30 to 100 years, to the intermediate term, 200 to 1,000 years, 
and up to, in some cases, the geologic term, up to 10,000 years. Regardless of the time frame, all 
covers will undergo some transformation during their lifetime resulting in increased permeabil-
ity or loss of strength. The impacts of these transformations on the functionality of the cover are 
the designer’s responsibility to identify and account for to maximize longevity for a given appli-
cation. 

4.1 Water Balance Covers 
Water balance covers have been studied extensively in the ACAP. Cover degradation methods 
for water balance cover include biointrusion, cracking, and differential settlement. Water bal-
ance covers are also susceptible to microbial clogging of capillaries, which may influence the 
water transport and storage potential of the system. Data collected through the ACAP and other 
programs have indicated that the effects of the cover degradation processes results in increases 
of hydraulic conductivity up 10,000 times when compared to the as-built conditions in as little 
as 2 to 4 years (Benson et al, 2007). 

Water balance cover designs are tested in models prior to field implementation. The use of 
models allows variables to be easily adjusted to evaluate the outcome. As a result, sensitivity 
analyses on the material properties can help designers identify the key water balance cover 
components that will contribute to the longevity of the cover. During design, modeling should 
be performed with the anticipated degraded hydraulic conductivity with vegetation species like-
ly to be present in the future. During borrow source identification, selection of coarse-grained 
soil or soils with less plastic fines will reduce volumetric changes in the soil, but may result in 
increases in permeability (Benson et al., 2007). In addition, during construction, similar to com-
pacted clay covers, placing soils dry of optimum will reduce cracking in the layer, but may re-
sult in increases in the permeability. Designing the water balance cover for conservative, long-
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term conditions and proper construction can provide the cover with an indefinitely long service 
life. 

4.2 Compacted Clay Covers 
Soil particles of a compacted clay cover will last for a geologic time; however, compacted clay 
covers will experience changes in soil properties that may result in a loss of cover functionality. 
There are several reasons for changes in soil properties: 

x Biointrusion; 
x Moisture content during placement; 
x Desiccation cracking; 
x Erosion; 
x Puncture; 
x Saturated hydraulic conductivity testing methodology; 
x Freeze-thaw cracking; 
x Differential settlement; and 
x Retention of borrow soil structure during construction and pedogenesis after con-

struction (Waugh, et. al., 2008).  
 

In as little as 2 to 5 years, these actions can increase the hydraulic conductivity of the com-
pacted clay upwards of 10,000 times the initial hydraulic conductivity identified during con-
struction (Figure 1, Benson et. al., 2007). 
 

 
 
Figure 1. Changes in As-Built Saturated Hydraulic Conductivity of Cover Soils (from Benson et 
al. 2007) 
 

If the changes in soil properties and the methodology for change are understood during de-
sign, a longer service life can be anticipated for the compacted clay cover. The factors promot-
ing a longer compacted clay cover life include: soil less susceptible to volume change (Albright, 
et. al., 2006), placement and compaction during construction at a moisture content less than op-
timum (Waugh, et. al., 2008), and/or thicker protective cover soil (Albright, et. al., 2006).  These 
factors should be considered by the engineer when developing a compacted clay cover design 
and identifying a borrow source. If the compacted clay cover is protected from environmental 
effects resulting in increased hydraulic conductivity, its service life is indefinitely long (Mitchell 
and Jaber, 1990). 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

385



4.3 Geosynthetic Composite Covers 
The service life of a geosynthetic cover is dependent on the polymer chemistry, exposure condi-
tion, and duration of exposure. Research into the predicted lifespan of geosynthetics has indicat-
ed three lifetime stages: Stage A, Antioxidant Depletion Time, or Oxidation Induction Time 
(OIT); Stage B, Induction Time to Onset of Degradation; and Stage C, Time to Reach 50 per-
cent degradation (Koerner et. al., 2011, Hsuan & Koerner, 2010). The mechanisms of this deg-
radation include ultraviolet (UV) light, oxidation, ozone, hydrolysis, radioactivity, chemical, bi-
ological, stress state, and temperature (Koerner et. al., 2011). The duration of each stage is 
highly dependent on the amount of antioxidant and additives in the formulation, the service 
temperature, and the nature of the site-specific environment in which the geosynthetic is de-
ployed.  

The cover environment is ideal for maximizing the longevity of the geosynthetics due to the 
low chemical aggressiveness, low overburden stresses, and low temperatures. In addition, many 
of the degradation mechanisms described have a reduced influence on geosynthetic longevity 
with as little as 6-inches of soil cover.  

In order to discuss the service life of the geosynthetic cover, it is important to understand the 
service life of the individual components: geosynthetic clay liners (GCLs), geomembranes, 
and/or drainage geocomposites. 

4.3.1 GCL 
GCLs are comprised of bentonite (montmorillonite clay, a naturally occurring mineral) sand-
wiched between polypropylene (PP) or polyethylene (PE) geotextiles. Unreinforced, hydrated 
bentonite has very low internal shear strength. The shear strength of bentonite within a GCL is 
improved with the use of the geotextiles and reinforcing fibers penetrating the bentonite. Ade-
quately protected and absent of external degradation mechanisms, the service life of bentonite is 
indefinitely long with the exception of increased hydraulic conductivity resulting from cation 
exchange (Kolstad et. al, 2004/2006). As a result, the functional service life of a GCL is typical-
ly tied to the reinforcing fibers and discussed in terms of long-term internal shear strength.  

Degradation of the geotextiles and reinforcing fibers may result in a reduction of internal 
shear strength of the GCL.  The geotextile degradation is accelerated by chemical reactions and 
UV exposure (Hsuan, 2002 and Koerner, 2005). Antioxidants are included in the geotextile pol-
ymer formulation to protect the polymer and increase the material service life (Hsuan and 
Koerner, 2010).  

Muller et. al. (2008) performed long-term creep tests of various types of GCL with tap water 
and deionized water hydration. Results indicated that calcium cation exchange improved the 
friction angle of the bentonite and PP geotextiles with thermal treatment performed better than 
non-thermally treated geotextiles and PE geotextiles. Muller et. al. (2008) identified the lower 
service life of a GCL with PP geotextile hydrated with tap water as at least 250 years.  

The GCL component of a geosynthetic composite cap will experience low overburden stress 
and hydration from precipitation percolation, when the GCL is covered by a geomembrane and 
most GCL products are made with PP geotextiles. As a result, it is reasonable to assume a ser-
vice life of at least 250 years.  

4.3.2 Geomembrane  
Commonly used geomembranes include: HDPE, LLDPE, flexible polypropylene (fPP), PVC, 
chlorosulfonated polyethylene (CSPE), and EPDM. These geomembranes are comprised of var-
ying formulations of resin, plasticizer, fillers, carbon black or other UV stabilizers, and additives 
such as short-term process stabilizers and long-term antioxidants (Koerner et. al., 2011). 

Various accelerated testing methods are available to simulate worst-case scenarios for use in 
service-life prediction in the laboratory setting. Accelerated testing encourages oxidation and 
degradation of polymers by varying the exposure conditions and providing energy in the form of 
elevated temperatures (Rowe & Sangam, 2002). Accelerated laboratory weatherometer simula-
tions of direct UV light, high temperatures, and moisture provide worst-case scenario predic-
tions of service life in exposed conditions. The use of various leachate-simulating chemicals at 
elevated temperatures and pressures can be used to predict service life in unexposed conditions. 
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Tensile properties tests are used to evaluate the condition of the geomembrane with a 50-percent 
or more reduction in value(s) indicative of the end of the material service life.  

For the cap scenario, the lifetime prediction of exposed geomembranes and HDPE geomem-
branes buried under a minimum of 6-inch of soil were evaluated. For exposed geomembranes, 
HDPE had the greatest lifetime prediction of over 36 years (still ongoing) while the service life 
of an exposed PVC liner was up to 18 years (Koerner et. al., 2011). The lifetime predictions of 
additional exposed geomembranes are summarized in Table 5. 

The most research for the buried condition has been performed on HDPE geomembranes. 
HDPE geomembrane half-life decreases significantly with increasing temperatures as shown by 
the reduction from 446 years at 20°C to 69 years at 40°C (Koerner et. al., 2011). Generally, little 
research has been performed on the buried life expectancies of the other liner types but results 
similar to the HDPE geomembrane performance are expected. 

 
 

Table 5. Estimated Lifetime of Exposed Geomembranes (from (Koerner et. al., 2011) 
Type Specification Prediction Lifetime in a Dry and Arid Climate 

HDPE GRI-GM13 >36 years (ongoing) 
LLDPE GRI-GM17 §���\HDUV 
EPDM GRI-GM21 >27 years (ongoing) 
fPP-2 GRI-GM18 §���\HDUV 
fPP-3 GRI-GM18 >27 years (ongoing) 

PVC-N.A. (see FGI) §���\HDUV 
PVC-Europe Proprietary >32 years 

 

4.3.3 Geocomposite 
Longevity of geocomposite is dependent upon the ability of the geocomposite to remain stable, 
prevent buildup of head within the cover soil and provide conveyance of liquids. Loss of con-
veyance may be the result of soil, chemical, and/or biological clogging, and creep. A breakdown 
of the filter fabric will result in clogging of the geonet an ultimate loss of functionality of the 
drainage geocomposite. Geotextiles are almost exclusively nonwoven, needlepunched made 
from polypropylene (PP) resins while geonets are typically extruded HDPE. (Narejo, 2004). 

Like geomembranes, geocomposites degrade and become unstable due to high temperatures, 
aggressive chemical environments, and high-stress environments. Degradation mechanisms in-
clude oxidation and environmental stress cracking. Further, the PP geotextile fibers will deterio-
rate on exposure to light and are susceptible to oxidation; both issues are addressed upon cover-
ing the PP geotextile with soil (Geofabrics, 2009). 

Chemical clogging may result from processes such as the precipitation of calcium carbonate, 
or other insoluble substances (Narejo, 2004), which is generally unlikely in the cap scenario. 

Biological clogging may result from the growth of vegetation within the soil layers of the cap 
and into the geocomposite as well as the growth of microorganisms on and within the geocom-
posite (Narejo, 2004).   
 Creep is the time-dependent compression of the geonet (Narejo, 2004) resulting in reduced 
transmissivity. Creep will increase with increasing overburden stress; therefore, significantly 
less creep is anticipated in a cover scenario versus a liner application (Bachus et al, 2007). 

Design steps and construction specifications are developed to maximize the service life of the 
geocomposite. Design steps for a geocomposite includes identifying transmissivity reduction 
factors for chemical and biological clogging as well as creep and potential for installation dam-
age. The designer can select transmissivity reduction factors for a cover application. In the case 
of a waste cover, the creep reduction factor is generally 1.1, chemical clogging is 1.0 to 1.2, and 
biological clogging is 1.2 to 3.5 (GRI-GC8, 2001). In addition, thicker geotextiles generally per-
form better than similar products with low thickness values because weather begins at the sur-
face of the material (Geofabrics, 2009). During construction, specifications typically dictate that 
the geocomposite is covered within 14 days to minimize degradation due to UV light (Bachus et 
al, 2007).   
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As a result of the design steps and construction specifications, the service life of the geocom-
posite can be as long as the polymer service life: up to over 400 years for the HDPE geonet and 
over 150 years for the buried PP geotextile with no loss in tensile strength (Geofabrics, 2009). 

The service-life of the entire geosynthetic cap is equal to the service life of the shortest-lived 
component. Based on studies performed on geosynthetic products, the service life of a geosyn-
thetic cap incorporating a GCL, geomembrane, and/or geocomposite can be assumed to be on 
the order of 150 years. 

5 SUMMARY AND CONCLUSIONS 

Although geosynthetic materials have been commonly used in final cover systems at solid waste 
landfills for more than 30 years, they have seen much less use in cover systems for mine waste 
closures. Studies were presented highlighting the advantages and disadvantages of various cover 
systems, including water balance covers, compacted clay covers, and geosynthetic composite 
covers.  Additionally, important design considerations related to geosynthetic covers were pre-
sented, including hydraulic performance, drainage, slope stability, and longevity. In general, wa-
ter balance, compacted clay, and geosynthetic composite cover systems have and advantages 
and disadvantages that need to be fully considered during the planning and design stages of a 
mine reclamation or closure project.   
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1 INTRODUCTION 

Mine operations generate vast amounts of waste materials as a result of ore extraction and 
refining processes.  Two main types of mine waste that must be managed in the short- and long-
term are tailings and waste rock (Bussière 2007; Blight 2010).  Tailings typically are composed 
of silt-sized  particles   (≤  0.075 mm) and disposed in a slurry state (i.e., high water content) in 
impoundment facilities.  Waste rock usually is managed in piles and predominantly contains 
gravel-sized particles with some sand and fines.  Management of tailings and waste rock 
requires large areas of land and potentially can generate acid mine drainage (AMD) if sulfide 
minerals are present.  Management of tailings is further complicated by high compressibility 
potential and low shear strength (Bussière 2007). 

Co-disposal of waste rock and tailings has been proposed as an alternative method to address 
stability and AMD concerns while reducing the storage volume required for waste management 
facilities (e.g., Li et al. 2011; Williams et al. 2003; Wickland and Wilson 2005).  Waste rock and 
tailings can be co-disposed through layering, co-mingling, and co-mixing.   Layering involves 
disposing of waste rock and tailings in alternating lifts.  A capillary barrier effect develops at the 
waste rock-tailings interface, which limits flow of water and oxygen to reduce AMD.  Co-

Effect of tailings composition on the shear behavior of co-mixed 
mine waste 

M. M. Jehring & C. A. Bareither 
Colorado State University, Fort Collins, CO, USA 

ABSTRACT: The objective of this study was to evaluate the effect of mine tailings composition 
on the shear behavior and shear strength of co-mixed mine waste rock and tailings (WR&T).  
Crushed gravel was used as a synthetic waste rock and mixed with fine- and coarse-grained 
garnet tailings.  Co-mixed WR&T specimens were prepared with a mixture ratio such that 
tailings   “just   fill”   the   void   space   of   the   waste   rock.      Materials   were   tested   in   triaxial  
compression  at  effective  confining  stresses  (σʹc) of approximately 5, 10, 20, and 40 kPa.  These 
low confining stresses were selected to assess performance of co-mixed WR&T for final cover 
applications.  Triaxial compression tests were conducted on the waste rock, tailings, and co-
mixed specimens.  The waste rock and WR&T specimens were 150-mm in diameter by 300-mm 
tall, and tested under drained and undrained conditions, respectively.  Tailings specimens were 
38-mm in diameter by 76-mm tall and tested under undrained conditions.  The effective stress 
peak friction angle (ϕʹ)  of waste rock was 41.5°, whereas ϕʹ  of   the   tailings ranged from 36.0 
(fine-garnet) to 39.8° (coarse-garnet).      The  WR&T  mixtures   had   an   average   ϕʹ   =   40.4° with 
fine-garnet tailings and 39.2° with coarse-garnet tailings, which suggests that the waste rock 
skeleton controlled shear strength.  At   σʹc = 5 kPa, the waste rock was entirely dilative, but 
became  entirely  contractive  at  σʹc = 40 kPa.  In contrast, the waste rock and fine-garnet tailings 
mixtures exhibited dilative tendencies (i.e., negative pore pressure)  for  all  σʹc.  Similar dilatant 
behavior was observed in tests conducted on fine-garnet tailings alone suggesting the tailings 
matrix influenced shear behavior of the co-mixed WR&T. 
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mingling can be achieved by constructing waste rock embankments and dikes within a tailings 
impoundment.  The waste rock increases drainage in the tailings that accelerates tailings 
consolidation and strength gain (Bussière 2007; Wickland et al. 2006).  Co-mixing tailings and 
waste rock such that tailings fill the void space of waste rock produces the most homogenous 
waste mixture compared to other co-disposal methods.  Co-mixed waste rock and tailings 
(WR&T) combines high strength and low compressibility of the waste rock with the low 
permeability and high water retention of the tailings to improve stability and reduce AMD 
(Wickland et al. 2006). 

Field scale experiments have been conducted to evaluate the performance of co-mixed 
WR&T (e.g., Morris and Williams 1997; Leduc et al. 2004).  The studies considered a variety of 
options to prepare co-mixed WR&T such as injection of tailings into a waste rock pile, blending 
waste materials at an active dump face, and pumping waste materials together to the storage 
facility.  In each case, a homogenous WR&T mixture proved difficult to create at field scale.  
However, co-mixed WR&T demonstrate potential for use as a water balance cover system for 
mine waste facilities (e.g., Williams et al. 2003; Wilson et al. 2003; Fines et al. 2003). 

A limited number of laboratory- and field-scale studies (e.g., Leduc et al., 2004; Wickland et 
al., 2010; Khalili et al., 2010) exist to characterize the geotechnical properties (e.g., permeability 
and shear strength) of co-mixed WR&T prompting the need for further research.  Khalili et al. 
(2010) demonstrated that the waste rock skeleton dominates the shear strength and behavior of 
the waste mixture.  The authors also noted that a finer-grained tailings matrix will decrease the 
effective peak friction angle (ϕʹ) compared to a sandy tailings matrix. 

The focus of this study was on evaluating the shear strength and the effect of tailings 
composition on the shear behavior of co-mixed WR&T.  Mixtures were prepared from a 
synthetic waste rock source and two types of tailings: (1) fine-grained garnet tailings and (2) 
coarse-grained garnet tailings.  Materials were tested in triaxial compression at low confining 
pressures to represent stress conditions anticipated for WR&T mixtures used in a final cover 
system. 

2 BACKGROUND 

2.1 Mixture Theory 
Designing mixtures of WR&T requires the particle size distribution (PSD) and water content (w) 
of the waste rock and tailings as well as the mixture ratio (R), defined as the ratio of mass of 
waste rock (Mr) to mass of tailings (Mt).  As the mixture ratio increases, the particle structure 
becomes increasingly dominated by waste rock particles with the tailings particles contained 
within the void space of the waste rock skeleton.  As the mixture ratio decreases, the amount of 
tailings will increase and waste rock particles will transition to acting as inclusions in a matrix 
of tailings.  An optimum mixture ratio (Ropt)  can  be  viewed  as  a  ratio  where  tailings  “just  fill”  
the void space of the waste rock skeleton (i.e., volume of tailings slurry, Vslurry, = void ratio of 
waste rock, er). This optimum mixture can provide the necessary shear strength and hydraulic 
properties for use in final cover systems that are designed on water balance principles (e.g., 
Wilson et al. 2003; Kahlili et al. 2010).  When R > Ropt, the void space of the waste rock is a 
combination of tailings, water, and air, whereas when R < Ropt, waste rock particles are no 
longer  in  contact  and  “float”  in  a  tailings  matrix. 

A phase diagram of the co-mixed WR&T can be used to determine the geotechnical 
properties (e.g., density, void ratio, and saturation) for a given R provided the mass and volume 
of each phase is known.  The volume proportion of each phase is presented in Figure 1 for the 
mixture of fine-garnet tailings and waste rock.  The properties of these materials are discussed 
subsequently.  The optimum mixture ratio can be calculated using Equation 1, which is derived 
based on phase relationships and assuming a waste rock volume (Vr) of 1 m3: 
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where ρr = density of waste rock, ρslurry = density of tailings slurry, and wt = water content of 
tailings. 

2.2 Shear Behavior of Nonplastic Silts 
The shear behavior of nonplastic silt is different from the shear behavior of sand and clay.  Sand 
and clay will contract when prepared loose or normally consolidated and dilate when prepared 
dense or over-consolidated; however, nonplastic silt will tend to dilate during shear and develop 
negative excess pore pressures (ue)   with   increasing   axial   strain   (εa) regardless if the silt is 
normally or over-consolidated (Brandon et al. 2006). 
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Figure 1. Volume proportions of waste rock, tailings, water, and air phases.  Volume proportions 

determined for waste rock mixed with fine-garnet tailings. 
 
 

 
 
Figure 2.  Idealized stress path for nonplastic silt during triaxial compression (adapted from Brandon et al. 

2006).    Failure  criteria  of  (1)  maximum  deviator  stress  (Δσd,max); (2) maximum principle stress 
ratio   (σʹ1/σʹ3); (3) maximum excess pore pressure (ue,max);;   (4),   Skempton’s   pore   pressure  
parameter (A) is zero; and (5) stress path reaches the Kf line in pʹ-q space are identified on the 
stress path. 

 
 
The dilative tendencies of nonplastic silt pose a variety of challenges in triaxial compression 
testing.     There   is  potential   for  cavitation   to  occur  as  εa increases and ue becomes increasingly 
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negative.  During cavitation, air will come out of solution in the pore water and cause the 
specimen to desaturate.  Brandon et al. (2006) recommended using higher than necessary back-
pressures to saturate silt specimens to ensure a sufficient pore pressure to maintain saturation. 

The dilative behavior of nonplastic silt can make defining failure difficult and a variety of 
possible failure criteria are identified on an idealized stress path for silt in triaxial compression 
shown in Figure 2.  Brandon et al. (2006) outlined six criteria to define failure in triaxial testing: 
(1)   maximum   deviator   stress   (Δσd,max);;   (2)   maximum   principle   stress   ratio   (σʹ1/σʹ3); (3) 
maximum excess pore pressure (umax);;   (4)   Skempton’s   pore   pressure parameter (A) equal to 
zero; (5) stress path reaches the Kf line in pʹ-q space;;  and  (6)  limiting  axial  strain  (e.g.,  εa = 5 or 
10%).  Failure criterion of A = 0 yielded consistent values for ϕʹ from triaxial tests conducted on 
Yazoo silt and Lower Mississippi Valley Division silt by Brandon et al. (2006).  Wang and Luna 
(2012) performed triaxial tests on Mississippi River Valley silt and were able to calculate 
similar ϕʹ using  failure  criteria  of  Δσd,max,  (σʹ1/σʹ3)max,  and  εa = 15%. 

3 MATERIALS AND METHODS 

Mine waste materials included crushed gravel as a synthetic waste rock and garnet tailings.  
Two fractions of garnet tailings, fine-garnet and coarse-garnet, were collected as a hydrocyclone 
is used at the garnet mine to fractionate tailings for subsequent management and disposal.  
Triaxial compression tests were conducted on each material alone as well as on mixed WR&T to 
evaluate shearing behavior and determine shear strength parameters. 

3.1 Synthetic Waste Rock 
Synthetic waste rock was prepared from crushed gravel to create the target PSD shown in Figure 
3.  The target PSD was selected based on a parallel gradation of the average PSD of waste rock 
tested in literature.  The parallel gradation technique used to create the synthetic waste rock is 
described by Marachi et al. (1972).  The maximum particle size (dmax) of the synthetic waste 
rock was 25.4 mm, which is the maximum size allowable for 150-mm-diameter triaxial 
specimens based on specimen-to-particle ratio requirements stipulated in ASTM D 4767.  The 
target PSD was truncated at the No. 4 sieve (d = 4.75 mm) to provide a clear distinction between 
the synthetic waste rock and tailings, and also to increase tailings storage capacity in the waste 
rock skeleton.  Synthetic waste rock created at the target PSD classified as poorly graded gravel 
(GP) according to the Unified Soil Classification System (USCS) (ASTM D 2487). 

Physical characteristics of the synthetic waste rock are summarized in Table 1.  Synthetic 
waste rock particles were visually identified as sub-angular to angular and composed primarily 
of sandstone and limestone.  The specific gravity (Gs) was obtained using the buoyant weight 
method described in ASTM C 127, and the Gs of 2.51 refers to an oven-dried specific gravity. 

 
 

Table 1. Summary of waste rock and tailings classification and physical characteristics. 

Material LL 
(%) 

PI 
(%) USCS 

Sand 
Content 

(%) 

Fines 
Content 

(%) 

Clay 
Content 

(%) 
Gs emax

a emin 

Waste Rock - - GP - - - 2.51 0.72 0.48 
Fine Garnet 18.8 0.4 ML 36.7 63.3 6.6 3.07 - - 

Coarse Garnet - - SP 89.9 10.1 - 2.99 0.82 - 
Note: LL = liquid limit; PI = plasticity index; USCS = Unified Soil Classification System; Gs = 
specific gravity; emax = maximum void ratio; and emin = minimum void ratio. 
aMeasured according to Method A in ASTM D 4254. 
 
 
The maximum void ratio (emax) was determined according to Methods A and B in ASTM D 
4254.  Oven-dried waste rock was placed in a 14,200-cm3 mold via hand scoop (Method A) and 
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by extracting a soil-filled, 200-mm-diameter tube (Method B).  The minimum void ratio (emin) 
was measured by vibrating oven-dried waste rock in a 14,200-cm3 mold at a frequency of 60 Hz 
for 15 min (ASTM D 4253-Method 2A).  The emax from Method A was 0.72 and from Method B 
was 0.76; the emin was 0.48. 
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Figure 3. Particle size distributions for synthetic waste rock, fine-garnet, and coarse-garnet tailings. 

 

3.2 Mine Tailings 
The classification and characterization of each tailings material are in Table 1 and PSD 
measured from mechanical sieve and hydrometer tests (ASTM D 422) are shown in Fig. 3.  
Atterberg limits were obtained following ASTM D 4318 and used to classify the tailings 
according to the USCS.  Fine-garnet tailings classified as low plasticity silt (ML) with liquid 
limit = 18.8% and plasticity index = 0.4%.  Atterberg limits were not measured for the coarse-
garnet tailings as this material contained 10.1% < 0.075 mm and classify as poorly graded sand 
(SP). 

Method B from ASTM D 4254 was used to determine emax of the coarse-garnet tailings.  A 
100-mm-diameter tube was filled with oven-dried tailings and slowly extracted to deposit 
tailings into a 2830-cm3 mold.  An emax of 0.82 was determined for the coarse-garnet tailings.  
The water pycnometer method outlined in ASTM D 854 was used to measure Gs for each 
tailings material, which ranged from 3.07 for fine-garnet to 2.99 for coarse-garnet tailings 
(Table 1). 

3.3 Triaxial Compression Testing 
Synthetic waste rock and waste mixture specimens were tested in a large scale triaxial (LSTX) 
apparatus that included 150-mm-diameter specimens to allow inclusion of particles up to 25.4 
mm in diameter.  Conventional 38-mm-diameter triaxial (TX) specimens were used for testing 
tailings specimens since dmax was  ≤  2.00  mm  (Table  1).    Triaxial  tests  were  conducted  at  target  
effective  confining  stresses  (σʹc) of 5, 10, 20, and 40 kPa. 

Consolidated undrained (CU) triaxial tests were conducted on the synthetic waste rock, 
tailings, and waste mixtures at in accordance with ASTM D 4767.  Consolidated drained (CD) 
tests were performed following ASTM D 7181 on the synthetic waste rock.  All CU and CD 
specimens were back-pressure saturated to achieve a B-value  ≥  0.95.     Consolidated  undrained  
tests were sheared at an axial strain rate of 1%/h, and CD tests were sheared at an axial strain 
rate of 20%/h.  Strain rates were selected based on the time required to reach 50% of primary 
consolidation as described in ASTM D 4767.  All triaxial tests were conducted to an axial strain 
of at least 20%. 
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3.3.1 Waste Rock and Waste Mixture Specimen Preparation 
Synthetic waste rock and waste mixture specimens were prepared in a 300-mm-tall by 150-mm-
diameter split mold lined with a 2-mm-thick rubber membrane.  The membrane thickness was 
necessary for LSTX testing to avoid membrane puncture due to the large, angular waste rock 
particles.  The membrane correction recommended by La Rochelle et al. (1988) was applied to 
the triaxial test data to account for the additional resistance and strength contributed by the 
membrane. 

Waste mixture specimens were prepared following the slurry displacement method developed 
by Khalili and Wijewickreme (2008).  The waste mixture was created by adding waste rock in 
1-kg increments to the tailings slurry and mixing by hand.  The membrane-lined mold cavity 
was filled to a height of 100 mm with the same tailings slurry used to create the waste mixture.  
The waste mixture was then deposited incrementally into the mold in six layers and displaced 
the tailings slurry as filling progressed.  A 25-mm-diameter rod was used to gently tamp each 
layer.  Tamping was completed to create a level surface for each layer and was not intended to 
densify the specimen.  A filter paper, porous stone, and top platen were placed on top of the 
specimen after filling. 

The specimen was allowed to consolidate under self-weight for 1 d.  Specimen consolidation 
was performed within the split mold to mirror preparation of tailings only specimens (described 
subsequently).  Dead weights were placed directly on the top platen such that the vertical stress 
(σv)  was  equivalent  to  the  target  σʹc.    A  single  load  increment  was  used  to  reach  σʹc = 5 kPa and 
multiple load increments were  used  to  achieve  σʹc = 10, 20, and 40 kPa.  Loads were increased 
every  24  h   in   increments  such   that  σv =  5,  10,  20,  and  40  kPa,  e.g.,   to  reach  σʹc = 20 kPa, an 
initial load of 5 kPa was placed, the second load was increased to 10 kPa, and a final loading 
was used to attain 20 kPa.  The split mold was removed and the triaxial cell assembled after 
consolidation was complete. Pure synthetic waste rock specimens were prepared in a similar 
manner with the exception that de-aired water was used instead of tailings slurry. 

Waste rock and tailings were mixed at Ropt, which was calculated to be 2.45 for fine-garnet 
and 2.12 for coarse-garnet tailings.  Fine-garnet tailings were prepared as slurry at a water 
content twice the liquid limit with de-aired water and allowed to hydrate for 24 h prior to mixing 
with waste rock.  Coarse-garnet tailings were prepared at a water content of 27.4%, which 
corresponds to 100% saturation at emax. 

3.3.2 Tailings Specimen Preparation 
A schematic of the tailings specimen preparation apparatus is shown in Figure 4.  Tailings 
specimens were prepared following a modified version of the slurry deposition method 
described by Wang et al. (2011).  Fine-garnet tailings slurries were created at the water content 
discussed in the previous section and were poured into a 38-mm-diameter by 101-mm-tall split 
mold lined with a 0.25-mm-thick latex membrane.  Coarse-garnet tailings were deposited into 
de-aired water by extracting a 20-mm-diameter soil-filled tube placed within the split mold.  The 
tube extraction method was used to consistently create coarse-garnet specimens at emax. 

A 0.05-mm-thick paper mold was placed around the outside of the latex membrane prior to 
assembling the split mold and depositing the tailings slurry.  The paper mold aided in 
maintaining specimen shape following removal of the split mold.  The paper mold fell apart 
during filling of the triaxial cell with water and lost all strength prior to shear testing. 

Tailings specimens were consolidated via vertical stress application in two steps prior to 
applying the cell confining pressure in the triaxial test.  The specimens initially were allowed to 
self-consolidate for three hours and subsequently were consolidated under application of a 
vertical stress in a consolidation frame (Figure 4).  The vertical stress was applied via dead 
weights   such   that   the  vertical  stress  was  equivalent   to   the   target  σʹc.  A single load increment 
was used to achieve a vertical stress of 5 kPa, whereas multiple loadings were used to achieve a 
vertical stress of 10, 20, and 40 kPa.  Vertical deformation was monitored during the 
consolidation stage using a dial gage until there was no change between readings.  The 
completion of consolidation was identified using the square root of time method outlined in 
ASTM D 4186.  The split mold was removed and the triaxial cell was assembled following 
completion  of  the  vertical  consolidation  stage  to  achieve  the  target  σʹc. 
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Fig. 4. Schematic of the consolidation frame for triaxial specimen preparation of tailings. 

4 RESULTS AND DISCUSSION 

A summary of test parameters and results for each material are in Table 2.  Relationships of 
volumetric strain (εv)  versus  εa for CD tests conducted on the synthetic waste rock are shown in 
Figure 5.  Relationships of ue versus εa for CU tests conducted on the fine- and coarse-garnet 
tailings as well as the WR&T mixtures are shown in Figure 6. The failure criterion of reaching 
the Kf line (Figure 2) yielded consistent values of ϕʹ for the fine-garnet tailings and was used to 
define failure for all triaxial tests.  The synthetic waste rock had an average ϕʹ = 41.5° and 
became   increasingly   contractive   as   σʹc increased (Figure 5).  At σʹc = 5 kPa, the waste rock 
displayed dilative behavior and transitioned to purely contractive  behavior  at  σʹc = 40 kPa. 
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Figure 5. Relationships of volumetric strain versus axial strain from consolidated-drained triaxial 

compression tests conducted on the synthetic waste rock at effective confining pressures of 5, 
10, 20, and 40 kPa.  

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

397



Fine-garnet tailings expressed dilative tendencies (i.e., negative ue), which is typical behavior 
for nonplastic silts (e.g., Brandon et al. 2006; Wang and Luna 2012).  The excess pore water 
pressure during axial deformation of the fine-garnet tailings transitioned from negative to 
predominantly positive as   σʹc increased (Figure 6a), suggesting reduced dilatancy with 
increasing σʹc.  Fine-garnet tailings  tested  at  σʹc = 40 kPa were the most contractive (Figure 6a) 
of all materials tested in the CU tests.  Coarse-garnet tailings had a larger ϕʹ of 39.8° compared 
to fine-garnet tailings (ϕʹ = 36.0°) and also displayed more pronounced dilative tendencies 
during shear (i.e., more negative excess pore pressures).    With  the  exception  of  tests  at  σʹc = 20 
kPa, the tendency to dilate increased   with   increasing   σʹc (Figure 6b).  Cavitation may have 
occurred  during  the  tests  at  σʹc = 20 kPa as ue reached the back-pressure used during saturation 
(i.e., pore pressure approaching 0 kPa). 
 
 
Table 2. Summary of testing parameters and results from triaxial compression tests. 

Material Test 
Type 

Target  σc' 
(kPa) 

σc' 
(kPa) 

ϕʹa 
(°) 

εa,f 
(%) Rb eo

c ef 

Waste Rock 

CD 

5 5.70 45.4 1.1 - 0.69 0.72 
5 6.10 41.6 4.0 - 0.68 0.71 

10 10.80 40.2 6.8 - 0.72 0.72 
20 20.70 40.1 5.9 - 0.72 0.72 
40 40.00 40.0 8.4 - 0.72 0.68 

Fine-Garnet 
Tailings CU 

5 4.28 36.6 10.0 - 0.76 - 
10 9.84 33.9 11.3 - 0.72 - 
20 20.00 37.0 11.8 - 0.70 - 
40 40.01 36.3 10.8 - 0.65 - 

Coarse-
Garnet 

Tailings 
CU 

5 4.70 41.2 6.2 - 0.81 - 
10 10.04 38.3 6.3 - 0.81 - 
20 20.04 40.9 5.7 - 0.80 - 
20 20.22 39.7 4.4 - 0.79 - 
40 39.93 39.1 5.9 - 0.79 - 

Mixture: 
Fine-Garnet 

& Waste 
Rock 

CU 

5 6.78 39.9 6.0 2.53 0.73 - 
10 13.39 40.6 2.5 2.45 0.71 - 
20 22.71 40.6 2.8 1.72 0.73 - 
40 43.97 40.3 2.4 2.33 0.71 - 

Mixture: 
Coarse-

Garnet & 
Waste Rock 

CU 

5 8.31 41.5 3.8 2.30 0.66 - 
10 12.94 37.8 21.8 2.16 0.61 - 
20 23.14 37.1 5.4 2.26 0.62 - 
40 40.56 40.3 3.8 2.16 0.63 - 

Note:  σʹc = effective confining stress; ϕʹ =  effective  peak  friction  angle;;  εa,f = axial strain at failure; R = 
mixture ratio; eo = initial void ratio; ef = final void ratio; CD = consolidated drained; and CU = 
consolidated undrained. 
aFailure criterion of reaching the Kf line in pʹ-q space used to determine ϕʹ. 
bListed values of R are for as-prepared mixtures. The optimum R was targeted for fine-garnet tailings (R 
= 2.45) and coarse-garnet tailings (R = 2.12) mixtures. 
ceo for mixtures refers to the void ratio of the waste rock skeleton during shear. 

 
 

Mixtures of fine-garnet tailings and waste rock had an average ϕʹ of 40.4° and were dilative at 
all  σʹc as shown in Figure 6c.  In contrast to CU tests on the fine-garnet tailings alone, the fine-
garnet WR&T mixture exhibited increasingly dilative tendencies as σʹc increased.  Coarse-garnet 
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tailings mixed with waste rock had a slightly lower average ϕʹ of 39.2° and became increasingly 
contractive   as   σʹc increased (Figure 6d).  The coarse-garnet mixture only expressed dilative 
tendencies at  σʹc = 5 kPa and behaved as a more contractive material at  σʹc = 40 kPa (Fig. 6d). 
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Figure 6. Relationships of excess pore pressure versus axial strain from consolidated-undrained triaxial 

compression tests on (a) fine-garnet tailings, (b) coarse-garnet tailings, (c) fine-garnet mixture, 
and (d) coarse-garnet mixture at effective confining pressures of 5, 10, 20, and 40 kPa. 

 
 
The εv or ue versus   εa behavior from the CD and CU tests   conducted   at   σʹc = 40 kPa for all 
materials is shown in Figure 7.  Both WR&T mixtures had similar shear strength as the synthetic 
waste rock (Table 2), which agrees with past studies (e.g., Khalili et al., 2010) that suggest the 
coarse-grained skeleton of the mixture has a pronounced effect on the strength of the mixture.  
However, shear behavior of the mixtures differed from anticipated behavior based on shear 
behavior of the tailings alone.  The fine-garnet tailings alone expressed modest dilative 
tendencies at σʹc = 40 kPa, but the mixture was considerably more dilative (Figure 7).  In 
contrast, the coarse-garnet tailings alone expressed strong dilative tendencies at σʹc = 40 kPa, but 
the mixture expressed negligible volume change based on ue ≈  0  kPa during shear deformation 
(Figure 7). 

The contractive nature of the synthetic waste rock at σʹc = 40 kPa suggests that tailings within 
the void space of the WR&T mixtures will experience compressive loading during shear 
deformation.  As the waste rock skeleton of the mixture attempts to contract during shearing, the 
shearing stresses are transferred through the tailings fraction within the void space.  Thus, the 
authors anticipated shear behavior of the tailings alone to be representative of shear behavior of 
the WR&T mixtures. 
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The strong dilative tendencies of the fine-garnet mixtures (Figure 6c) may be an effect of the 
as-prepared R (Table 2).  Although an R = Ropt was targeted, the as-prepared R for  tests  at  σʹc = 
20 and 40 kPa was < Ropt, which would result in waste  rock  particles  “floating”  in  the tailings 
matrix as inclusions.  As the mixture specimens consolidated and the waste rock particles were 
forced into contact, there was potential to increase the density of the tailings in the mixture due 
to concentrated stresses induced by the waste rock particles.  This potential for elevated 
compression stresses in the mixtures may have led to higher tailings densities relative to the 
tailings alone.  An increase in consolidation of tailings in the mixtures would lead to enhanced 
dilative tendencies compared to the tailings alone. 

In contrast, the coarse-garnet tailings exhibited contractive tendencies within the WR&T 
mixture, whereas the coarse-garnet tailings alone was strongly dilative (Figure 7). When tested 
individually, the coarse-garnet tailings, which contain ~10% fines, may behave as a mixture 
similar to co-mixed WR&T with fine-garnet tailings.  The sand particles in the coarse-garnet 
tailings would be analogous to the waste rock particles and the fines are similar to the fine-
garnet tailings.  As the specimen is consolidated and subsequently sheared, the sand particles 
contract applying stress to the fines that respond by dilating.  The authors currently are 
investigating the hypothesis of elevated compressive stresses in WR&T mixtures that may lead 
to increased tailings densities and more dilative shear behavior.  The implications of this 
hypothesis are important towards understanding shear behavior of WR&T mixtures and 
predicting stability for final cover applications. 
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Figure 7. Comparison of shear behavior for each material at an effective confining stress of 40 kPa.  

Excess pore pressure versus axial strain is shown for fine-garnet and coarse-garnet tailings 
alone and mixed with waste rock.  Volumetric strain versus axial strain is shown for waste rock. 

5 CONCLUSIONS 

The effect of tailings composition on the shear behavior of co-mixed WR&T was evaluated with 
a series of drained and undrained triaxial compression tests.  Mixtures were created from a 
synthetic waste rock and garnet tailings separated into coarse and fine fractions.  The following 
conclusions were drawn from the study: 

x Shear strength of co-mixed WR&T is similar to the waste rock used in the mixture, 
regardless of tailings composition.  The average peak effective stress friction angle (ϕʹ) 
for the waste rock was 41.5°.  The mixtures had slightly lower ϕʹ of 40.4° for fine-garnet 
mixtures and 39.2° for coarse-garnet mixtures. 

x When the matrix of co-mixed WR&T is a silty tailings (e.g., fine-garnet tailings), shear 
behavior of mixture will be similar to that of tailings behavior.  Waste rock particles 
will attempt to contract during shear transferring shearing stresses to the silty tailings 
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which will display dilative behavior.  Both the fine-garnet tailings alone and mixed with 
waste  rock  were  dilative  at  all  effective  confining  stresses  (σʹc). 

x Waste rock mixed with sandy tailings (e.g., coarse-garnet tailings) will display similar 
shear behavior to that of waste rock alone.  Both materials when prepared in a loose 
state should contract during shear.  The coarse-garnet tailings mixtures and waste rock 
became more contractive   as   σʹc increased.  However, coarse-garnet tailings alone 
showed dilative tendencies, which may be due to the presence of fines causing behavior 
similar to that seen in co-mixed WR&T with fine-garnet tailings. 

x Preparing WR&T mixtures at a mixture ratio (R) less than optimum (Ropt) may increase 
the tailings density as waste rock particles are forced into contact.  The increase in 
tailings density may lead to dilation during shear even when the waste rock is in a loose 
state.  At  σʹc = 40 kPa, the fine-garnet tailings mixture was prepared at R < Ropt and 
exhibited stronger dilative tendencies than fine-garnet tailings alone. 
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1 INTRODUCTION 
 
Heap leach technology has been practiced since the mid-sixteenth century, when miners in 
Hungary extracted copper from low-grade ores (Hunter, 2013). Due to its low capital and oper-
ating costs, heap leaching has long been an attractive option for the recovery of base and pre-
cious metals from low grade ores.  

The three main types of uranium recovery from ore are conventional milling, in situ recovery 
(ISR), and heap leaching. In the United States, heap leaching has been used historically for re-
covery of uranium from mineralized rock that is considered too low grade for conventional mill-
ing. Low uranium prices in the 1980s combined with increasingly strict environmental regula-
tions halted the use of heap leaching technology for recovery of uranium in the United States 
(Hunter, 2013). However, several processing facilities in other countries are currently extracting 
uranium via heap leach methods, and heap leaching is being investigated for uranium recovery 
at several new development projects in the United States. 

2 HISTORIC URANIUM HEAP LEACHING IN THE UNITED STATES 
 

Historically, source material was defined by the Atomic Energy Commission (AEC) as ores 
containing 0.05 percent or more of uranium, thorium, or a combination thereof (Beahm, 2013). 
As a result, in the 1950s and 1960s prior to modern regulatory requirements, ore containing less 
than 0.05 percent uranium was occasionally processed in small heaps, as the process was con-
sidered a mining operation as opposed to a processing operation (Beahm, 2013). Later, in the 
1970s and 1980s, larger scale uranium heap leach facilities were operated, such as Western Nu-
clear’s Day Loma heap leach and Umetco’s East Gas Hills heap leach, both located in the Gas 
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Hills of Wyoming (Fremont and Natrona Counties). Also, during the same timeframe, Umetco 
Minerals Corporation operated the Maybell heap leach in Moffat County, Colorado, and 
Ranchers Exploration and Development Corporation (later merged with Hecla Mining Compa-
ny) operated the Durita heap leach in Montrose County, Colorado. 

At the Day Loma heap leach site, Western Nuclear used the heap leach process to extract 
uranium from low-grade ore-bearing material that was transferred from its Split Rock uranium 
mill, located near Jeffrey City, Wyoming (NRC, 1997). Western Nuclear obtained a license in 
1962 for the project, and operated the facility until 1972 (NRC, 1997). Based on a review of 
available literature, approximately 500,000 tons of low grade uranium-bearing rock was placed 
on a concrete or asphalt lined pad and leached with acidic solution.  

Heap leach activities at Umetco’s Gas Hills uranium recovery facility in Wyoming com-
menced in 1960, and extended until the early 1980s (NRC, 2008). Umetco’s heap leach facility 
comprised approximately a 60 acre area. At the East Gas Hills heap leach facility, low grade 
(less than 0.05 percent U3O8) run-of-mine uranium ore was leached in a series of cells (100-feet 
by 250-feet) ponded with acidic solution, with a reported 82 percent U3O8 recovery (Beahm, 
2013).  

The Durita heap leach was constructed and operated as a secondary-extraction heap leach fa-
cility that recovered uranium and vanadium from mill tailings originally processed through the 
Naturita Mill (Burnham, 1998). Tailings were placed in three large earth-bermed clay-lined 
leach tanks and percolated with dilute sulfuric acid to leach the uranium and vanadium from the 
tailings (Stoffey, 2004). The Durita facility was operated for a short period extending from 
1977 to 1979 (Stoffey, 2004). In 1979, the heap leach operation reportedly produced 154,000 kg 
of U3O8 and 726,000 kg of V2O5 from 544,000 tonnes of tailings (Hunter, 2013). The average 
concentration of U3O8 in the feed was less than 0.05 percent, and the vanadium concentration 
was about 0.3 percent; a recovery of 72 percent U3O8 and 45 percent V2O5 was reported 
(Hunter, 2013). The Durita ore was first agglomerated using sulfuric acid in a rotating drum, 
which improved the permeability of the material as well as the solubility of the vanadium 
(Hunter, 2013). 

Heap leach cells were constructed at the Maybell uranium project in Moffat County, Colora-
do, by Umetco Minerals Corporation in 1975 through 1982 (DOE, 2011). During operations, 
low-grade uranium ore mined from local pits in the Miocene Browns Park formation host rock 
were placed in heap leach cells constructed with 35- to 55-foot-high berms, and leached with 
sulfuric acid (DOE, 2011). The leachate, once upgraded, was processed using ion exchange 
(DOE, 2011). Oregon Energy (2014) is currently exploring the historic Maybell uranium project 
area with the intent of delineating a near-surface uranium resource with potential for extracting 
by open pit mining methods; they are considering conventional heap leaching of the ore extract-
ed from the open pits.  

3 URANIUM HEAP LEACHING CONSIDERATIONS 
 

Companies such as Rio Tinto and the French nuclear power company, Areva, are planning to 
commercialize uranium heap leaching at their projects in Namibia, while Rio Tinto is also con-
sidering employing the technology at a project in Australia. Heap leaching of uranium ore can 
occur in several different types of facilities, with the following three types having been consid-
ered for currently-proposed uranium projects: (i) conventional heap leach facility; (ii) on-off 
heap leach facility; and (iii) vat leach. 

3.1 Conventional uranium heap leaching 
Some ore, typically low-grade (below 0.1 percent U3O8), is treated by heap leaching. Within a 
heap leach facility, ore (crushed or run-of-mine) is stacked in lifts on an impermeable lined pad, 
where it can be irrigated with a leach solution (acid or alkaline) to dissolve the valuable miner-
als.  While sprinklers (i.e., wobblers) are occasionally used for irrigation, drip emitters are used 
most frequently for irrigation to minimize evaporation and provide more uniform distribution of 
the leach solution. The solution then percolates through the heap and leaches the target miner-
als.  
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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 
collected via an overliner drainage system designed and constructed above the liner.  The drain-
age system is typically comprised of coarse-grained gravel with a piping network, and a gravel 
thickness of two feet is common.  After mineral extraction, the leaching solution is termed 
pregnant leach solution (or PLS).  The PLS is collected and transported to a collection pond, 
which may be either external to the heap (most common) or internal to the heap. 

The PLS is then transported to the process plant where it is treated to recover the uranium, 
and then recycled to the heap after reagent levels are adjusted. Either solvent extraction (SX) or 
ion exchange (IX) may be used to process the uranium-enriched PLS. Mineral recoveries from 
heap leach facilities are typically in the range of 50 to 80 percent, depending on a number of 
factors. A schematic of the conventional uranium heap leach process is provided in Figure 1.  

 

 
 
Figure 1. Typical uranium heap leach facility processing schematic. 

 
 
For solution collection external to the heap, which is most typically the case, ore is stacked 

above the liner in lifts at the angle of repose, with set-back benches to achieve the designed ex-
ternal slope based on stability considerations. As such, for the case of external solution collec-
tion, the drainage system discussed above is designed to minimize head on the liner. One refer-
ence on heap leach pad design (JBR, 1998) states that “unless otherwise justified based upon 
site specific criteria and other heap leach pad design components, the system should be de-
signed with a hydraulic head of no more than 12 inches.” Standard practice typically includes 
design of the overliner drainage layer to minimize solution head above the drainage layer to 
about twelve inches, for a total hydraulic head on the order of two to three feet above the liner 
system.  

When the collection pond is internal to the heap, the area of the pond (i.e., pregnant solution 
storage area or PSSA) is typically small in comparison to the total area of the heap leach facili-
ty, and the PSSA is typically double-composite-lined with an intervening leak collection and re-
covery system. The porosity of the ore within the PSSA must be high enough to support the an-
ticipated solution storage volume (i.e., pond volume), and the strength of the ore must be 
sufficiently high such that the porosity does not decrease significantly under load.  As such, in-
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ternal pond storage is most typical for gold mines where the rock exhibits high strength under 
load.  Uranium ore is typically considerably finer-grained than gold ore, lending to lower poros-
ities and lower strength characteristics making an internal pond less desirable or achievable.  
Also, it is important to note that the saturated area within the PSSA is constructed fully below 
grade, as saturated ore exhibits reduced strength characteristics (i.e., reduced stability). 

In recent years, the addition of an agglomeration drum has been shown to improve the heap 
leaching process on some ores, allowing for a more efficient leach. The rotary drum agglomera-
tor works by taking the crushed ore fines and agglomerating them into more uniform larger par-
ticles. This may improve the efficiency of the leaching solution to percolate through the ore pile 
(i.e., increased permeability). An agglomerating drum also has the added benefit of being able 
to pre-mix the leaching solution with the ore fines, to achieve a more concentrated, homogene-
ous mixture, and allowing the leaching process to begin immediately upon placement within the 
heap leach facility. 

After the material ceases to yield significant further uranium, the heap leach facility is rinsed 
and drained. Typically, a conventional heap leach facility is closed in-place. However, the spent 
ore may be removed and placed in a separate lined repository, allowing re-use of the heap leach 
facility, such as the case with an on-off heap leach facility, discussed below. 

3.2 On-off heap leach facility 
An on-off heap leach facility involves construction of a robust foundation that allows regular 
trafficability while protecting the liner system (e.g., concrete or sacrificial gravel drainage zone 
above the liner system).  In this type of facility, ore is typically placed in a single lift, leached, 
and then removed and placed in a waste repository (similar to a tailings storage facility).  Typi-
cally, an on-off facility is operated with a minimum of four cells, with each cell rotating through 
the following operations: (i) ore loading; (ii) ore primary leaching; (iii) ore secondary leaching 
or resting; and (iv) excavation and removal of ore.  Additional cells may be incorporated for 
curing, rinsing, and draining of the ore, if needed, for a total of six or more operational cells. An 
on-off facility may be selected for ore with low permeability characteristics and/or rapid leach-
ing characteristics.  At the end of operations, the on-off heap leach facility is typically removed 
and reclaimed, while the spent ore remains in a permanent repository.  

Rio Tinto has proposed construction of an on-off heap leach facility above the existing tail-
LQJV�IDFLOLW\�DW�WKHLU�5ऺVVLQJ�8UDQLXP�3URMHFW�LQ�1DPLELD��ZLWK�VSHQW�RUH�WR�EH�SODFHG�LQ�DQ�Dd-
jacent waste repository (Aurecon, 2011). Rio Tinto has proposed similar on-off heap leaching 
of low grade uranium ore in lined cells about five meters high and covering about 60 to 70 hec-
tares at their Ranger project in Australia. Additionally, Areva reportedly completed a pilot scale 
operation to investigate the on-off method for leaching of low grade uranium ore at their Trek-
kopje uranium mine in Namibia. 

3.3 Vat leaching 
Vat leaching involves placing ore, usually after size reduction and classification, into large 
tanks or vats containing a leaching solution (acid or alkaline) and allowing the uranium to leach 
from the ore into solution. At completion of the leaching process, the spent ore is removed from 
the vats and placed in a waste repository (similar to a tailings storage facility).  The vats are typ-
ically temporary structures associated with the plant (solvent extraction or ion exchange), while 
the spent ore remains in a permanent repository. 

4 PROPOSED URANIUM HEAP LEACH PROJECTS IN WYOMING 
 
Energy Fuels, Inc. (Energy Fuels) is the largest conventional uranium producer in the United 
States, with uranium properties in Utah, Colorado, Arizona, New Mexico and Wyoming. Ener-
gy Fuels also owns the only operating conventional uranium mill, the White Mesa Mill, located 
in Utah. Energy Fuels is currently considering heap leaching of uranium ore derived from their 
properties in Wyoming. A map illustrating the locations of these projects is provided as Figure 
2.  
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Figure 2. Location of Energy Fuels’ uranium projects in Wyoming. 

 
 
In general, the uranium mineralization at Energy Fuels’ properties in Wyoming is considered 

low grade, making conventional processing of the ore at a distant mill less desirable. Refer to 
Table 1 for the measured and indicated uranium reserves at the various projects. Also, the min-
eralized units at these properties are not hydrogeologically confined, limiting the feasibility of 
ISR for processing of the uranium ore.  

 
Table 1. Measured and indicated uranium reserves (Beahm, 2012; Beahm & McNulty, 2014; Nielsen et 
al., 2013).  
Project Tons 

(‘000) 
Grade 
(% eU3O8) 

Pounds U3O8 
(‘000) 

Sheep Mountain 12,895 0.12% 30,285 
Gas Hills 2,300 0.13% 5,400 
Juniper Ridge 5,233 0.06% 6,120 
*Excludes inferred uranium resources. 

4.1 Sheep Mountain Uranium Project 
The Sheep Mountain Project, located in Fremont County, Wyoming, is proposed to use conven-
tional open pit and modified room and pillar underground mining methods to extract uranium 
ore, which would be processed onsite using heap leach methods and a process plant to extract 
the uranium (BRS & Energy Fuels, 2013). The proposed Sheep Mountain process facility lay-
out is illustrated in Figure 3. 

The project is located in an area of historic uranium mining development, the earliest of 
which dates back to the 1950s. Uranium mineralization is contained in the Eocene Battle Spring 
formation, which is a fluvial deposit (Beahm, 2012). Mineralization at the project occurs in roll-
front deposits, and the two major uranium minerals are uranophane and autunite (Beahm, 2012). 

Bottle roll leach tests were conducted on Sheep Mountain ore samples using both acid and 
alkaline lixiviants (Beahm, 2012). Acid leaching was shown to be preferred for the project, 
based on recovery and cost of lixiviant, while alkaline leach tests showed some swelling of clay 
minerals that could impede flow in the heap (Beahm, 2012). Column leach testing performed on 
the ore showed the potential for high uranium recovery, in excess of 90 percent (Beahm, 2012).  
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Figure 3. Proposed Sheep Mountain Project processing facility layout (BRS & Energy Fuels, 2013).  

 
 
After being received at the processing facility, ore would be agglomerated and placed on the 

lined heap leach pad using a radial belt conveyor. The heap leach recovery method proposed for 
the project includes application of a sulfuric acid solution through low-flow drip emitters placed 
on top of the heap for extraction of the uranium mineral from the ore. Solution would percolate 
through the ore on the heap leach pad by gravity flow. 

The heap leach pad area is proposed to be approximately 40 acres in size, and constructed 
partially below grade (BRS & Energy Fuels, 2013). A triple liner containment system, which 
incorporates two leak detection systems, is proposed for installation on top of prepared sub-
grade materials (Figure 4). Leak detection sumps would be placed at low points between the 
primary and secondary liners, as well as between the secondary and tertiary liners.  

Collection pipes would be placed directly over the primary liner in order to enhance solution 
collection, while minimizing solution head on the liner system. Above the synthetic lining sys-
tem and collection pipe network, a minimum of 24 inches of gravel overliner materials will be 
placed as both a drainage layer and a cushioning layer to protect the liner from damage by 
equipment (BRS & Energy Fuels, 2013). The collection pipe network would convey the solu-
tions that pass through the heap to a lined external collection pond via gravity flow.  
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Figure 4. Proposed Sheep Mountain heap leach pad liner system (BRS & Energy Fuels, 2013).  

 
 
The pregnant leach solution would be pumped to the process plant or re-circulated from the 

process ponds (i.e., collection pond and raffinate pond) to the heap until they reach the desired 
concentration for processing. Leach solutions returned from the heap to the process ponds are 
regenerated with acid and an oxidant, as necessary, and recycled through the heap until the so-
lution grades are enriched to suitable levels for processing (BRS & Energy Fuels, 2013). En-
riched leach solution would then be pumped to the process plant for uranium recovery.  

4.2 Lower Gas Hills Uranium Project 
In 2013, Energy Fuels acquired Strathmore Resources, which included their proposed Lower 
Gas Hills Uranium Project. The project is located in Fremont and Natrona Counties, Wyoming. 
The project is proposed to use conventional open pit methods with onsite heap leach processing 
of uranium ore. As noted previously, uranium heap leach facilities have been operated in this 
district historically. 

Like the Sheep Mountain Project, the proposed Lower Gas Hills Uranium Project is located 
in an area that has been an active uranium mining district since the early 1950s. The host for 
uranium mineralization is the Eocene Wind River formation, a continental fluvial sedimentary 
sequence consisting of arkosic sandstones with lesser amounts of siltstone, carbonaceous mud-
stone, and tuffaceous sandstone (Nielsen et al., 2013). The uranium deposits at the project are 
roll-front type deposits. These deposits are formed where oxidized and soluble uranium is car-
ried down a permeable sandstone bed to a point where it meets reducing conditions, and the 
uranium is reduced and deposited as uraninite and coffinite along the roll-front (Nielsen et al., 
2013). 

Bottle-roll tests report recoveries of 82 to 94 percent, and preliminary column leach testing 
reports an overall recovery of 91 percent (Nielsen et al., 2013). Both acid leach and alkaline 
leach are being considered for extraction of uranium from the ore derived from the project. 

4.3 Juniper Ridge Uranium Project 
Energy Fuels controls the proposed Juniper Ridge Uranium Project, located in Carbon County, 
Wyoming. The project is proposed to use open pit mining in conjunction with on-site heap 
leach recovery, producing an intermediate uranium concentrate in the form of loaded resin that 
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would be shipped to a central processing facility for concentration of the uranium via ion ex-
change (Beahm & McNulty, 2014).  

The project is located in an area of historic uranium mining, with commercial uranium min-
ing occurring intermittently from 1954 to 1966 (Beahm & McNulty, 2014). Uranium minerali-
zation at the project occurs within an Eolian stratigraphic unit of the Miocene Browns Park 
formation (Beahm & McNulty, 2014). Uranium mineralization at the project occurs in roll-
fronts.  

A similar Browns Park hosted uranium deposit located near Maybell, Colorado, has been 
mined successfully in the past (Beahm & McNulty, 2014), and the Maybell project employed 
heap leaching as a method for uranium recovery. At this stage, current metallurgical testing has 
not been completed for the project; however, ore from the project area was historically shipped 
to other nearby conventional mills that utilized acid leach (Beahm & McNulty, 2014).  

5 REGULATORY FRAMEWORK SURROUNDING URANIUM HEAP LEACHING 
 
The Atomic Energy Act of 1954, as amended, includes several definitions for “byproduct mate-
rial”, with 11e.(2) byproduct material defined as “the tailings or wastes produced by the extrac-
tion or concentration of uranium or thorium from any ore processed primarily for its source ma-
terial content.” The term 11e.(2) byproduct material is broadly defined to encompass all wastes 
associated with the generation of source material at licensed source material recovery facilities, 
and therefore includes a multitude of waste streams such as mill tailings, process fluids (e.g., 
ISR bleed), contaminated soils, and even mill contaminated components (Thompson & Pugsley, 
2013). As such, spent ore contained in a uranium heap leach facility becomes 11e.(2) byproduct 
material once the uranium extraction process is complete.  

Under the Uranium Mill Tailings Radiation Control Act (UMTRCA) of 1978, as amended, 
the Environmental Protection Agency (EPA) has the responsibility of establishing standards for 
exposure of the public to radioactive materials originating from mill tailings for active uranium 
extraction facilities licensed by the United States Nuclear Regulatory Commission (NRC) or an 
Agreement State. The Agreement State program grants licensing and inspection authority to 
states for by-product, source, or certain quantities of special nuclear materials used or possessed 
within Agreement State borders. Though the majority of the 50 states are Agreement States, in-
cluding Utah and Texas where uranium recovery operations are active, the state of Wyoming is 
currently not an Agreement State, and thus the regulatory authority falls primarily under the ju-
risdiction of the NRC. However, the state of Wyoming is currently considering applying for 
Agreement State status, and has commissioned a study to explore this option (Thompson & 
Pugsley, 2013). 

5.1 NRC regulatory authority over uranium heap leach facilities 
NRC regulations are issued under the United States Code of Federal Regulations (CFR) Title 
10, Chapter 1. Specifically, Part 40 (Domestic Licensing of Source Material) and Appendix A 
to Part 40 (Criteria Relating to the Operation of Uranium Mills and the Disposition of Tailings 
or Waste Produced by the Extraction or Concentration of Source Material from Ores Processed 
Primarily for their Source Material Content) outline the requirements for design of 11e.(2) by-
product storage facilities. Given the common definition of 11e.(2) byproduct material to en-
compass both uranium mill tailings as well as spent uranium ore in a heap leach facility, these 
regulations are therefore considered to extend to design, construction, operation and closure of 
a uranium heap leach facility. 

The NRC is currently in the process of developing a guidance document for uranium heap 
leaching. However, in lieu of this NRC guidance document, industry anticipates that design of a 
uranium heap leach facility should be in general accordance with the criteria developed for de-
sign of uranium mill tailings storage facilities. The primary reasons supporting this conclusion 
include their common definition as 11e.(2) byproduct material once processing is complete, 
and, for a conventional heap leach facility, the heap leach pad itself becomes the long-term 
waste management facility.  

Several citations from the NRC regulations are considered conducive to the typical operation 
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of a conventional uranium heap leach facility, as limiting the driving head on the liner system is 
a key design component of the operation, as well as a major factor contributing to reduced 
seepage potential, and hence limiting risk of groundwater contamination. Criterion 5E in Ap-
pendix A to 10 CFR Part 40 states that “in developing and conducting ground-water protection 
programs, applicants and licenses shall also consider” the following: 

 
� “…mill process designs which provide the maximum practicable recycle of solutions and 

conservation of water to reduce the net input of liquid to the tailings impoundment [or heap 
leach facility].” 

� “…dewatering of tailings [or 11e.(2) byproduct material] by process devices and/or in-situ 
drainage systems (At new sites, tailings [or 11e.(2) byproduct material] must be dewatered 
by a drainage system installed at the bottom of the impoundment to lower the phreatic sur-
face and reduce the driving head of seepage…” 

 
Appendix A to 10 CFR Part 40 provides flexibility to the regulations, stating that “licensees 

or applicants may propose alternatives to the specific requirements…The Commission may find 
that the proposed alternatives meet the Commission’s requirements if the alternatives will 
achieve a level of stabilization and containment of the sites concerned, and a level of protection 
for public health, safety, and the environment from radiological and nonradiological hazards as-
sociated with the sites, which is equivalent to, to the extent practicable, or more stringent than 
the level which would be achieved by the requirements of this Appendix and the standards 
promulgated by the Environmental Protection Agency in 40 CFR Part 192, Subparts D and E.”  

5.2 EPA regulatory authority over uranium heap leach facilities 
The EPA limits emissions of hazardous air pollutants under the authority of the Clean Air Act, 
whereby EPA’s “National Emission Standards for Hazardous Air Pollutants (NESHAPS)” (40 
CFR Part 61) sets limits on hazardous air pollutants from different activities and facilities. In 
April 2014, the EPA issued proposed rulemaking to revise Subpart W of 40 CFR Part 61 (Na-
tional Emission Standards for Operating Uranium Mill Tailings) to extend control over radon 
emissions from uranium heap leach facilities and non-conventional impoundments (such as 
evaporation ponds), in addition to conventional uranium tailings impoundments. EPA’s pro-
posed rules provide requirements for management practices to limit radon emissions from ura-
nium heap leach facilities. 

The EPA proposes that uranium heap leach facilities be limited to a maximum footprint size 
of 40 acres, and that no more than two heap leach facilities be in operation at a given time. 
These are the same management practices that EPA currently applies to conventional mill tail-
ings storage facilities. Low grade ore, as processed within a heap leach facility, is expected to 
emit less radon than a conventional tailings impoundment of a similar size due to the lower 
grade of the ore. Accordingly, limiting the size of the heap to 40 acres appears to be a conserva-
tive approach. 

In addition to limiting the size of a heap leach facility, the EPA is proposing high saturation 
levels to be maintained within all portions of the heap to limit radon emissions. This manage-
ment practice is not in accordance with typical heap leach operations, which minimize solution 
head on the liner. Further, the proposed rulemaking appears to contradict NRC regulations sur-
rounding groundwater protection. At the time of writing of this paper, Energy Fuels and other 
members of industry are participating in the public comment period in an effort to convince the 
EPA that high saturation levels are not necessary to adequately control radon emissions at heap 
leach facilities.  

At present, EPA’s proposed revised rulemaking focuses on regulating an in-place heap leach 
facility, but does not mention on-off heap leach facilities where material is leached on an engi-
neered pad after which the leached ore is removed and placed in a permanent disposal facility. 
Vat leaching is also not mentioned in the proposed rules; however, the vats may be considered 
part of the processing facility and regulated accordingly. 
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6 CONCLUSIONS 
 
Due to its low capital and operating costs, heap leaching is an attractive option for the recovery 
of uranium from low grade ore. The technology has been successfully employed in the past in 
the United States for low grade uranium ore, including facilities in Wyoming and Colorado. En-
ergy Fuels is investigating this technology for their new development projects in Wyoming, 
where the ore grade is around 0.12 percent U3O8 or less. And, the technology is being proposed 
for other uranium projects globally.  Energy Fuels is optimistic that the regulatory framework 
currently in-place in the United States for uranium mill tailings may be applied to uranium heap 
leach projects to allow for the economical extraction of uranium while providing practical con-
trols that are protective of the environment and public health and safety.   
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1 INTRODUCTION 
1.1 General Aspects 
The design, construction and operation of heap leach pads over waste rock facilities pose some 
challenges at each stage of the project. In order to facilitate the identification of critical points, 
as well as assess the advantages and limitations for the combination of these structures, the 
subject has been reviewed from different points by Barreda (2013).  Table 1 presents a summary 
with relevant classifications obtained from this paper in order to analyze the combination of 
heap leach pads and waste rock facilities. 

 
Based on this table, we can observe that the most important component for the combination of 

both structures is the waste dump material and its foundation, since this will need to withstand 
the load imposed by the heap leach pad. The most efficient material for the waste dump is hard 
rock, which provides a good foundation for the structure and results in smaller settlements. 
Using fine materials implies greater care during the geotechnical analysis (stability and 
settlements) and may impose a limitation on the size of structures that can be placed on top of 
the facility.  Additional implications are discussed in Barreda (2013). 
 

 

Heap leach pads over mine waste facilities - Settlement issues 

G. Barreda 
Knight Piésold Consultores S.A., Lima, Peru 

E. García 
Newmont Mining Corporation, Cajamarca, Peru 

ABSTRACT: The design and operation of heap leach projects in mountainous regions are 
associated with challenging conditions that reinforce the need for efficient use of available 
space by the mines.  In this context, the Knight Piésold team sought new approaches to 
overcome these obstacles and explored the construction of leach pads on top of mine waste 
dumps to generate the required storage capacity from land previously thought unusable for a 
process facility. The intention of this paper is to provide information specifically related to 
settlement issues that are inherent with this approach. Existing settlement monitoring 
information gathered from site for several years will be analyzed and compared with the design 
results in order to understand the behavior of the structure and offer guidance for future designs. 
Since early 2000, and based on this concept, several heap leach pad facilities have been 
similarly designed and built in Peru yielding project savings and creating useful capacity.   
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Table 1: Relevant classification for heap leach pads and waste rock dumps  
Classification Heap leach pad Waste rock dump 

Ore/waste type 
of material 

Coarse Hard rock 
Fine grained Weathered or degradable rock 
Agglomerated Overburden 

By preparation of the mate-
rial 

Run of mine (ROM) 

Not prepared Crushed 
Agglomerated 
Chemical 

By method of construction 
(placement of material) 

By lifts (majority) 
Ascending 
 

End dumping 1 single lift 
Platforms and lifts 
Ascending or descending 
Terraces and wrap around 
Buttresses and impact berms 

By method for loading of 
material 

Trucks 
Trucks 
Conveyors and stackers (front 
loading) 

Conveyors and stackers (retreat, 
most common) 
Conveyors and stackers (front 
loading) 

By configuration or opera-
tion 

Reusable (on/off) dynamic or hy-
brid 
Permanent expanding pad sche-
matic 
Valley fill (in heap pond) 

Valley fill 
Cross valley fill 
Side hill fill 
Ridge crest fill 
Heaped fill 

1.2 General Geotechnical Aspects 
In general the total settlement “S”, of a foundation presented by several authors like Holtz and 
Kovacs (1981), Fox (2003), Brajadas (2012), and can be given as: 
 

S = Se + Sc + Ss 
 

Where   Se  = immediate settlement 
 Sc = primary consolidation settlement 
 Ss = secondary compression settlement 
 

Fox (2003) summarizes that immediate settlement is time-independent and results from shear 
strains that occur at constant volume as the load is applied to the soil. Although this settlement 
component is not elastic, it is generally calculated using elastic theory. Both primary and sec-
ondary compression settlement components are time-dependent and result from a reduction of 
void ratio and concurrent expulsion of water from the voids of the soil skeleton. It is important 
to mention that some of these components may not be present, or the effects may be neglibible 
depending on the soil type, and for this particular application, the timing of the loading. 

In granular soils, the immediate settlement is the predominant part of the settlement; and 
there are two predominant mechanisms: distorsion (and crushing) of individual particles and 
relative motion between particles as the result of sliding or rolling. 

For a leach pad founded on a waste dump, the settlement of the pad foundation comprises the 
following components: 
− settlement of the dump foundation produced by the weight of the dump; 
− settlement of the dump foundation produced by the weight of the heap leach pad; 
− settlement of the dump produced by the weight of the dump; and 
− settlement of the dump produced by the weight of the heap leach pad. 

 
Settlement of the dump is critical to the heap leach design as settlement of the dump surface 

will result in settlement of the leach pad liner and solution collection systems, which may affect 
positive drainage of the solution to the process ponds. Moreover, excessive localized differen-
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tial settlements could compromise the integrity of the liner system. Additionally, all the ancil-
lary structures that are typically built as part of a heap leach pad (channels, ponds, tanks, pro-
cess pipes, etc.) have to take this issue into account, providing special attention to the design of 
rigid structures (such as steel pipes, tanks, etc.).  

2 EXISTING SETTLEMENT MONITORING INFORMATION 
 
The settlement information described in the following sections was gathered from a facility 
constructed during the period 2003 -2004 and corresponds to 9 years of monitoring (2004 to 
2013).  First, a general description of the facility is presented to provided context; followed by a 
general description of the design results to then present and discuss the settlement monitoring 
information.  

2.1 General description of the facility 
The monitored structure is a 130m high heap leach pad constructed over a 100m maximum 
thickness waste dump. Using Table 1 to describe the waste dump (main component for settle-
ment), we can mention that the materials contained in the dump comprise pit overburden mate-
rial generated from blasting operations and were characterized as predominately a clayey gravel 
with sand and some isolated cobbles and boulders. The material was placed in end-dumped, un-
compacted lifts using mine haul trucks.  Finally, the waste was placed in a valley fill configura-
tion.  Figure 1 shows a plan view and typical section of the facility, showing the location of the 
monitoring instrumentation.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Plan View and Cross Section of the Facility 
   

As shown in Figure 1, the settlement monitoring instrumentation comprised three settlement 
sensors, located at the soil liner level and along the critical solution drainage section.  This was 
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complemented with surface survey beacons.  Additionally, the facility had other monitoring sys-
tems, such as piezometers, contingency leakage systems (below the leach pad footprint and 
ponds) and an underdrain system located at the foundation level of the waste dump (not dis-
cussed in this paper). 

2.2 General Description of design results 
The waste dump design considered the removal of the weak and compressible unsuitable mate-
rial at the foundation level both to enhance slope stability and minimize settlement. During de-
sign of the leach pad, settlement estimates of the pad foundation were based on the elastic solu-
tion presented by Jurgenson (1934) for distribution of applied vertical stresses, and the tangent 
modulus concept developed by Janbu (1963, 1965 and 1967) for total settlement calculation.  
Several cross sections through the facility were prepared for the analyses and settlement was es-
timated at a number of points along each cross section.  The results were used to prepare the fi-
nal grading plan for the heap leach facility. 

The initial results of the design were later calibrated with the incorporation of a softer waste 
dump profile and the incorporation of elastic settlements in the underlying heavily altered bed-
rock, which initially was assumed to be incompressible.  The predicted results at the three set-
tlement sensors locations are shown in the following Table 2. 

 
Table 2: Predicted Settlement Values  

Settlement 
Sensor ID 

Predicted 
Settlement (m) 

Waste Depth/ 
Heap height (m) 

YASS04-01 5.37 90/120 

YASS04-02 3.38 90/60 

YASS04-03 1.33 95/14 

2.3 Settlement monitoring information 
This section presents the results of the monitoring performed on the structure from August 2004 
to April 2013 (most of the data belongs to interdiary monitoring).  The heap leach pad loading 
started on mid July 2004 and finished on September 2010.  The settlement sensors elevation 
variations during this period are shown in Figure 2. 

To allow a better understanding of the settlement process on the facility and the influence of 
the loads imposed by heap, Figures 3, 4 and 5, show total settlement values and heap height at 
each sensor, versus time.     
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Figure 2: Settlement sensors elevation 
 

Figure 3: Settlement/heap elevation and settlement rate for sensor YASS04-01 
 

 
As shown in Figure 3, for sensor YASS01-01, there is a clear correlation between ore loading 

and settlement.  According to Bowles (1996), the immediate settlement takes place within 7 
days of loading. For the purposes of this analysis we have considered the settlement rate to es-
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timate approximate values for immediate settlement, which corresponded to a period from 3 to 
4 days.  The trend is not shown at lift 5, as there is a gap data (1 week) that covered that period; 
also, there is no apparent influence from the earthquake occurred at 286km from the mine site 
(M7.5).  The data shows that immediate settlement magnitudes and rates decreased at each lift, 
showing the non-linear relation between stresses and strains. 

After immediate settlement, additional settlement occurred, presumably due to a reduction of 
void ratio and concurrent expulsion of water from the voids at the dump foundation level.  
Loading directly over the sensor was completed with lift 8 in May 2007, but settlement contin-
ued approximately for 11 months, until March 2008, when the rate of daily settlement were 
consistently close to zero.  In December 2009 and September 2010, placement of added two ad-
ditional lifts (not located over the sensors), caused incremental additional settlements with sta-
ble values starting in 2011.  

 
 

Figure 4: Settlement/heap elevation and settlement rate for sensor YASS04-02 
 
As shown in Figure 4, for sensor YASS01-02, there is also a clear correlation between ore 

loading and settlement.  The immediate settlement also occurred during a period from 3 to 4 
days (using a criteria based on settlement rate) and showed the non-linear relation between 
stresses and strains. It is important to note that the maximum settlement rates were similar to the 
maximum settlement rates shown for sensor YASS01-01 (245mm vs. 262 mm for lift 2 and 
80mm vs. 87mm for lift 3). 

Once that loading was finished over the sensor (lift 4, June 2005), settlement continued ap-
proximately for 14 months (until August 2006); after that time there was a low settlement rate 
(due to the influence of additional lifts placed on the leach pad, see Figure 6), decreasing values 
on February 2008, when the rate of daily settlement were consistently close to zero (similar as 
shown for YASS04-01). 
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Figure 5: Settlement/heap elevation and settlement rate for sensor YASS04-03 
 
As shown in Figure 5, for sensor YASS01-03, the monitoring started after the first lift load-

ing, so the immediate settlement caused by this load was not registered.  However, although the 
sensor is not located vertically below the second lift, there was an influence of this load on the 
settlement, which is shown on the settlement rate graph. 

Once the second lift loading was finished (September 2004), settlement continued approxi-
mately until July 2006, similar as shown for sensor YASS04-02, which can be explained by the 
influence of the additional lifts placed on the leach pad on that period of time.  After that date, 
daily settlements were consistently close to zero, which indicates that there was no more influ-
ence of the additional lifts placed on the leach pad. 

Finally, in order to have a better understanding of the interaction of the sensors, Figure 6 
shows all the data for the three sensors and heap heights.   
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Figure 6: Settlement and heap height over sensors 
 
Final total settlements are shown in Table 3 and are compared to the predicted values and fi-

nal slopes of the heap leach pad. 
 
 

Table 3: Monitored Settlement Values  
Settlement 
Sensor ID 

Monitored 
Settlement 

(m) 

Predicted 
Settlement 

(m) 
(see note 1) 

Variation 
(%) 

Original Elev./ 
Final Elev. 

(masl) 

Horizontal 
Distance 
between 

sensors(m) 

Original 
Slope/ 

Final Slope 
(%) 

YASS04-01 5.25 5.37 2% 3963.99/ 
3958.74 - - 

YASS04-02 3.27 3.38 3% 3960.12/ 
3956.85 128 3.0% / 1.5% 

YASS04-03 1.11 1.33 17% 3957.30/ 
3956.19 110 2.8% / 0.6% 

Note 1: Predicted settlement after calibration of the model  
Although, the predicted values for settlement sensors YASS04-01 and YASS04-02 were 

close to the monitored values, the predicted value for sensor YASS04-03 had a variation of 
17%. However, positive drainage to the ponds was always maintained.  The resultant strains in 
the leach pad geomembrane liner underlying the heap were calculated based on actual vertical 
movements and resultant horizontal elongation of the geomembrane, indicating that the values 
were within the material properties range. 

3 CONCLUSIONS AND RECOMMENDATIONS 

The existing settlement monitoring data, collected over a period of 9 years, shows a clear corre-
lation between load increments and settlement.  It also shows a clear differentiation between the 
immediate settlement and primary consolidation settlement varying over time, providing a bet-
ter understanding of the settlement process for this structure and its potential impacts to the lin-
er system.  This reinforces the fact that the influence from all components of the settlement pro-
cess should be considered during the design of heap leach pads over waste rock facilities; 
ignoring this process may cause unexpected behavior of the structure with potential technical 
and economical impacts (i.e., impact to solution recovery).     
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The time–settlement relationship is conceptually valid for all soil types. However, large dif-

ferences exist in the magnitude of the components and the rate at which they occur for different 
soils.  The immediate settlement at the waste dump occurred over a period of 3 to 4 days; poste-
rior settlement (associated mainly with the foundation under a constant effective stress) oc-
curred over a period from 11 to 14 months.. 

 
 The existing monitoring data confirms the non-linear relation between stresses and strains; 

that is the strain becomes progressively less in response to a given incremental increase in 
stress. 

   
There are many tools and methodologies to calculate settlement. For this structure the design 

considered an elastic solution, considering layers to account for the non-homogeneity within the 
soil profile and modulus variation with depth.  The results were calibrated with initial results 
from settlement at the structures, which allowed a reasonable prediction of final settlements.  
Holtz and Kovacs (1981) indicate that although the immediate settlement is not elastic, the elas-
tic theory is used, recommending to lower the modulus values to account for the plastic flow. 

 
Based on this experience it is recommended to re-evaluate settlements of the dump at approx-

imately 90% completion of the structure in order to verify the initial assumptions of the design, 
to refine the settlement estimates with actual field data (calibrating material properties), and to 
allow settlements to be accommodated in the design of the leach pad.  

 
It is recommended to consider settlements at the foundation level. In this case, the underlying 

heavily altered bedrock was not considered in the initial analysis; however a posterior evalua-
tion resulted in its incorporation after the verification of its poor quality and potential impacts 
on settlement. 

 
For this type of structure (heap leach pad over waste dump facility), settlements and their 

consequences are the most important aspects to take into account. They have implications for 
each component of the facility and should be considered by all the technical specialties (civil, 
hydraulic, etc.).  

 
Although not all the settlements were within the predicted range the most important aspect of 

the project, positive drainage to the ponds, was always maintained, retaining the resultant 
strains in the leach pad geomembrane liner within the material properties range.  This reinforces 
the allowance for contingencies during the grading design of these structures. 

 
The historic performance of earth and rock fills indicates that the majority of the settlement 

at the surface of a waste dump due to its weight occurs during its construction. It is then rec-
ommended that this be verified by survey monitoring prior to proceeding with construction of a 
leach pad (note that his was not done for the structure discussed in this paper).   In order to min-
imize settlements during construction of the leach pad, it is also recommended that settlements 
of the waste dump under self-weight be largely completed prior to pad construction. 

4 ACKNOWLEDGEMENTS 

We would like to thank Minera Yanacocha S.R.L. and Knight Piésold, whose team of profes-
sionals has developed most of the recommendations and major findings summarized in this pa-
per over a period of several years.  

5 REFERENCES 

British Columbia Mine Waste Rock Pile Research Committee. 1991. Investigation and design of mine 
dumps: Interim guidelines.  Prepared by Piteau Associates Engineering Ltd., British Columbia Minis-

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

423



try of Energy, Mines and Petroleum Resources. 
Bowles, J.E. 1996.  Foundation Analysis and Design. 5th ed., McGraw�Hill. pp 1175  
Das, B. M. 2012. Advanced soil mechanics. CRC Press. 
Fox, P. J. 2003. Consolidation and Settlement Analysis. The Civil Engineering Handbook 
Holtz, R. D., & Kovacs, W. D. (1981). An introduction to geotechnical engineering. PrenticeHall. Eng-

lewood Cliffs, NJ, pp285 
Jurgenson, L. 1934. The Application of Theories of Elasticity and Plasticity to Foundation Problems. 

Contributions to Soil Mechanics 1925-1940. Boston Society of Civil Engineers, Boston, Massachu-
setts, pp. 148-183. 

Janbu, N. 1967. Settlement Calculations Based on the Tangent Modulus Concept. Soil Mechanics and 
Foundation Engineering Bulletin No. 2. The Technical University of Norway, Trondheim, Norway. 20 
pp. 

Janbu, N., and E.I. Hjeldnes. 1965. Principal Stress Ratios and Their Influence on the Compressibility of 
Soils. Proceedings of the 6th International Conference on Soil Mechanics and Foundation Engineering, 
Montreal, Canada, Vol. 1. pp. 249-253. 

Janbu, N.. 1963. Soil Compressibility as Determined by Oedometer and Triaxial Tests. Proceedings of the 
European Conference on Soil Mechanics and Foundation Engineering, Weisbaden, Germany, Vol. 1. 
pp.19-25. 

Van Zyl, D.J.A., Hutchison, I.P.G. and Kiel, J.E. 1988. Introduction to evaluation, design and operation 
of precious metal heap leaching projects. Littleton, CO: Society of Mining Engineers.  

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

424



 

1 INTRODUCTION  
 
This study examines an alternative tailings treatment technology that combines a physicochemi-
cal treatment for mature fine tailings (MFT) with a geosynthetic aid system (geotextile bags) to 
maximize fines capture, enhance water release and accelerate consolidation. 

Treating tailings by the addition of synthetic polymers is a common practice in the oil sands 
mining industry. However, significant amounts of trapped water still remain in the flocculated 
tailings affecting consolidation timeframes and postponing shear strength gain. An effective 
treatment for MFT should integrate mineralogy with pore water ion concentrations and the acid-
base nature of the liquid phase. This paper highlights that the success of the geotextile bag 
technology relies on how effective the MFT is chemically treated prior to the discharge into the 
bags; otherwise, the geosynthetic aid system will fail. The treated MFT must have highly ag-
glomerated fines (no segregation), must be highly permeable (rapid release water) and must de-
velop fast consolidation (rapid reduction in void ratio) in order to successfully work with the 
geotextile bags. 

Supporting data includes the rationale of the physicochemical treatment recipe and its effect 
on MFT geotechnical behavior in terms of permeability, shear strength and compressibility. 
Large strain consolidation tests with measurements of shear strength and hydraulic conductivity 
were carried out to determine relationships for void ratio, vertical effective stress, hydraulic 
conductivity and undrained shear strength. Also, laboratory pilot experiments using geotextile 
bags were carried out to evaluate the success and failure of this geosynthetic aid technology ap-
plied to oil sands MFT. 

Geotextile bags for enhanced dewatering and accelerated 
consolidation of oil sands mature fine tailings  

F. Da Silva 
Chevron Canada Limited, Calgary, Alberta, Canada  
M. Graham 
Shell Canada Limited, Calgary, Alberta, Canada 

J. D. Scott & G.W. Wilson 
Department of Civil & Environmental Engineering, University of Alberta, Edmonton, Alberta, Canada 

 

ABSTRACT: The accumulation of large volumes of mature fine tailings (MFT) has been a ma-
jor concern for the oil sands industry for decades. There are significant challenges involved in 
the conversion of MFT into trafficable deposits within a reasonable timeframe in order to facili-
tate reclamation. This paper presents the results of a laboratory pilot experimental study that 
was carried out to evaluate the use of geotextile bags as a potential technology to enhance de-
watering and accelerate consolidation of MFT. The success of tailings disposal in geotextile 
bags requires prior physicochemical treatment of the MFT by combining coagulation and floc-
culation. The use of geotextile bags as a dewatering aid significantly decreases the time it takes 
to remove water from the treated MFT, which can be recycled as process water in the extraction 
plant. This technology allows geotechnically stable thick layer deposits by simply stacking the 
bags. 
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2 EXPERIMENTAL METHODS  

Tests were run on feed tailings (untreated MFT) from one of Shell’s Albian Sands External 
Tailings Facilities and on treated MFT by dilution, coagulation and flocculation. The untreated 
MFT were at 40 wt. % solids with ion concentrations as shown in Table 3. Shell Albian Sands 
process water was used to dilute MFT in the range of 6 to 8 wt. % solids. The process water had 
a pH equal to 7.9. The treated tailings were discharged in the GT 500 GeoTube® provided by 
Mirafi Geosynthetics, TenCate, Burlington, Ontario, Canada. 

Coagulation and flocculation were carried out using (MnCl2.4H2O) and an anionic floccu-
lant of low charge density and very high molecular weight, respectively. The coagulant was ob-
tained from Sigma-Aldrich Canada Co. and the flocculant (acrylic emulsion polymer) was pro-
vided by Ashland Inc., USA. The release water from treated MFT was recycled to treat other 
batches of untreated MFT. The release water had a pH equal to 8.0 with ion concentrations as 
shown in Table 3. 

Bulk X-ray Diffraction analysis (XRD), elemental analysis by X-ray Energy Dispersive 
Spectrometry (EDS) and Scanning Electron Microscopy (SEM) were carried out to characterize 
the mineralogy of the untreated MFT samples at 6 wt. % solids. A quantitative elemental analy-
sis was performed by an Oxford INCA microanalysis system attached to a JEOL JSM-6610 
scanning electron microscope.  

Particle size distribution (PSD) was obtained by sieve and hydrometer (SH) as per ASTM 
D422-63. The SH was carried out with a variant of “dirty” dispersed hydrometer testing, that is, 
the bitumen was not extracted first. This paper also brings attention to the importance of the 
fines between 75 and 44 micron, due to their interactions with the existing ions and pore water 
pH (Da Silva, 2011).  

Dilution was used as part of the methodology to treat MFT in order to obtain efficient floc-
culation at relatively low dosages.  

Coagulation was applied prior to flocculation in order to neutralize the electrical charges of 
particles and reduce or even eliminate repulsion between them. The coagulant solution was pre-
pared by weighing a calculated amount of the coagulant (in powder form) in an aluminum tare 
container before it was added to a beaker of tap water. The coagulant solution was then mixed 
on a stir plate until the chemical dissolved completely (about 5 to 10 minutes). The coagulant 
solution remained stable such that it could be used for treatment of MFT more than 5 days after 
preparation. 

The flocculant solution was prepared by weighing a calculated amount of the flocculant (in 
liquid form) in a pre-weighed syringe before it was added to a beaker of tap water on a stir 
plate. The flocculant solution was allowed to mix for about 15 minutes. The flocculant solution 
remained stable such that it could be used for treatment of MFT more than 3 days after prepara-
tion. 

For each test, the amount of untreated MFT was determined by placing it in a beaker and re-
cording the weight. The required amount of dilution water (process water) was then added to 
reduce the solids content. The diluted slurry was mixed with a bench top mixer for 10 minutes 
before the coagulant solution was added and allowed to mix for an additional 10 minutes. The 
flocculant solution was then added by syringe or by pouring from a beaker, depending on the 
amount, to the mixing slurry. The mixing intensity was carefully selected to avoid shearing or 
breaking of the micro-flocs to allow for the visible formation of large flocs. Once the required 
time (30 to 60 seconds) for flocculation occurred, a positive test was achieved when the solids 
and water portions of the slurry were physically separated. The separation of solids and water 
was clearly visible in a graduated cylinder by the presence of a clear water column (overflow) 
above agglomerated solids (underflow).  

A 10-minute bench top settling test (Da Silva, 2011) was performed to evaluate the effec-
tiveness of particular coagulant and flocculant additives for comparison purposes. If the slurry 
suspension settled out to form a clear water column within 10 minutes after the start of the test 
and a distinct deposit of solids was observed at the bottom of the cylinder, the test result was 
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deemed “positive” and the deposit thickness was measured. If the slurry suspension did not set-
tled out within this time, the test result was deemed “negative”. In the event of a positive result, 
the settled solids were separated from the water column and transferred to a pan so that a bleed 
test could be performed. In the event of a negative result, the sample was discarded. There was 
no requirement to perform long-term settling tests due to the very high settling rates, complete 
removal of suspended solids, significant underflow formation (fines agglomeration) and solids 
volume reduction obtained by the treatment presented in this study. 

A bleed test (Da Silva, 2011) was performed to evaluate the short-term gravity drainage or 
passive water release of the underflow solids that were obtained from positive settling tests. In 
the event of a positive settling test result, the column of clear water was removed by decanting 
and the underflow solids were transferred to a 2-L capacity sample pan. The sample pan was set 
on a 20° inclined surface and oriented such that there was adequate space to allow for the ac-
cumulation of bleed water at the lower end of the pan. The sample pan was left uncovered at the 
ambient room temperature of the testing laboratory (approximately 20°C). The sample pan was 
inspected twice per day and any accumulated bleed water was removed. The underflow solids 
deposit was sub-sampled at four specific time intervals (0, 24, 48 and 72 hours after the start of 
the bleed test) to allow for each sub-sample to be tested for moisture content by mass. 

Large strain consolidation tests were performed using two samples; one of which to measure 
the shear strength and another to measure compressibility and permeability. The reason for a 
second sample was to avoid any sample disturbance caused by the vane shear strength tests that 
could affect the compressibility and permeability measurements. Both samples were tested at 
the same time and loading conditions. 

 
 

  
 
Photo 1. Settling and bleed tests (negative results) and Photo 2. Settling and bleed tests (positive results) 

3 RESULTS AND DISCUSSIONS  

3.1 Mineralogy 

Knowledge of the tailings mineral composition and its interaction with ions, the acid-base na-
ture of the liquid phase and the presence of bitumen are fundamental for an overall understand-
ing of the material engineering properties (consistency, permeability, consolidation and shear 
strength). No information about ultra-fines, amorphous materials and organic matter was avail-
able at the time of this study.  

The scanning electron photomicrograph of untreated MFT showed aggregates of angular, 
sub-angular and sub-rounded clay size to coarse silt size particles. 

Oxygen (O) dominated the elemental spectrograph forming about 51.8% of the sample. Car-
bon (C), aluminum (Al) and silicon (Si) were common, respectively forming 12.6%, 10.6% and 
18.9% of the sample. Iron (Fe) was moderately abundant forming about 2.1% of the sample. 
Trace to minor amounts of sodium (Na), magnesium (Mg), sulphur (S), chlorine (Cl), potassium 
(K), calcium (Ca), titanium (Ti), manganese (Mn) and copper (Cu) were present.  
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The sample generated a good quality diffractogram that indicated that it was mainly com-
prised of crystalline compounds. The XRD analysis showed that the crystalline components of 
the sample consisted of about 85% silicates (quartz [SiO2], kaolinite [Al2Si2O5(OH)4], illite 
[(K,H3O)Al2Si3AlO10(OH)2], microcline [KAlSi3O8] and albite [NaAlSi3O8]), 4% iron carbonate 
scale (siderite [FeCO3]), 4% iron sulphide scale or corrosion products (greigite [Fe3S4] and py-
rite [FeS2]), 2% titanium oxide (anatase [TiO2] and rutile [TiO2]), 2% salt (halite [NaCl]), 1% 
copper oxide corrosion products (tenorite [CuO]), 1% calcium magnesium carbonate scale (do-
lomite [CaMg(CO3)2]) and 1% calcium carbonate scale (calcite [CaCO3]). The elemental analy-
sis also suggested the presence of non-crystalline carbon and oxygen bearing compounds. Trace 
volumes of manganese bearing compounds were detected during elemental analysis.  
 
Table 1. Abundance of silicates - clays and non-clay minerals (%)  

Quartz Kaolinite Illite Microcline Albite 
41.2 30.8 9.6 2.1 1.3 

 
Table 2. Abundance of metals and other compounds (%)  

Siderite Gregite Pyrite Anatase Rutile Halite Tenorite Dolomite Calcite 
3.9 3.1 1.2 1.7 0.8 1.6 1.2 0.8 0.7 

3.2 Particle size distribution  
The PSD results for the untreated MFT showed that 96.8 to 99% of the particles were finer than 
75 micron and 37 to 42.4% of the particles were finer than 2 micron. Despite the fact that kao-
linite particle sizes could exist in the range of 2 to 11 micron and quartz particles also could ex-
ist in the range of 0.2 to 2 micron (Mitchell, 2005), the amount of non-clay minerals in the un-
treated MFT was between 54.6 and 62%. Therefore, the mineral composition of the untreated 
MFT was predominantly non-clay minerals which is consistent with the mineralogy results pre-
sented in Section 3.1. It should also be noted that the solids specific gravity was measured to be 
2.48. 
 
3.3 Chemistry analysis  
The chemistry analyses in this study focuses on the interaction between the mineral composi-
tion (i.e. MFT mineralogy) and pore water chemistry (i.e. pore solution electrolytes and ions 
concentration, and pH) with the understanding of their significant influence on MFT disper-
sion/flocculation behavior. Table 3 shows the results of the chemistry analyses performed on 
MFT, process water and release water from the treated MFT.  

 
Table 3. Water chemistry main ion concentrations 

 Ca2+ Mg2+ Na+ Mn2+ Cl- SO4
2- HCO3

- pH 
Untreated 
MFT 12 7 289 0 174 6 589 8.0 

Process 
water 22 9 366 0 194 207 547 7.9 

GeoTube®  
release wa-
ter* 

36 18 74 19 83 64 200 8.0 

* Treated MFT with dilution + MnCl2.4H2O + anionic polymer 

3.4 MFT dispersion behavior – quartz particles in presence of calcium ions (Ca2+) 

Quartz, which is by definition a non-clay mineral, was the predominant mineral within the fine 
particle size fraction of the MFT evaluated in this study.  

Calcium plays a positive role in MFT dispersion/flocculation behavior because of its ability 
to reduce the quartz surface charge potential if the pore water is in the range of a weak acid or 
basic pH. In contrast, when the ore mineralogy is predominantly quartz, an excess of Ca2+ in the 
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process water has a significant negative impact in the bitumen extraction process due to the bi-
tumen-quartz interaction caused by the wettability of quartz particles (Masliyah et al., 2011). 
The pH of oil sands ore typically ranges between 7 and 9.  

In order to evaluate the dispersion behavior of quartz particles in the presence of Ca2+ the 
MFT was diluted to 6 wt. % solids using water with increasing levels of Ca2+ concentration. 
The zeta potential was measured for each increase in Ca2+ concentration as shown in Table 4. 

 
Table 4. Zeta potential of MFT versus increased Ca2+ 
Untreated MFT* Ca2+ Na+ Zeta Potential (mV) 
Initial Ca2+ 
Concentration 
= 60 ppm 

60 388 - 43.1 
300 388 - 23.2 
800 388 - 8.7 

1300 388 - 2.6 
* Diluted to 6 wt. % solids  

 
The initial calcium concentration of 60 ppm resulted in MFT particles with a moderately 

negative surface charge (- 43mV). The magnitude of the surface charge (zeta potential) de-
creased consistently with increasing Ca2+ concentration. The reduction in zeta potential can be 
attributed to the lowering of the electrostatic repulsive forces between particles (coagulation 
mechanism). Therefore, it was confirmed that the dispersion of quartz particles is greatly af-
fected by Ca2+ addition as shown in Figure 1. 

 

 
Figure 1. MFT zeta potential with increased Ca2+ concentration 

3.5 MFT dispersion and flocculation behavior – quartz particles in presence of Ca2+ and 
flocculant addition 
Figure 2 and Table 5 show the MFT behavior when both Ca2+ (coagulation) and flocculation are 
combined. It should be noted that the range of pH for all slurries evaluated in this exercise was 
8.0 +/- 0.1. The results of the combined coagulation and flocculation showed that Ca2+ concen-
traWLRQV� �� ���� SSP� VLJQLILFDQWO\� UHGXFHd total suspended solids, reduced zeta potential and 
promoted efficient flocculation performance. It should be noted that a Ca2+ concentration of 800 
ppm in process water is considered extremely high and would negatively impact bitumen ex-
traction. It should be noted that a concentration of calcium >40 ppm with non-clay minerals 
(quartz) would negatively impact bitumen extraction (Masliyah et al., 2011). 

 
Table 5. Zeta potential of MFT versus increased Ca2+ and flocculant addition 
Untreated MFT*                                                                              Ca2+ (ppm) Na+ (ppm)      Flocculant  Zeta Potential (mV) TDS (ppm) 
Initial Ca2+ 
Conc. = 60 ppm 

60 388 Conc: 0.1% 
Dosage:   
4200 g/t  
dry solids 

- 43.1 1215 
300 388 - 23.2 835 
800 388 - 8.7 245 

1300 388 - 2.6 62 
* Diluted to 6 wt. % solids with water at pH 8 with increased calcium concentrations 
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Figure 2. MFT zeta potential with increased Ca2+ concentration and flocculant addition 

3.6 Rationale for the proposed MFT treatment in this study  
The MFT treatment in this study included dilution, coagulation and flocculation. In this study 
coagulation was applied prior to flocculation.  

Dilution of the untreated MFT to lower solids content was used to provide enhanced mixing 
and energy dissipation. This maximized flocculant adsorption and ensured that all particles 
were agglomerated by the flocculant at relatively low dosages. Dilution was optimized to main-
tain the initial density of the untreated MFT between 6 and 8 wt. % solids.  

Due to the fact that the existing Ca2+ concentration in the MFT pore water was not sufficient 
to coagulate and provide an efficient flocculation of MFT, it was necessary to add a coagulant 
aid. An inorganic coagulant (MnCl2.4H2O) was used as the coagulant aid because of its ability 
to interact with available anions in the soil-water-ionized system and effectively bridge to 
quartz particles after flocculant addition. 

Finally, the particle agglomeration was achieved by an anionic flocculant with a very high 
molecular weight (long chain) and low charge density to bridge between the micro-flocs in or-
der to flocculate them and form large, fast settling and shear resistant flocs. 

3.7 Treated MFT with coagulant aid (MnCl2.4H2O) and anionic flocculant - discharged in the 
geotextile bag  

An untreated MFT at 40 wt. % solids diluted by process water to 8 wt. % solids, approximately, 
was coagulated and flocculated in-line and then discharged in a mixing tank for first stage de-
watering (Photo 3). The overflow release water was recycled for dilution of subsequent batches 
of untreated MFT while the underflow thickened tailings at 27 wt. % solids (Photo 4) was 
pumped into the geotextile bag for second stage dewatering (Photo 5). Tables 6 and 7 show the 
optimized chemical concentrations and dosages used for MFT treatment. Tables 8 and 9 show 
results from the geotextile bag fines capture and shear strength, respectively. 
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 Photo 3. Thickener (mixing tank); Photo 4. Thickener underflow feed (treated MFT) to the geotextile bag 
and Photo 5. Geotextile bag feed inlet port and collection of the release water into a container 
 
Table 6. Optimized coagulant concentration and dosage for MFT treatment   

Coagulant Concentration (wt. %) Dosage (g/t dry solids) 
MnCl2.4H2O 0.1 3000 

 
Table 7. Optimized flocculant concentration and dosage for MFT treatment 

Flocculant Concentration (wt. %) Dosage (g/t dry solids) 
Anionic with low charge density  
and very high molecular weight 0.1 4752 

 
Table 8. Treated MFT fines capture  

Condition U/F wt. % solids O/F wt. % solids Fines capture (%) 
MnCl2.4H2O and   
anionic flocculant  27.0 0.17 ± 0.03 99 

U/F wt. % solids = underflow solids content; O/F wt. % solids = overflow solids content  
 
Table 9. Treated MFT shear strength in a geotextile bag over a 10-day period 

Condition Wt. % solids Shear strength (kPa) 
MnCl2.4H2O and  
anionic flocculant 54.7 ± 0.8 5.9 ± 1.8 

 
Photos 6 to 8 show a failed geotextile bag test when untreated MFT was discharged into a 

bag. This resulted in the fabric openings being blinded off and no water was released with the 
bag essentially becoming a waterbed-like mattress.  

Photos 9 and 10 show the results of a successful geotextile bag test when properly treated 
MFT was discharged into a bag. The results of in situ shear strength tests performed are shown 
in Table 9. 

 
 
 
 
 
 
 
 
 
 
 

 
Photo 6. Untreated MFT discharged into a bag (no water release); Photos 7 and 8. Fines blinding the fab-
ric openings and impeding the release of water 
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Photo 9. Successful geotextile bag test using treated MFT and Photo 10. Material behavior over a 10-day 
period in a geotextile bag 
 

3.8 Geotechnical results of treated MFT with coagulant aid (MnCl2.4H2O) and anionic 
flocculant   

The geotechnical behavior in terms of permeability, shear strength and compressibility was 
evaluated for the treated MFT underflow (Table 10). Large strain consolidation tests with 
measurements of shear strength and hydraulic conductivity were performed to determine rela-
tionships between void ratio, vertical effective stress, hydraulic conductivity and undrained 
shear strength. These test results are presented in Figures 3 to 5. 
 
Table 10. Consolidation, hydraulic conductivity and undrained shear strength results 

Load 
stage 

Effective stress  
(kPa) 

Height  
(mm) 

Solids content  
(wt. % solids) Void ratio Hydraulic  

conductivity (cm/sec) 
Undrained shear 
strength (kPa) 

Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 Cell 1 Cell 2 
Self-

weight 0.043 0.056 65.0 68.0 19.70 24.10 10.19 7.87 2.56E-3 1.46E-2 - 0.2 

2 0.41 0.47 45.8 46.7 26.60 32.90 6.89 5.09 5.87E-5 5.45E-5 - 0.5 
3 0.94 1.05 33.7 33.4 34.28 42.70 4.79 3.35 8.07E-6 1.50E-6 - 1.2 
4 1.96 1.97 26.6 24.9 41.09 53.69 3.45 2.25 2.11E-7 2.48E-7 - 2.1 
5 4.33 4.35 20.3 22.2 50.07 56.91 2.49 1.89 3.20E-7 1.54E-7 - 3.0 
6 9.15 8.51 18.0 19.6 54.40 61.62 2.10 1.56 8.77E-8 7.03E-8 - 5.0 
7 24.3 24.3 14.3 16.4 63.18 68.70 1.46 1.14 1.76E-8 2.37E-8 - 9.0 
8 129.8 115.6 12.6 15.5 68.23 70.99 1.16 1.02 1.60E-8 1.75E-8 - 12.0 
9 243.8 243.9 11.1 14.7 73.40 73.27 0.91 0.91 4.98E-9 6.74E-9 - 17.5 

10 528.9 528.9 10.1 13.8 77.22 75.82 0.74 0.80 4.01E-9 3.97E-9 - 25.0 
11 1099.1 1099.1 9.3 12.8 80.65 78.99 0.60 0.66 1.29E-9 2.43E-9 - 37.5 
12 2239.4 2239.4 8.5 12.1 84.16 81.25 0.47 0.58 7.6E-10 1.5E-9 - 58.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Permeability results from treated MFT show significant dewatering in a 10-day period  
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Figure 4. Shear strength results from treated MFT  
 

 
Figure 5. Compressibility results from treated MFT  
 

4 PROPERTIES OF THE GT 500 GEOTUBE®   

The properties of the geotextile bag used in this study are presented in Tables 11 to 13. 
 

Table 11. Properties of engineered woven polypropylene yarn geotextile bag  
Mechanical properties Test method Unit Minimum average 

roll value 
MD* CD* 

Wide width tensile strength 
(at ultimate) ASTM D4595 kN/m (lbs/in) 78.8 (450) 109.4 (625) 

Wide width tensile elongation  ASTM D4595 % 20 (max.) 20 (max.) 
Factory seam strength ASTM D4884 kN/m (lbs/in) 70(400) 
CBR puncture strength  ASTM D6241 N (lbs) 8900 (2000) 
Apparent opening size (AOS) ASTM D4751 mm (U.S. Sieve) 0.43 (40)  
Water Flow rate  
UV resistance (% strength retained 
after 500 hrs)   

ASTM D4491 
 

ASTM D4355 

l/min/m2 (gpm/ft2) 
 

% 

813 (20) 
 

80 
* MD = Machine direction (i.e. the way material comes off the roll); CD = Cross machine direction (i.e. 
refers to material across the roll) 
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Table 12. Filtration properties of engineered woven polypropylene yarn geotextile bag  

Filtration properties Test method Unit Typical average  
Pore size distribution (O50) ASTM D6767  Micron  80 
Pore size distribution  (O95) ASTM D6767 Micron 195 
  
Table 13. Physical properties of engineered woven polypropylene yarn geotextile bag  

Physical properties  Test method Unit Typical average  
Mass/unit area  ASTM D5261  g/m2 (oz/yd2)  585 (17.3) 
Thickness  ASTM D5199 mm (mils) 1.8 (70) 
 

5 CONCLUSIONS 

(1) An effective chemical treatment for MFT must be used in order to successfully dewater 
MFT with geotextile bags. The discharge of untreated MFT into the bags blinds the fabric 
openings and impedes the release of water resulting in a waterbed-like mattress. 

(2) The treated MFT discharged into the geotextile bag achieved 6 kPa undrained shear 
strength over a 10-day period. 

(3) Test results showed that the new treatment for MFT presented in this study provides 99% 
fines capture.  

(4) The hydraulic conductivity test results from treated MFT thickener underflow samples in-
dicated that a significant amount of initial water release was provided by the new treat-
ment. Hydraulic conductivities changed from 2.56 x 10-³ to 5.87 x 10-5 cm/s at the dis-
charge, and from 5.87 x 10-5 to 3.20 x 10-7 cm/s in 16 days, approximately. 

(5) Geotextile bags are commercially available and are widely used in other mining industries. 
The geotextile bag fabric must be designed for retention and filtration depending on the 
treated MFT properties. 

(6) This laboratory scale trial provided favorable results for dewatering MFT. A field scale tri-
al is recommended to answer key performance questions such as design scalability and 
control dosages. The effect of seasons, climate and the control of field water drainage 
should also be investigated.  
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1 INTRODUCTION 

Tailings are a by-product of mining industries, and are usually disposed of in above-ground 
impoundments. They undergo a complex process of sedimentation, consolidation under their 
self-weight, and evaporation over time (Seneviratne et al., 1996). Because of low permeability 
of tailings, the consolidation process may continue for several years after disposal has ceased. 
This may create delays in the ultimate dewatering and closure of tailings facilities. Therefore, 
proper management technologies are required for the disposal of tailings. One such approach 
being considered is disposing of the tailings in thin layers and exposing each layer to 
evaporation, so that a higher rate of dewatering of the tailings may be obtained. Physical 
modelling or field tests would make enormous demands on time and resources. Numerical 
models have potential advantages in both planning and strategic operations, as well as for 
parametric studies.  

This paper presents the results of one-dimensional (1D) numerical modelling of specific 
multi-lift scenarios. The purpose of the study is to gain a further understanding of the 
performance of thin layers of thickened tailings placed in the field. It is assumed that the thin 
placement of layers will optimise the influence of evaporation on the drying process and 
increase shear strength. The thaw-strain effect of such layers in the springtime will also be 
considered. The numerical simulations are conducted using the SVFLUX/SVSOLID-SVCORE 
(SoilVision Systems, 2012) software, which couples large-strain consolidation as well as a 
climatic and thaw/strain numerical model to determine the influence of climate on the multi 
thin-layer placement of thickened tailings in a multi-year scenario. The results at key time 
periods of tailings deposition will be presented. The 14 and 18-year deposition scenarios are 
considered along with resulting sand capping which brings the simulation time for both 

Numerical modeling of multi-lift thickened tailings, considering 
the effects of evaporation and thaw-strain 

M.D. Fredlund & L. Xu 
SoilVision Systems Ltd, Saskatoon, Saskatchewan, Canada 

A. Hammami 
Total E&P Canada Ltd, Calgary, Alberta, Canada 

ABSTRACT: This paper focuses on the numerical modelling of the complex process of 
thickened tailings deposition in thin lifts. In the thin-lift deposition of thickened tailings a 
significant portion of the dewatering relies on evaporation during the summer months and the 
thaw-strain process in the spring. Accounting for such evaporation and thaw-strain in the 
numerical modelling process is crucial to adequately represent reality. This paper is focused on 
one particular study using a single material property and a single average climate scenario to 
determine the potential differences between a standard large-strain consolidation numerical 
model and a numerical model which also considers the additional effects of i) unsaturated flow 
ii) actual evaporation (AE), and iii) the thaw-strain (TS) process. Recent research utilizing the 
combined Fredlund-Wilson-Penman climatic calculation of actual evaporation from the surface 
of the tailings will also be considered in the formulation. Furthermore, the consideration of the 
increased hydraulic conductivity noted from the thaw-strain process in the spring will be 
considered. �
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scenarios to 30 years. The multi-layer lift scenario involves modelling the processes of i) large-
strain consolidation; ii) unsaturated flow (Fredlund, 2000); iii) climatic influences such as 
precipitation and evaporation, and iv) thaw-strain considerations at the exposed surface of the 
tailings. 

The benchmarking of such a model is a complex process because a physical experiment 
involving both measured effects of consolidation, actual evaporation, and thaw/strain does not 
exist. Therefore the various components of the numerical model are benchmarked individually. 
Previous studies have already presented the benchmarking of the consolidation and actual 
evaporation processes. This study primarily focuses on the calibration of the thaw/strain 
formulation to the present numerical model. This thaw/strain benchmark was to the results of 
the SRC column which had undergone a freeze/thaw cycle. 

2 CALIBRATION OF THAW/STRAIN 

The following calibration demonstrates the ability of the software to match physical 
measurements of the Column 5 experiment performed at Saskatchewan Research Council 
(SRC). Tests were conducted using the saved Thickened Tailings (TT) slurries generated during 
the joint Total and Petro-Canada Oil Sands Extraction Pilot conducted in Q1 of 2009 at the SRC 
Pipe Flow Technology Centre. Column 5 was set up outdoors as a covered column with 
minimized effects of evaporation but no insulation on the tops or sides of the column. Therefore 
the column underwent a single freeze/thaw cycle in which the column froze completely. The 
resulting thaw/strain settlement the following spring was then measured. 

Using laboratory-measured material properties to perform predictions of a field-scale facility 
has uncertainties related to the up-scaling of laboratory properties. Therefore the current study 
involved calibration of the numerical model to a large-scale column test performed at the 
Saskatchewan Research Council facility in Saskatoon, SK, Canada. The concept of the 
numerical model may be seen in Figure 2. 
 
 

 
 
Figure 1.  Photo of the column experiments at SRC 
 
 
The column simulation was set up in the SVFLUX/SVSOLID-SVCORE consolidation software 
and the large-strain consolidation and thaw-strain processes were modeled. The effect of 
expansion of the water phase during the freezing process is not included in the current 
simulation. The ice expansion can be noted in the experimental data. The numerical model is set 
up as a 1-D simulation and therefore does not simulate the radial freezing process encountered 
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in the field. Ideally the column would have been insulated and only frozen from the top down. 
The effect of having the entire column frozen serves to accentuate the thaw-strain process and 
ultimately improves the calibration to the thaw-strain theory.  
 
 

 
 
Figure 2. Model geometry for SRC COL5 
 

2.1 Material properties 
Figure 3 and Figure 4 are the laboratory data for material compressibility and hydraulic 
conductivity for pre-freezing and post-thawed TH-UF as provided by a back-analysis (Carrier 
personal communications, 2013). The compressibility and hydraulic conductivity are described 
by the following power functions: 
 
 

 
 
Figure 3. Compressibility for thickened tailings (SRC Column 5) 
�
�
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�
Figure 4. Hydraulic conductivity for thickened tailings (SRC Column 5)  
�
 
Table 1. Parameters of A, B, C, and D for pre-freezing and post-thaw 1-TH-UF 

Pre-freezing 
compressibility 

Post-thaw 
compressibility

Pre-freezing hydraulic 
conductivity

Post-thaw  hydraulic 
conductivity 

A (kPa)  B A (kPa) B C (m/s) D C (m/s) D 
2.766 -0.258 1.422 -0.200 3.28E-9 2.710 9.77E-08 9.455 

 
 
The top boundary of the model ensured a pore-water pressure of zero kPa. This simulates a free-
draining condition.  The bottom boundary was considered impermeable. Initial conditions were 
represented by initial void ratio or solids contents provided by SRC data. 

The column is assumed to be frozen instantly at day 5 in the numerical model and to thaw 
instantly at day 60. The entire 2.5 m length of the column is assumed to freeze. Given that the 
column is not insulated on the sidewalls this was deemed a reasonable approximation to the 
real-world process. 

2.2 Results of Column 5 Back-Analysis 
The results of the comparison to column data show reasonable comparison to the settlement 
profile as shown in Figure 5. Settlement data was utilized as calculated from total density 
measurements contained in the SRC data spreadsheet. The initial increase in volume shown in 
the experimental data is due to the freezing of the water phase.  The numerical model provides 
excellent agreement with settlement data. The primary deviation from experimental data is as a 
result of ice expansion not being considered in the process. Given the significant volume change 
there was previous speculation that such large volume change could not be estimated with the 
pre and post-thaw material properties. This study proves that such an approach is reasonable and 
valid for the prediction of field material behavior. 

Solids contents are more difficult than settlement to estimate in a numerical model. The 
results in Figure 6 illustrate that the numerical model matches the measured solids contents 
profile well. 

Pore-water pressure predictions at day 98 and 198 match the numerical modeling results with 
reasonable accuracy as shown in Figure 7. 
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Figure 5.  Settlement versus time of the numerical model compared to measured data 
 

 
 
Figure 6.  Predicted solids content compared to measured results 
�
�
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Figure 7.  Pore-water pressures predicted by the numerical model compared to measurements 
 
 
In summary the calibration of the model to column results resulted in an excellent comparison 
to the up-scaled column. The results primarily validate the process of thaw-strain and should not 
be interpreted as a reasonable calibration to consolidation rates as not enough consolidation has 
occurred to provide a reasonable match of settlement over time. 

3 THIRTY-YEAR SIMULATIONS 

The following section presents the primary results simulated by the SVSOLID/SVFLUX - 
SVCORE software for the prediction of the deposit height for several provided Total E&P 
scenarios. The scenarios are designed to simulate performance of various potential operational 
scenarios. 
 

The definition of terms used to present the output is as follows: 
 
LC = Large-strain consolidation. 
AE = Actual evaporation. 
PR = Precipitation, 
FT = Freeze/thaw. 
 
Several scenarios were provided by Total E&P which more closely resemble operational 

considerations for the site in question. Material properties were provided by Total E&P and are 
shown in Error! Reference source not found. and  

 AT (Pa) BT C (m/s) D 

Pre Freezing 
parameters 10.030 -0.280 6.527E-09 3.745 

Post thaw 
parameters 10.030 -0.280 1.305E-07 3.745 

. Material properties obtained from Cell B were provided by Total E&P and utilized in the 
operation al scenarios. The pre and post-thaw compression curve properties are the same. 
Hydraulic conductivity parameters for the pre and post-thaw parameters for the Cell B material 
are a little more than one order of magnitude apart throughout the reasonable range of the curve 
(Figure 8). The specified numerical modeling runs were set up in the resulting coupled 
LSC+AE+TS software and the results were summarized in the following sections. Numerical 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

442



modeling runs were initiated with each process (AE or TS) added individually so the effects of 
each process could be individually noted on the modeling results.  

 
 

 
 
Figure 8.  Never frozen and thawed characteristics of Cell B parameters. 
�
�
Table 2. Material properties utilized for the operational analysis (Total E&P) 
SV Case ID JNM FSLG
Wet Rate of rise / year (m) 3.56 2.75
Number of Cycles / year 8 8
Cycle length (days) 45.625 45.625
Filling time per cycle (days) 20.0 20.0
Quiescent time per cycle (days) 25.625 25.625
TT placed per cycle (m) 0.445 0.344
Total Filling time (Years) 14 18
Quiescent Time post end of filling 
(Years) 2 2 

Sand Capping Time (Years) 3 3
Sand Capping Load (kPa) 90 90
Total Simulation time (Years) 30 30
Material Properties Cell B Cell B

Comments 

Use thermal properties, SWCC, 
shrinkage curve of SL1905, and 
compressibility and 
permeability of Cell B.

Use thermal properties, SWCC, 
shrinkage curve of SL1905, and 
compressibility and 
permeability of Cell B. 

�
Table 3. Cell B material parameters (Total E&P) 

 AT (Pa) BT C (m/s) D 
Pre Freezing 
parameters 10.030 -0.280 6.527E-09 3.745 

Post thaw 
parameters 10.030 -0.280 1.305E-07 3.745 

 

3.1 Boundary conditions 
The tailings bottom is assumed to be impermeable. Tailings consolidation is driven by self-
weight and natural evaporation. It is assumed that no water cap exists on the tailing surface 
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because the tailings are deposited along a slope of in the range of 0.5% to 2%. Therefore the 
boundary conditions on the tailing interface must satisfy two conditions as follow: 
 

pore water pressure ( ) = 0
Top surface boundary conditions = 

atmospheric condition (preci + evap)
wu

®
¯

                 (3) 

 
The boundary condition with the value uw = 0 is the 1st type (consolidation) boundary condition, 
while the climate condition with water flux = PR + AE + Roff belongs to the 2nd type, where PR 
is precipitation, AE is actual evaporation, and Roff is run-off. 
The actual evaporation with the limiting function (Wilson et al., 1997) is used in the simulation, 
which is expressed in the following Equation (5). 
 

0

soil air
v v
soil air
v v

u uAE PE
u u

�
 

�
                                                                                                      (5) 

 
Where: 

AE = actual evaporation measured in m/day unit. 
soil
vu  = the actual soil vapour pressure of soil (kPa). 

0
soil
vu  = the saturated vapour pressure in the soil (kPa). 

E air
vu  = the vapour pressure in the air above the soil surface (kPa). 

 
Accurate climate data is important for numerical models that incorporate weather as a boundary 
condition. Computation of surface flux in SVFlux involves precipitation, air temperature, 
relative humidity, net radiation, and wind speed. Ideally, all data is measured at the site, but this 
is seldom the case. To complete a data set, it is often necessary to assimilate data from multiple 
weather stations and from different institutions. Such data must be compiled into a common 
format and missing values computed. This study documents the compilation of a data set for 
Fort McMurray, Alberta, and the analysis of a 14-year subset representative of the Fort 
McMurray climate. The purpose of this climatic data collection task was to: i) compile a climate 
data set consistent with the climate normals for Fort McMurray as computed by Environment 
Canada during the years 1996 through 2010, and ii) extract an average single-year data set. The 
same climatic annual dataset was utilized for all numerical modelling runs and repeated for each 
year in multi-year scenarios. 
 

3.2 Operational Scenario JNM 
This section presents the numerical modeling results of the Joslyn North Mine operational 
scenario. This scenario was set up in the 1-D coupled large-strain consolidation, actual 
evaporation, and thaw-strain numerical model and various scenarios were run with a 
combination of processes enabled. 
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Figure 9.  Settlement as a function of time for the JNM numerical modeling scenario 
�
�
Figure 9 presents the results of the JNM scenario with separating the individual large-strain 
consolidation, actual evaporation, and thaw-strain processes. Deposition ends at approximately 
5000 days  and it can be seen that large-strain consolidation contributes the most to potential 
volume change in the long-term. Actual evaporation and thaw-strain contribute a higher 
percentage in the 1-3 year time period as their influence is limited to the upper layer of the 
model. As the deposit grows in height it is naturally expected that the influences of AE and TS 
to the total dewatering process will decrease. The significant effect of the large-strain 
consolidation process is controlled by the high hydraulic conductivity of the material properties 
provided by Total E&P for the Cell B material. 

The numerical modeling indicates that the AE and TS processes are not additive but tend to 
influence each other and even inhibit the benefit of the opposing process. Further analysis of the 
data from the model is required but a preliminary overview of model output appears to indicate 
that the thaw-strain process  first increases the hydraulic conductivity of the top layer. This 
results in a successful dewatering of the top layer which leads to a subsequent densification and 
a reduction in the hydraulic conductivity. This densification process and lowering of the 
hydraulic conductivity can have the potential to lower the release of water by evaporation.  In a 
similar fashion the layers placed in the early-mid summer time period are exposed to the 
evaporation process which can densify the top layer and ultimately mute the effect of the thaw-
strain process the following spring. It should be noted that these hypothesis are preliminary and 
further work is on-going to determine the exact interpretation of numerical modeling results. 

The following figures illustrate the properties of the numerical model at key time periods as a 
function of elevation. 
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Figure 10.  Height vs. pore-water pressure for JNM model for LSC+AE+TS scenario 

3.3 Operational Scenario FSLG 
This section presents the results of the FSLG scenario. The scenario was set up in the 1-D 
numerical model and model runs were initiated.  The results of settlement versus time may be 
seen in Figure 11. From Figure 11 it can be seen that the results are similar to those presented in 
the previous section. It can be seen again that the actual evaporation and thaw-strain processes 
appear to be non-additive and the influences of one process affect the other process.  

Further analysis and work is recommended to examine the specifics of the numerical model 
to determine where the layering process can be optimized. 

Further site calibrations are recommended in order to calibrate the developed numerical 
model and increase confidence in the results. 
 
 

 
 
Figure 11.  Results of settlement height for the FSLG modeling scenario 
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4 CONCLUSIONS 

This study represents a significant leap forward in the ability to model thin-lift deposition in 
multi-year fashion. A method of numerical modelling including evaporation and thaw-strain has 
been described, which allows the effects of climatic data on the drying process of tailings to be 
evaluated realistically. Based on the multi-lift numerical modelling study, the following 
conclusions are drawn:  
 

x The effects of evaporation are significant and contribute to the drying process. 
x Simulation with large-strain consolidation alone may not be enough to represent the 

actual situation. 
x The simulations show that the effects of actual evaporation and thaw-strain are not 

cumulative but rather one process has a tendency to offset or hinder the other process. 
x The ability of the thaw-strain process to densify the top 1.5m of the oil-sand tailings is 

clear and may be reasonably represented in the numerical modeling process. 
x The benefit of AE is apparent in the one to three-year range, but becomes of less 

percentage benefit as the height increases. 
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1 INTRODUCTION 

Suncor Energy Inc.’s oil sands operation north of Fort McMurray, Alberta is challenged with 
reducing the amount of, and reclaiming, the fine tailings in inventory, as are all the oil sand op-
erations involved in open pit operations. Suncor has begun implementing their commercial Tail-
ings Reduction Operation (TROTM) strategy since 2010 (Wells 2011).  To deal with the coarse 
tailings, Suncor is constructing sand dumps that have a small pond footprint.  Sand Dump 8 is 
the first sand structure to be constructed under the TROTM plan. 

The concept of Sand Dump 8 (Ali 2011) is to continually pump the thin fine tailings (TFT) 
out of the sand dump area to a separate facility where it will eventually be treated with thin lift 
drying as part of the TROTM operation.  The result will be a significantly small pond area sur-
rounded by large sand beaches.  It will be easier, faster, and less expensive to reclaim the final 
surface. 

Hydraulic placement of sand in Sand Dump 8 began in March 2012 A companion paper 
(Mettananda et al. 2014) to this paper discusses construction and performance to date. 

 

Design of Suncor’s first tailings sand structure under tailings 
reduction operation – Sand Dump 8 

G.W. Pollock and D. Changa A. Mettananda 
AMEC Environment & Infrastructure, Edmonton, Alberta, Canada 

T. MacGowan 
Suncor Energy Inc., Calgary, Alberta, Canada 

ABSTRACT: To reduce the reclamation time required for fine tailings disposal, Suncor has be-
gun implementing their Tailings Reduction Operation (TROTM) plan.  For new coarse tailings 
disposal facilities, TROTM requires that the sand storage area be constructed with only the mini-
mum size of pond needed for barge operations to efficiently conduct fine tailings removal. The 
fine tails are ultimately transferred to a separate area for thin lift drying.  The minimal pond area 
allows the sand storage facility to be readily reclaimed once the structure is completed. 

Sand Dump 8 is the first sand structure at Suncor to be designed under the TROTM plan and is 
currently under construction.  When completed it will be 140 m high.  The small pond area at 
the center of the pond will result in long subaerial beaches.  Due to the rapid rate of rise, 
20 m/yr, the beaches are considered to be potentially liquefiable.  Therefore, the exterior portion 
of the structure is classified as a dam and is constructed with a modified sand cell approach. 

This paper presents the design of Sand Dump 8.  Topics include: cell construction and beach 
zones; approach taken to design response of end dumped overburden fill as a foundation for hy-
draulically placed sand; and basal drainage system challenges.  A companion paper discusses 
the construction of Sand Dump 8. 
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2 SAND DUMP 8 

Sand Dump 8 is located on the western side of the Millennium pit as shown on Figure 1(left).  
Sand Dump 8 will ultimately contain 680 Mm3 of sand.  Figure 1 (right) shows a close up of the 
Sand Dump 8 footprint with the various sectors.  The western side of the sand dump parallels 
the valley wall which was mined out.  Therefore the structure on this side (referred to as Dyke 
11) becomes an external perimeter structure, with the toe being approximately 1500 m from the 
Athabasca River. The crest of Sand Dump 8 will be about 140 m above the toe, and about 75 m 
above what was the crest of the valley in this area. 
 
 

     

Figure 1.  SD8 location plan (left) and sector plan (right)  
 

Dyke 12 forms the eastern extent of the structure and is located in the mined out portion of 
the pit as shown on Figure 1.  At its final height, Sand Dump 8 will be 50 m above the original 
ground in this area.  Between Dyke 11 and Dyke 12, the sand dump is ringed by the pit wall on 
the north and south sides as shown on Figure 1.  The sand dump will be between 50 m and 75 m 
above the pit crest in these areas. 

Prior to TROTM, the Sand Dump 8 area was referred to as Pond 8, and was originally intended 
to be a storage area for “consolidated tailings” (CT) which is slurry mixture of sand, fluid fine 
tailings and a flocculent.  The pond was also intended to have a water cap.  Containment struc-
tures were designed under this plan, and Dyke 11 was partially constructed as an overburden 
dyke.  Interior dumps were also constructed.   

Although Suncor has 50 years of constructing tailings structures using hydraulically placed 
sand, the Sand Dump 8 structure is unique in several ways posing new challenges.  Several of 
them are: 

x The rate of rise of the structure will be 20 m per year.  This rate is unprecedented in the 
oil sands industry for hydraulically placed sand construction. While beaches will be 
primarily placed above water (BAW), if they are essentially saturated, the sand state 
could approach lower density beach below water (BBW) state. 

x Compacted cell construction will be conducted year round.  Typically the compacted 
zones are only constructed during the summer months. 

x The small pond will result in large subaerial beaches (beach above water or BAW). The 
development of long beaches could lead to potential freezing of the beaches during the 
winter months. If significant ice layers are formed it could affect beaching operations as 
well as impede downward flow.  Additionally massive layers of ice could lead to insta-
bility when thawed. 
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x Maintaining a small pond. Although largely an operational and mechanical issue, it has 
significant geotechnical implications.  If the pond grows considerably, then the amount 
of fine tails at the bottom of the pond also grows and gets trapped in layers at the beach-
pond interface.  This would result in a significantly larger area of soft tailings that will 
have to be reclaimed, which works against the premise of the sand dump concept. 

x Incorporation of existing structures.  A significant portion (approximately two-thirds) of 
the foundation of the sand will be uncompacted overburden dumps. 

Construction of the sand was to start from Dyke 12 until the sand reached the elevation of the 
dumps which border the pit walls and Dyke 11.  At that time, construction of the sand will con-
tinue around the entire perimeter of the structure.   

3 DESIGN APPROACH 

As with most of the large structures at the Suncor site, the design of Dyke 12 and Sand Dump 8 
utilize the observational method as an essential element of the design. The observational method 
allows for a safe and efficient design even where there is some uncertainty in the expected mate-
rial performance. The main elements of the observational method are: 

x An initial design based upon expected conditions and material performance.  
x Sufficient and timely instrumentation and monitoring of aspects which have the largest 

degree of uncertainty. 
x Potential mitigative measures which can be implemented if the monitoring is indicates 

the need for such. 
In addition to the application of the observational method, the design for Dyke 12/Sand Dump 

8 has also benefited from the construction of a large field trial which was specifically conducted 
to determine the behavior of the sands constructed at the rates and in a similar manner as will be 
constructed in Sand Dump 8. The field trial is discussed below. 

Although the pond area is to be kept to a minimum, by definition from the Canadian Dam As-
sociation Dam Safety Guidelines, the pond will be of sufficient volume and height above ground 
level such that the structure is to be considered a dam.  Additionally, the dump will contain sig-
nificant volumes of potentially liquefiable tailings, which further emphasize the need to consider 
the sand dump perimeter as series of dams (or dykes). 

Historically at the Suncor site, beach above water (BAW) beaches have been placed in a suf-
ficiently dense state such that the material behaves in a dilatant manner upon shear and have 
therefore been considered in designs as non-liquefiable zones.  However, the current rate of con-
struction and the conditions of beach placement (specifically the underdrainage) are different 
than with past experience, and therefore assuming the beach will be placed dense enough to pre-
clude liquefaction is no longer considered to be valid without supporting data.  Therefore, for 
the purposes of Sand Dump 8 all material deposited without compaction, whether BAW or 
beach below water (BBW), is considered as potentially liquefiable. 

Therefore, the design approach is aimed at avoiding potentially liquefiable sands in areas 
close to the starter dyke and the downstream slope of sand.  Three main design elements em-
ployed in the Sand Dump 8 design to create conditions favorable for the formation of non-
liquefiable sands are: 

x Slope the base of the pond away from the starter dyke to avoid BBW against the starter 
dyke. 

x Provide effective basal drainage to keep the water table down and facilitate downward 
drainage during hydraulic placement of sand. 

x Construct a compacted zone to promote “dilative” (potentially non-liquefiable) sands 
along the downstream slope. 

4 BEACH TRIAL 

Sand Dump 8 will be constructed at rates beyond precedence in the oil sand industry. Based on 
experience at other sites, long beaches with poor under-drainage result in very loose deposits 
when constructed at rates significantly less than that proposed for Sand Dump 8. Therefore, a 
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trial beach was constructed on an existing beach of the South Tailings Pond, at rates similar to 
those that would be present in Sand Dump 8,  to: 

x Assess if construction rates and techniques similar to SD8/Dyke 12 will provide non-
liquefiable material in compacted and beached areas. 

x Determine if a 250m compacted zone can be attained at SD8 construction rates, and 
x Determine the amount of water table drawdown after inactive period. 

The test area was 250 m by 250 m and was divided into 4 cells.  The orientation of the cells 
was perpendicular to the dyke axis to mimic the proposed construction technique for Sand 
Dump 8.  Typically cells are run along the length of the dyke axis, however in order to achieve 
the 250 m compacted width along the dyke, the cells were reoriented perpendicular to the dyke 
axis. 

Three to four metres of beach was placed over all four cells during the first phase from Octo-
ber 28, 2010 to December 4, 2010. The discharge point was regularly switched between the four 
cells. Beach sand placed within a 250 m distance from discharge points was continuously com-
pacted by dozers. The construction sequence was as follows: 

x three weeks of placement 
x one and a half weeks of no placement due to line maintenance issues, and, 
x one and a half weeks of placement 

The first lift beaching was carried out without end dykes (i.e. dry dyke at the end of the cell). 
Significant scour was encountered at some locations during the initial lift construction. During 
the process, Suncor concluded that it was difficult to construct beaches without constructing end 
dykes. A four week period of no placement followed, from December 5, 2010 to January 1, 
2011. 

Phase 2 of the beach trial involved building beaches utilizing spill boxes and end dykes simi-
lar to the conventional cell construction. However, there was still a difference between beach 
trial cell construction and the conventional cell construction in the construction rates and the lift 
thicknesses. Only two cells, cells 2 and 3, were involved, and a 5 m beach was constructed in 12 
days (from January 2, 2011 to January 14, 2011).  

Cone penetration testing was conducted prior to the construction of the trial, after the first lift, 
and after the second lift.  Figure 2 shows a typical CPT trace from the cell area and from the 
beach area. Following the CPT testing carried out after the second lift, a vibro-compactor was 
used on one of the cells to assess if there is an additional improvement that can be gained in ad-
dition to what was gained through dozer traffic. CPT tests were re-done at two test locations. 
Pore pressure tips were installed in the trial area before sand placement.  Piezometric readings 
were also obtained from the CPT. 

 

  

Figure 2.  Typical Beach Trial CPT results for beach (left) and cell (right).  
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The following conclusions were drawn from the beach trial: 
x Compaction of a 250 m zone towards the pond is achievable.  This answers the question 

about whether it is feasible to safely traffic dozers this distance towards the pond. 
x BAW placed at a high construction rate can be compacted to a non liquefiable 

state.  Dozers are required to work the entire lift as it is placed.  
x Uncompacted BAW appears to be largely liquefiable. 
x The water table was drawn down a modest amount which appeared to allow downward 

drainage. 
x The use of the vibro-compactor after the dozer traffic compaction of beaches during 

construction showed only modest improvement in cone tip resistance.  The material was 
already dilative prior to testing and therefore the impact of the vibro compactor was 
negligible.  Therefore the use of dozers by themselves was adequate. 

 
In summary, the beach trial confirmed the feasibility of obtaining a sufficiently compacted 

zone with rates of construction proposed for Sand Dump 8 as well as the size and orientation of 
the cells. During the beach trial, the use of end dykes with a spill box was more successful in 
achieving a 5 m lift in a short duration than without the end dykes and spill box.  However it 
was decided not to use the end dyke and spill box configuration for Sand Dump 8 due to opera-
tional challenges. It was judged that issues such as scouring could be overcome with increased 
dozer attention. 

5 DYKE 12 DESIGN 

5.1 Overview 
Sand Dump 8 was divided into eight sectors for design purposes (Figure 1).  Three of the sec-
tors, which represent the range of design sections, will be highlighted in this paper: Dyke 12 
Sector, Dyke 11 Sector, and Ring Dyke North Sector. 

 
Dyke 12 is located in the pit and stretches from the northern pitwall to the unmined waste is-

land at the centre of the Millennium pit.  Dyke 12 is the only sector in which the sand tailings 
are placed on (or near) the pit floor.  The design for the Dyke 12 Sector is shown in cross section 
on Figure 3 for two stages of construction.  The main elements of the structure are: 

x Starter dyke and Engineered Pond Bottom (EPB) 
x Overburden waste toe buttress 
x Seepage control/drainage system 
x Compacted sand zone  

5.2 Starter Dyke and Engineered Pond Bottom 
As with most tailings sand structures, a starter dyke constructed with overburden materials was 
constructed to provide a platform for tailings construction to commence.  Due to the variation in 
the pit floor elevation along the length of Dyke 12 and various tailings planning factors, the 
starter dyke was as high as 30 m in places. 

In the sand dump area, fill was placed on the pit floor to provide positive drainage of tailings 
sands runoff fluid away from the starter dyke, towards the TFT pond, during placement of initial 
sand lifts. This fill is referred to as the Engineered Pond Bottom (EPB).  The intent of the EPB is 
to prevent large pockets of BBW placement and to improve downward drainage. This is consid-
ered key for attaining denser sand deposits that are not susceptible to liquefaction. 

The surface of the engineered pond bottom is sloped at one percent towards the TFT pond 
from the starter dyke. The first 500 m of the EPB from the starter dyke is constructed with com-
pacted fill: either lean oil sand (B-Spec in Suncor terminology) or Clearwater derived fill 
(K-Spec). The remainder of the EPB is constructed with uncompacted dump fill (referred to as 
G-Spec); but the final fill surface will be compacted with haul trucks and graded using equip-
ment traffic.  The 500 m compacted zone along the pit floor ensures that no softened zone will 
occur near the downstream slope face. 
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Figure 3.  Dyke 12 Sector design section at two different stages 
 

5.3 Overburden Toe Buttress 
The pit floor in the Millennium pit contains varying thicknesses of unmined McMurray for-
mation which contain basal clay units.  These units are often of high plasticity and presheared as 
they are in the Dyke 12 region.  Therefore designs in this setting tend towards either a shear key 
in the clay material or a flatter slope.  The availability of large amounts of overburden waste and 
need for another in-pit dump led to the decision to handle the poor foundation conditions by 
constructing an uncompacted overburden waste dump (G-Spec) buttress. 

5.4 Compacted Sand Zone 
Since overburden would not be available during the later construction stages of Sand Dump 8, 
the overburden would not be able support the entire face of the sand slope.  Additionally, mining 
operations required flexibility which meant there was a need for the sand slope to be self sup-
porting as much as possible.  

The downstream slope of Sand Dump 8 is shown in cross section on Figure 3. The geomet-
rical configuration of the downstream slope of Sand Dump 8, based on stability, planning, and 
operational considerations, is as follows: 

x The ultimate final crest of Sand Dump 8 at is elevation 405 m which is approximately 
140 m above the pit floor. 

x The downstream sand slope has an inclination of 3.7H:1V. This slope will consist of 
5 m high benches. The typical bench width is 10m with every fourth bench having a 
width of 30 m.  

x The toe of the downstream sand slope will be on the upstream crest of the starter dyke. 
x Sand Dump 8 will be constructed with hydraulically placed tailings sand. Sand along 

the downstream slope will be mechanically compacted (dozer track-packed) to create a 
dilative (non-liquefiable) zone. The width of the mechanically compacted zone is 
250 m.  The ability to achieve this size of zone was supported by the beach trial which 
discussed above.  

x There is a basal drainage system which is discussed below. 
The beach sand outside of the compacted zone was considered to be potentially liquefiable 

and a contractive steady state strength was applied in the form of a shear strength to effective 
stress ratio of 0.05.  This is considered relatively conservative and will be confirmed as in situ 
test data becomes available. 
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The width of the compacted zone, the slope of the unsupported sand slope, and the height of 
the unsupported sand slope are interrelated.  Figure 4 shows the potential failure mechanisms 
evaluated.  Of interest, flattening the sand slope requires a wider compacted zone due to poten-
tial failure along the uncompacted sand exiting just above the buttress as shown on Figure 4.  
The configuration described above represents the optimization of mine planning and operations 
requirements to both minimize costs and provide flexibility in the construction. 
 

 

Figure 4. Dyke 12 Sector potential failure mechanisms 

5.5 Seepage Collection System 
In order to provide under drainage for the effective compaction of sand as well as to avoid a 
bathtub scenario in Sand Dump 8, it is necessary to construct a drainage system with a water 
removal system. 

5.5.1 Basal Drain Design 
The design of the internal seepage control system consists of three collector drains running par-
allel to the dyke axis spaced 150 m apart as shown on Figure 5. The drains are graded towards 
offtakes which are spaced 200 m apart.  The offtakes carry the water from the collector drains to 
gravel well pads where it will be pumped from the structure. The well pad system is discussed in 
the next section. 
 
 

 

Figure 5. Dyke 12 Basal drain layout 
 

The offtakes are sloped downwards at a 0.5% grade from the western most drain towards the 
well pads.  However, since the engineered pond bottom is sloped 1% in the opposite direction 
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(i.e. down from the starter dyke to the TFT pond, east to west), it is necessary to excavate a 
trench into the EPB which gets progressively deeper as the drains approach the well pads. 

The drains consist of perforated nominal 50 cm diameter HDPE pipe, 5.6 cm thick (DR9), en-
cased in a gravel section.  To minimize the potential of fines migration from the surrounding 
clay materials into the drain system, the drain gravel is surrounded by transition sand.  The 
trench is then lined with a geotextile.  The cross section of the drain is shown on Figure 6. 
   

 

Figure 6. Dyke 12 Basal drain cross section 
 

5.5.2 Well Pads 
Due to the large downstream buttress that will be constructed against the sand, removing the wa-
ter from Dyke 12 via a typical offtake is more challenging than for typical tailings structures 
with no downstream buttress.  Several options considered for removing the water included 
among others: extending the lateral offtake pipes to the toe of the buttress; and stage construc-
tion of permanent vertical shafts near the toe of the sand.  For various technical, scheduling, and 
economic reasons, the option selected for Dyke 12 is a multiple gravel sump (pad) and pumping 
well option. 

Gravel pads will be constructed at the end of each offtake.  Each pad is 15 m by 20 m in aerial 
extent and 9 m deep.  Wells will be drilled into the pad.  Pumps will then be installed in the 
wells to pump the water out of the pads. Typical layout of a gravel well pad is shown Figure 7. 
 

 

Figure7. Dyke 12 Gravel sump cross section 
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The offtakes are extended into the gravel pads for a distance of 27 m.  The perforated pipe has 

been designed to allow the water being collected to flow (i.e. drop) out of the pipes and into the 
gravel pad.  The pumps will then remove the water from the pads to be discharged back into the 
pond.  One advantage of this system is that the offtakes are not connected to the well in a rigid 
manner. This allows settlement of the gravel around the well to occur under the subsequently 
placed 90 m to 100 m of fill without risk of shearing the connection. 

The wells will be abandoned and re-drilled to allow placement of the overburden dump on the 
well pad area.  Depending on sequencing of the overburden around the drains, the number of re-
drills could vary from 3 to 5.  A 10 m wide compacted zone against the sand in the buttress is in-
tended to act as a buffer to slow the rate of water migration into the buttress should the phreatic 
surface rise during the pump shut downs required during re-installation. 

5.5.3 Pipe Outflow Experiment 
The effectiveness of the well pad option is dependent upon the ability of the water to drop out of 
the offtake pipe when it is in the well pad gravel zone. Even though the calculation of the out-
flow through a perforation is straightforward when the perforation is unobstructed, only limited 
information is available in literature on the reduction of flow due to gravel around perforations. 
The only reference (USDA 1971) that could be found recommended, in the absence of sufficient 
studies, that an area reduction of 70 percent be considered in calculating flow through perfora-
tions in drain pipes installed in clean gravel. However, the USDA acknowledged that this guide-
line is very conservative. 

Therefore, due to the uncertainties associated with the calculation of flow through perfora-
tions into a gravel bed, an experiment was conducted to confirm design assumptions. A second-
ary objective is the verification of the coefficient of discharge (Cd) used in the standard orifice 
equation for the perforation used in the Dyke 12 drain system. 

The testing program involved measuring the flow through 20 perforations (10 perforation sec-
tions) drilled in a nominal 50 cm diameter DR9 HDPE pipe under constant head condition. In 
order to simulate the actual field conditions, the pipe used for the experiment was selected from 
one of the production pipes from the field. Gravel bedding material was also selected such that 
the gradation matched the requirements of the drain gravel specified. 

Although perforations were specified to be 12.5 mm in diameter, it was found that the actual 
size of the perforations were 11.9 mm. Perforations were oriented at 45 degree locations from 
pipe invert to replicate the actual field installation, and hence, the perforations were located 56.9 
mm above the pipe invert. 

The equation of flow through an orifice is: 
 

Q = Cd A (2gH)0.5   [Eqn. 1] 
   

where  Q   = discharge out of one orifice  
Cd  = coefficient of discharge 
A    = orifice area 
g    = acceleration of gravity 
H    = head on orifice, based on assumed half full pipe flow 

 
A base line experiment was conducted with no gravel.  As shown on Figure 8, the value of Cd 

to match the outflow was 0.8. The test was then run using the surrounding gravel.  As shown on 
Figure 8, there was a 22% reduction in flow due to the gravel.  The combination of 0.8 for Cd 
and a 22% reduction for gravel yields a Cd(gravel) of 0.62, which was used for the design of the 
drains. 
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Figure 8. Results of pipe flow experiment. 

6 PERIMETER SECTORS 

The sectors outside of the Dyke 12 sector are referred to as the perimeter sectors.  The remain-
der of the structure is either along pit walls or along the open side of the pit at the former valley 
wall (Dyke 11) as shown on Figure 1. One common element in each of these areas is the pres-
ence of large volumes of uncompacted overburden waste dumps. 

Dyke 11 was designed and partially constructed under the CT mine plan which meant that the 
dyke was designed to contain soft tailings with a water cap. The dyke consists of compacted 
overburden and an internal chimney drain/filter.  Although the original design crest elevation 
changed from 370 m to 350 m under the CT plan, the construction was capped at approximately 
330 m once the plan changed to a sand dump.  Since the sand dump crest is at elevation 405 m, 
the sand will be approximately 75 m above the overburden crest of Dyke 11 and approximately 
140 m above the toe of Dyke 11. 

The design for SD8 in the Dyke 11 sector is shown on Figure 9.  As shown on the figure, 
there is an overburden dump against the upstream slope of Dyke 11.  There is a shear key con-
structed with compacted fill in the dump.  Discussion on the modeling of the dump due to poten-
tial wetting from the hydraulically placed sand is provided below. 
 

 

Figure 9. Dyke 11 Sector Design Section 
 
Along the pit walls, the sand dump crest varies from 75 m above the pit crest in the west (near 

the valley crest) to 50 m in the east.  Figure 10 shows the design along one portion of the pit 
wall in the Ring Dyke North Sector.  Similar to Dyke 11, there is an overburden dump against 
pit wall in which a compacted fill shear key is required.  The toe of the sand is close to the pit 
crest.  Although it would be possible to construct the sand partially outside of the pit in this area, 
the benefit of doing so is diminished dramatically due to the presence of Clearwater Clay Shales 
in the upper stratigraphy outside the pit.  Various members of the Clearwater formation (notably 
Kca) are high plastic (with liquid limits routinely over 100%) and are often highly presheared 
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with numerous slickensides and the strength at or near residual.  Additionally, the pore pressure 
response to loading can be significant with ܤത’s in the order of 0.7 to 0.9.  Therefore, when fill is 
placed outside of the pit, significantly flat slopes are required. 
 

 

Figure 10. Ring Dyke North Sector Design Section 
 

As shown on both cross sections, the compacted sand zone is of considerable size.  This is 
due to the potentially weak behavior of the dump material which will act as a foundation to the 
hydraulically placed sand.  The assessment of the dump foundation is discussed below.  The cost 
of increasing the compacted zone was weighed against other options including larger shear key 
in the dump, flatter slopes sand slopes, and/or a lower final sand elevation. 

6.1 Dump as a foundation 
The dumps that exist along most of the perimeter sectors will form the foundation for a signifi-
cant portion of the sand dump.  The dumps are constructed in 5 m to 10 m lifts which are dozed 
and trafficked by heavy haulers.  This methodology is referred to as G-Spec construction and re-
sults in a “sandwich” type of structure where the upper couple of metres are relatively compact-
ed due to the heavy hauler traffic, and the remainder of the lift is uncompacted and is left to den-
sify under the weight of subsequent lifts.  When uncompacted lifts are not able to support large 
truck traffic, a layer of “padding” is constructed out over the lift with drier material to create a 
compacted driving surface. 

In Suncor’s Millennium mine, the dominant material type in the dumps are Clearwater clay 
shales and Clearwater derived tills with some lean oil sand (LOS) and other low to medium 
plastic tills. G-Spec dumps in the Millennium mine have routinely been constructed as high as 
30 m to 50 m. Generally speaking the dumps have performed well.  When there is an issue with 
the stability, it can usually be traced back to placement of dump fills in pools of water at the 
base of the structure. 

 
The predominant issue for the dump as a foundation for the sand is the response of the un-

compacted material upon wetting from hydraulic sand placement.  To delay and minimize the 
effect of the wetting front formation, four design elements are being implemented: 

x Placement of a 2 m lift of compacted material at the surface (K-Spec or B-Spec) of the 
SWC. (It is also expected that another approximately 2 m of the surface of the G-Spec 
will be compacted due to normal heavy hauler traffic). 

x The upper 10 m of the dump material is to be Modified G-Spec.  Modified G-Spec pro-
hibits very wet material from being placed, in addition to construction placement rec-
ommendations to reduce moisture infiltration during construction. 

x The dump is sloped towards the pond to promote drainage off of the dump. 
x Drains will be placed on the dump surface in the sand which will help lower the water 

table in the sand above the dump. 

6.2 Potential Dump Fill Behaviour Models 
When loose clayey fill is wetted under load, in this case a wet sand loading, it collapses.  The 
behavior of the soil in this situation can range from assuming a very fast rate of infiltration 
which will lead to all the sand loading being translated to pore pressure, to assuming a very slow 
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rate of infiltration such that no pore pressure is generated as the wetting front has access to 
available pore space to quickly dissipate as it is loading.  The former is considered too conserva-
tive.  In addition, the ability to monitor for this situation and respond in a timely manner (as per 
the conditions of the observational approach) allows it to be removed as the design condition is 
approached.  The latter, is considered to be an aggressive assumption.  It is also challenging to 
monitor a sudden increase in pore pressure and it may not be possible to respond in a timely 
manner if an unstable situation occurs in a rapid manner. 

Therefore an intermediate condition was used for design which assumes that the dump is 
compressed under sand loading prior to significant wetting and generation of pore pressures.  
The dump is then wet and the strength is then related to the saturated strength of the fill at the 
existing density.  Therefore, any potential collapse that would occur is considered to be taken up 
by pore pressures. 

The strength of the fill is determined by the undrained strength of the fully saturated fill along 
the unwetted (pre-collapsed) compression curve.  Therefore it is necessary to know the density 
of the fill and the undrained strength at a given density (or water content assuming saturation).  
Determining the density and strength of loosely placed fill is challenging due to the structure of 
the fill, which is comprised of blocks of intact material surrounded by a matrix of voids and 
broken lumps.  There are numerous difficulties with obtaining representative downhole samples.  
Therefore data obtained from large scale in situ tests was used in assessing the potential behav-
ior of the fill. 

The field test consisted of two large tests pits 6 m in depth (Figure 11).  Large volume dis-
placement tests 0.75 m in diameter were conducted at 2 m, 4 m, and 6 m depths to determine the 
in situ density of the fill at depth.  Two tests were done at each 2 m level in each test pit.  Addi-
tionally, nuclear densometer density measurements were taken near the large volume density 
tests.   In the laboratory, 5 inch oedometer tests were conducted on samples of the fill which 
were cut to 1 cm cube maximum size and graded downwards. The results of the field tests, the 
laboratory tests, and previous data led to the density vs effective stress relationship shown on 
Figure 12.  

Three 6 inch diameter triaxial tests with pore pressure measurements were conducted on the 
dump fill.  Similar to the oedometer tests, the samples were cut to a maximum size of 1 cm for 
the test.  The undrained strength vs liquidity index relationship used in the design along with the 
results of the three triaxial tests and other relationships from the literature is shown on Fig-
ure 12. 
 

 

Figure 11. Test pit for large scale density tests  
 
From the density vs effective stress relationship and the undrained vs liquidity index relation-

ship, a strength vs effective stress relationship for wetted loose fill can be developed to be used 
in the stability analyses. This strength was applied along layers at varying depths.  The “cross 
bedding” of the dump was assumed to have a higher strength because of the compacted layers 
due to the sandwich structure discussed above. The stability modeling indicated the need to pro-
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vide a compacted zone (shear key) in the upper portion of the dump. The depth of the shear key 
varied and was in the order of 15 m deep with a relatively narrow base and widening at the top 
to something in the order of 100 m (Figures 9 and 10).   

 

 

Figure 12. Compression curves (left) and strength vs liquidity index relationship (right) for dump fill. 
 

7 INSTRUMENTATION AND MONITORING 

As part of the observational approach, instrumentation and monitoring will be undertaken with 
emphasis on the elements of the design with greatest uncertainty which have a significant opera-
tional impact.  Therefore the following will be undertaken. 

7.1 Cone Penetration Testing of the Sand 
During construction, CPT’s will be undertaken to confirm design assumptions regarding the 
state of the sand.  Specifically, the tests will be used to confirm that the compactive effort pro-
vided by the dozers during construction of the 5 m lifts is providing a dense enough sand to cre-
ate a dilative response upon shearing.  Additionally CPT’s will be undertaken in the uncompact-
ed beach above water zone to confirm the design assumption that BAW will be potentially 
liquefiable. Dissipation tests will be conducted during the CPT work to determine the phreatic 
surface and the effectiveness of the underlying drain network. Several CPT campaigns have 
been undertaken to date and are discussed in the companion paper (Mettananda et al, 2014). 

7.2 Pump Well Pad Monitoring 
Water levels within the well along with the flow rate from the wells will be measured. In addi-
tion, standpipes have been placed within the gravel pad to measure the effectiveness of the pad 
in draining the storage during the pump drawdown. 

7.3 Pore Pressure Measurements in Foundation 
The Dyke 12 buttress is situated on basal clays. Piezometers have been installed through the 
starter dyke and into the basal clays to allow the pore pressure to be measured with increasing 
fill loading. 

7.4 Waste Dump Foundation 
In the sectors where sand is to be constructed on the waste dumps (i.e. all sectors except Dyke 
12 and Waste Nose), the following will be conducted: 
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x CPT’s will be pushed through the sand and into the dump during the construction of the 
sand structure.  In addition to CPT’s providing an indication of strength and potential 
softening, dissipation tests will be conducted to determine pore pressure at different ele-
vations. 

x After the elevation 360 m sand bench has been constructed, vibrating wire piezometers 
will be installed in the dump foundation.  CPT’s will be used to determine potential soft 
layers. 

x Slope inclinometers will be installed through the 360 m sand bench and sufficiently into 
the dump to detect any potential movement in the dump foundation. 

7.5 Slope Inclinometers 
Slope inclinometers will be placed on the slopes around the perimeter of the structure and read 
at regular intervals. 

8 CONCLUSIONS 

A mining operation is a dynamic environment in which the geotechnical engineer is challenged 
to provide cost effective designs while inheriting legacy structures while accounting for un-
common design situations. The changing of the mine plan at Suncor to the Tailings Reduction 
Operations plan has required significant modifications to containment structures already under 
construction.  Full scale field trials, large scale field testing, unique laboratory experiments and 
innovative drain designs were undertaken to develop a design for challenging and sometimes 
unprecedented conditions. With the use of the observational approach, design assumptions can 
be confirmed and the potential for optimization of the construction may become evident. 
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1 INTRODUCTION 

Sand Dump 8 is the first tailings sand structure to be constructed under Suncor Energy Inc.’s 
Tailings Reduction Operation (TRO™) strategy. It is located in the western side of the Suncor’s 
Millennium pit north of Fort McMurray, Alberta, Canada as shown on Figure 1. Sand Dump 8 
consists of hydraulically constructed sand from the tailings stream and provides containment to 
a small tailings pond known as the TFT (thin fine tailings) pond. Once completed, Sand Dump 8 
will be approximately 140 m high and contain 680 million cubic metres of sand. Pollock et al. 
(2014) included the details of the TRO™ concept as well as the design of Sand Dump 8.  

Various sectors of Sand Dump 8 were presented in Pollock et al. (2014). The construction is 
currently underway on the east side of Sand Dump 8, referred to as the Dyke 12 sector. The con-
struction was started with four tailings lines. Currently there are five tailings lines feeding tail-
ings to the Sand Dump 8 at a rate of 200 000 to 270 000 tonnes of sand per day. The current 
sand crest (as of May 2014) is at approximately 310 m elevation. Construction commenced in 
March 2012. The deposit is 30 m thick and holds approximately 94 Mm3 of sand.  

As presented in the companion paper, Sand Dump 8 poses a number of new challenges in tail-
ings construction, such as: 
x A rapid rate of construction. The planned rate of rise of 20 m per year is unprecedented 

in the oil sands industry for hydraulically placed sand.  This rate is required during the 
present time frame as Sand Dump 8 is currently Suncor’s only sand deposition site. 

x Year round compacted cell construction, including during the winter months. Typically, 
compacted cell construction is limited to the summer months. 

x The small pond will result in large subaerial beaches (beach above water or BAW). The 
development of long beaches could lead to potential freezing of the beaches during the 
winter months. 

Construction of Suncor’s first tailings sand structure under 
tailings reduction operation – Sand Dump 8  

D. Changa A. Mettananda, G.W. Pollock 
AMEC Environment & Infrastructure, Edmonton, Alberta, Canada  

T. MacGowan  
Suncor Energy Inc, Calgary, Alberta, Canada  

ABSTRACT: Sand Dump 8 is currently under construction and will be a 140 m high hydrau-
lically constructed sand structure at Suncor’s Millennium mine site which will contain 680 mil-
lion cubic metres of sand when completed. This is the first sand structure to be constructed un-
der Suncor’s Tailings Reduction Operation (TRO™) plan. In a companion paper, the design of 
Sand Dump 8 was presented.  In this paper, the construction of the sand structure will be exam-
ined.  Compacted sand cell configuration and challenges will be discussed along with the con-
struction and operation of the basal drainage system.  Although in the early stages of construc-
tion, important learnings have been gained with respect to design assumptions, compaction, and 
drainage behaviour.  The results of the monitoring will be presented, including a discussion on 
liquefaction potential.   
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x Maintaining a small pond. 
The rapid rate of hydraulic construction with less time for drainage could lead to looser sand 

deposits that are potentially liquefiable. Therefore, the design was based on a number of ele-
ments to promote dilatant (non-liquefiable) sand within a certain zone of the structure. Sufficient 
construction controls must also be in place to ensure that the product delivered meets the design 
intent as discussed below. A discussion of the construction aspects and the findings of the moni-
toring to date is the subject of the current paper. 
 
 

 
 

Figure 1. Plan view of Sand Dump 8 

2 DYKE 12 SECTOR DESIGN OVERVIEW 

To date, hydraulic placement of sand at Sand Dump 8 has been in the Dyke 12 Sector only. The 
design cross section of the Dyke 12 sector, which is the eastern portion of the Sand Dump 8 that 
is currently being constructed, is shown on Figure 2. The main design elements are the engi-
neered pond bottom, the starter dyke, basal drains, gravel sumps (also called well pads) and 
pump wells, and the compacted sand. As shown on Figure 2, the starter dyke was designed to 
285 m elevation to provide the initial containment for the tailings beaches. The overburden fill 
placed on the mined out pit floor, referred to as the engineered pond bottom or EPB, was built to 
275 m or 277 m elevation and sloped away from the starter dyke towards the small TFT pond 
located approximately in the middle of the Sand Dump 8. The mined out pit floor in the area 
varied from approximately 245 m to 270 m elevations. The basal drains consist of a network of 
perforated pipes installed in trenches to provide drainage of water from sand. The gravel sumps 
constructed downstream of Dyke 12 were designed to provide temporary storage of collected 
seepage water until they were ultimately pumped out through pumps lowered into wells drilled 
into the gravel sumps. The sand is to be constructed in 5 m lifts from the EPB ultimately up to 
405 m elevation. The 250 m wide zone of the beach near the sand face was designed to receive 
compaction by dozer traffic. Further design details of each of these elements can be found in 
Pollock et al. (2014).  

3 CONSTRUCTION 

3.1 Engineered Pond Bottom (EPB) and the Starter Dyke 
The sloped EPB and the starter dyke were constructed using overburden fill as required by the 
design (Figure 2). The overburden at the site refers to any soils present above minable oil sands, 
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and consists of Pleistocene clays, silts and tills, Cretaceous shales of the Clearwater Formation 
and lean oil sands with less than approximately 7% bitumen (Cretaceous McMurray Formation). 
The fill placement was as per standard mining fill placement specifications. The compacted fill 
portion of the EPB near the starter dyke was placed in layers of 0.6 m thickness for Clearwater 
fills and 1 m thickness for oil sands fills. These lift thicknesses have been developed at Suncor 
over time through testing and performance monitoring, and provided a fill with greater than 95% 
standard Proctor maximum dry density. For the uncompacted portion of the EPB, over 500 m 
from the starter dyke, a maximum lift thickness of 10 m was allowed. However, the surface of 
the uncompacted fill was compacted with loaded haul trucks. As the construction took place in 
an active mine, considerable coordination was required between various mine operations. The 
entire footprint of the EPB or the starter dyke was not available for construction at any given 
time. The construction had to be restricted to limited areas as dictated by the mine plan.  

 

 
Figure 2. Design cross section of Dyke 12 Sector of Sand Dump 8 

3.2 Seepage Collection System 
One of the critical design elements of the Dyke 12 design section is the seepage collection sys-
tem, which consists of the basal drains and the gravel sumps (also called well pads). The seep-
age collection system facilitates the collection of seepage water in perforated pipes and trans-
mission of the seepage collected into the gravel sumps for the eventual removal from the system 
by pumps.  

3.2.1 Basal Drains 
The design cross section, as shown in the companion paper, consists of a trench lined with a ge-
otextile and backfilled with sand, gravel and the drain pipe. The drains and sumps were con-
structed from November 2010 to November 2011.  The drains were installed following the con-
struction of the EPB, in trenches excavated into the EPB. Because of the constricted work space 
in the trench, the compaction of the gravel on the side of the pipe was accomplished by light 
equipment such as plate tampers in thin lifts. The compaction of gravel immediately above the 
pipe was intentionally avoided in order to leave a relatively uncompacted zone above the pipe to 
assist shedding of stresses around the pipe. The original drain cross section required a thin sand 
layer separating gravel from the geotextile fabric on sides, but to avoid construction complica-
tions this sand layer was excluded. To compensate for not having a layer of protection against 
gravel, a more robust filter fabric was used on the sides of the trench.  

The drain pipes used were perforated DR9 smooth walled HDPE, with a diameter of 0.5 m 
and a thickness of 56 mm. The pipes consist of four 10 mm diameter perforations per cross sec-
tion at 50 mm spacing between perforations along the pipe length. The perforations were orient-
ed to be on planes with 45o angle to the vertical to minimize the stresses at perforation locations. 
Pipe sections were connected on site with thermal butt fusion. The Figure 3 shows two photo-
graphs showing drain construction and thermal butt welding of HDPE pipes on site. 

3.2.2 Gravel Sumps 
The gravels sumps have plan dimensions of 20 m x 15 m and a height of 9 m. The perforated 
drain pipe entered the sump at 7.5 m above the base of the sump. Pipes in the sump consisted of 
two rows of 11.9 mm diameter perforations located within the lower half of the pipe to allow 
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water to drop out of the pipes. The design cross section of a gravel sump is presented on the 
companion paper. 

As opposed to drain pipes which were installed in trenches, gravel sumps and the overburden 
fill around them were built up concurrently. The construction sequence per lift consisted of the 
placement of overburden fill outside the gravel footprint, wrapping the filter fabric along the fill 
wall and the placement of gravel inside the sump footprint. Due to the alternate overburden and 
gravel construction per lift, the gravel-overburden fill contact was of a “zig-zag” nature as op-
posed to vertical.  The pipe was placed once the gravel was constructed to the elevation of the 
pipe invert, as shown on Figure 4 (the photo on the right).  

Similar to the construction of the EPB, areas available for drain construction were also lim-
ited by the mine plan. Continuous placement of drain pipe was not possible at any given time, 
and different parts of the drain grid were constructed independent of each other. The sumps 
were also constructed independent of the drains first, and separately constructed units were 
joined only towards the end of construction. Therefore considerable survey control and record 
keeping was required.  

 

  
 

Figure 3. Photographs of drain construction: the compaction of gravel on the side of the pipe (left). ther-
mal butt fusion of HDPE drain pipes (right) 
 
 

 
 

Figure 4. Photographs of the sump construction:  the placement of the overburden fill around gravel (left). 
gravel placement around the drain pipe (right)  

3.2.3 Pump Wells 
The pump wells were installed between December 2011 and February 2012, following the com-
pletion of sump construction. A pump well consists of a 508 mm diameter drill opening and a 
406 mm diameter well casing. The drilling was performed using a dual-rotary rig using air as the 
drilling fluid. Drilling mud was not used to prevent clogging of the gravel medium. One of the 
challenges encountered during drilling was the removal of drill cuttings out of the well. The cut-
tings were to be removed by the air flow, but only the finer fraction of the cuttings appears to be 
removed. The cuttings were found to be building up in the well with the termination of the air 
circulation. Several trials failed to eliminate all the cuttings and hence the drilling depth was ex-
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tended to accommodate a moderate amount of cuttings at the bottom of the well. The well 
screen and the riser pipe were then installed, and the annulus between the drill opening and the 
well screen was backfilled with the same gravel and transition sand within the gravel sump ele-
vations. The rest of the annulus above the gravel sump was backfilled with cement grout, fol-
lowing placement of a bentonite seal at the top of sand. The wells were dry until the Sand Dump 
8 construction was started, and were not developed prior to being put into operation. 

3.3 Sand (main section) 
Typical tailings sand construction involves two components, cell construction and beaching. The 
cell construction entails compaction of tailings sand in cells contained by dry dykes (dry sand 
stacked by dozers) on both sides. The cells are oriented along the main dyke axis, and dozers 
operating in cells provide compaction to sand while maintaining dry dykes, spreading sand with-
in the cell, and repairing erosion channels. The fluids in the cells are drained through spill boxes 
located on the end dykes. Beaching consists of discharging tailings off the cells towards the tail-
ings pond allowing coarser sand to segregate into sub-aerial beaches (BAW) closer to the cells 
and sub-aqueous beaches (BBW) in the pond area. In typical tailings sand dyke construction, 
these operations are distinct and separate. 

In contrast, SD8 does not contain a region with cell sand placed as per typical cell construc-
tion. It relies on a wide compacted beach (250 m wide in Dyke 12 sector) to produce a dilatant 
sand deposit. The compacted area is achieved by a modified cell construction technique in 
which the sand is subdivided into a number of cells oriented perpendicular to the dyke axis. The 
modified construction practice was implemented to achieve the wider compacted zone required 
for Sand Dump 8 and to allow operational flexibility. These cells use side dykes to provide con-
tainment to the beach area under construction, but end dykes and spill boxes typically used to 
restrict the fluid flow towards the pond were not used. Consideration was given initially for the 
use of end dykes and spill boxes during a field trial. However it was decided not to use the end 
dyke and spill box configuration for Sand Dump 8 due to operational challenges. Potential is-
sues such as increased scouring were overcome with increased dozer attention. A plan view 
showing the (modified) cells in the Dyke 12 footprint are shown in Figure 5. 

 
 

 
 
Figure 5: Sand Cell Configuration 
 
The tailings lines for the construction of the first two sand lifts were located on the crest of 

the starter dyke, which was 8 to 10 m higher than the EPB. Due to the concern of significant 
erosion that might have occurred on the EPB and basal drains with tailings discharged from a 10 
m height, Suncor tailings operations extended the tailings pipes down the side slope of the start-
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er dyke to limit the drop height to 5 m. This mechanism along with the other design elements of 
sloped EPB and the basal drainage system was expected to provide sufficient protection against 
the development of larger erosion channels and/or pooled water near the starter dyke that could 
lead to liquefiable BBW formation near the starter dyke. 

The tailings deposition at Sand Dump 8 was started on March 8, 2012, and did not encounter 
initial difficulties typically encountered at the startup when tailings are placed on flat or uneven 
ground surface. The tailings started flowing towards the TFT pond area along the EPB and no 
pooling or discharge into standing water near the starter dyke was evident. Additionally, no ex-
cessive erosion was observed in the EPB. This was attributed to the effectiveness of the lowered 
discharge points, the sloped engineered pond bottom and the basal drains and also heightened 
awareness of the dozer operators to manage the sand to avoid these issues.  

The sand for the 280 m elevation lift was constructed in Cells 1A2 (Section 1) through to 4C4 
(Section 4), all within the areas with basal drains as shown. The footprint of sand was extended 
to include the Cells 4D1 to 4D4 (Section 4D) for the 285 m elevation sand lift. Cells 4D1 to 4D4 
did not contain basal drains and Suncor’s tailings operations personnel have experienced diffi-
culties in construction of the first lift in this area compared to the construction of the first sand 
lift in the areas with basal drains. This observation was later confirmed by the CPT test results 
which indicated relatively lower tip resistance in sand at lower elevations in the cells without 
basal drains.   

For the sand lifts above 285 m elevation (the elevation of the crest of the starter dyke), a ped-
estal made of tailings sand was constructed for the placement of tailings lines along the dyke ax-
is. This sand pedestal was 5 m higher than the surrounding beaches and was constructed by a 
combination of mechanical placement and hydraulic placement. The remainder of the compact-
ed zone was then constructed as described above using the pedestal as the launching point.  

Seven sand lifts, each 5 m thick, have been constructed (as of May 2014) at Sand Dump 8 to 
bring the sand crest to 310 m elevation, 25 m above the crest of the starter dyke. A minimum of 
three to four dozers have so far been used to compact beach sand in a cell of dimensions of ap-
proximately 60 m x 250 to 300 m. The dozer requirement was established based on past experi-
ence, and a field trial is currently underway to investigate the possibility of optimizing the min-
imum dozer requirement to produce a dilatant sand deposit in the compacted beach area. The 
dozers are actively compacting sand in a given cell during the construction of the entire lift, and 
until after the fluid has drained off the surface. Photographs of Sand Dump 8 under construction 
are shown on Figure 6 & 7. 

 

 
 

Figure 6. An aerial view of Sand Dump 8 under construction 
 

Starter Dyke 
TFT Pond 
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Figure 7. A cell under construction 
 

The construction of the sand section is largely a tailings operation. Traditionally, geotechnical 
controls on tailings operations during sand construction is limited. However due to novelty of 
the operations and associated complexities, certain geotechnical construction controls were es-
tablished to ensure geotechnical requirements are met from the beginning of construction. Some 
of these controls included specification of minimum number of dozers per cell, development of 
construction drawings for each 5 m lift of sand, placing limits in the field to delineate the extent 
of the TFT pond and providing regular construction monitoring to ensure the construction con-
trols that are in place are adhered to. 

In addition, CPT testing was conducted immediately after the placement of the first lift to 
evaluate the effectiveness of the compaction operations and the drainage system. As discussed 
in the next section, some deficiencies were identified and corrected. The construction practices 
were also improved to avoid these deficiencies in construction of the subsequent lifts. 

4 PERFORMANCE 

As discussed in the companion paper, the design of Sand Dump 8 utilizes the observational 
method as an essential element of the design. One of the main elements of the observational 
method is to provide sufficient and timely instrumentation and monitoring. The stability of Sand 
Dump 8 relies on achieving a minimum width of dilatant sand near the downstream sand slope. 
The compaction of sand and effective downward drainage, were identified to be key to achiev-
ing dilatant sand. Therefore, the performance monitoring program for the Sand Dump 8 was 
aimed at evaluating the effectiveness of the seepage removal system and the effectiveness of 
sand compaction. An additional objective of the performance monitoring program included 
evaluating the state of above water beaches (BAW) in the uncompacted areas to assess the valid-
ity of the potentially liquefiable assumption and the associated liquefied strength. 

4.1 Effectiveness of the Seepage Removal System 
The key performance indices for the effectiveness of the seepage removal system (i.e. drains and 
pumping system) are whether the external face of the sand slope is kept free of seepage and 
whether the water table is being drawn down from the surface of the sand. To date Sand Dump 8 
has been in operation for over two years and the sand face appears to be dry and absent of any 
consistent seepage as shown in Figure 8.  
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Figure 8. A photograph of sand face  
 

The water table depths in the compacted and non-compacted beaches have been regularly 
monitored through pore pressure dissipation tests conducted as part of CPT testing. Additional 
details of the CPT testing within the Dyke 12 footprint will be discussed further below.  

Figure 9 shows the water table elevations estimated from pore pressure dissipation tests for 
two stages of Sand Dump 8 construction: 295 m lift and 300 m lift. Also shown on these two 
figures are the phreatic lines established from a transient seepage analysis conducted for the de-
sign of the drain system. As shown, the estimated water table depths are in the general range of 
the phreatic lines predicted by the seepage analysis, which indicate the seepage removal system 
is functioning as expected in keeping the water table low.  

The impact of the basal drain system is further evident when depth of the water table in the 
compacted cells in the east side (Cells 1A3 to 4C4 where basal drain are present) is compared to 
the water table depths in the north end (Cells 4D1 to 5D4 where basal drains are absent). The 
CPT water table estimates indicate that depth to water table in the east is higher than the water 
table depths observed in the north side. 

4.2 Pump Well Operation 
The pumps used in the pump wells are electric submersible pumps. The pumps have been 
equipped with water level sensors that turn the pumps on and off when trigger water levels are 
met. During the early stages of Sand Dump 8 construction, pumps were operated manually 
based on water level measurements. The pumps were also operated manually, on a consistent 
flow rate, rather than water level, to avoid freezing water lines in the winter.  Operations have 
found it easier to operate the pumps on a consistent flow basis than with the water level sensors 
and presently continue to operate on a constant flow.The pump water levels and flow rates are 
recorded in a data logger. These data are currently being reviewed. Standpipes have also been 
installed in gravel sumps at six of the twelve well pads. The water levels measured in the stand-
pipes generally match the levels observed at the pump wells indicating that gravel is free drain-
ing and the sensor levels are accurate.  At times, the standpipes have alerted Operations to inac-
curate water level sensors which has an impact on the performance of the wells and the 
operation of the pumps. 
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Figure 9. Water table drawdown measurements from CPT pore pressure dissipation tests, and transient 
seepage model phreatic line predictions: for 295 m lift of sand (top); for 300 m lift (bottom)  

4.3 Effectiveness of Sand Compaction 
The effectiveness of compaction in providing dilatant sand near the sand slope was monitored 
through regular CPT testing programs. A number of different CPT programs have been con-
ducted to cover different areas of Sand Dump 8 and different lifts. Since Sand Dump 8 beaches 
are active tailings operations areas, availability of cells for CPT testing at any given time is lim-
ited. Track mounted or amphibious rigs were used for testing in compacted beaches.  

The potential for liquefaction of sand was evaluated by comparing the corrected CPT re-
sistance, qc1 (corrected for unequal end area effects and for overburden stresses – refer to Rob-
ertson & Wride (Fear) 1998) against a contractant/dilatant (C/D) boundary. The contract-
ant/dilatant boundary used was based on the Fear & Robertson (1995) C/D boundary for the 
corrected SPT resistance, converted to a CPT based boundary using a CPT-SPT correlation ap-
plicable to oil sand tailings sand.  

The first CPT investigation was conducted immediately after the completion of the first lift of 
sand (i.e. 280 m lift). The intention of this investigation was to evaluate the effectiveness of the 
compaction of the first lift so that any deficiencies identified can be corrected and operational 
practices adjusted sufficiently early in the construction. The results of this investigation indicat-
ed that dilatant sand has been achieved in most areas. Some deficient areas with potentially liq-
uefiable sand, especially near the furthest end of the compacted zone, were also identified. Most 
of these liquefiable zones were limited to approximately the top 2 m depth. Therefore additional 
surficial compaction was specified as a remedial measure to densify these sands. The CPT test-
ing was repeated upon completion of the additional compaction. A comparison of the CPT trac-
es before and after recompaction indicated that the compaction at the surface consistently densi-
fied sand down to a depth of about 2.5 m to 3 m. However, in some cases, the effect of surficial 
compaction appears to have had an impact at depths of 4 to 5 m. The effect of surficial compac-
tion on the sand at depth can be observed for three test locations on Figure 10 (Partial placement 
of the subsequent lift had occurred prior to the CPT test).  

Several other CPT investigations were conducted to review the state of the compacted sand 
for various sand lifts. A large majority of the test results indicated that the current compaction 
effort is generally resulting in a dilatant sand deposit in the compacted area. Figure 11 shows 
three CPT profiles typical of the compacted beach. Another observation that was made from the 
CPT investigations was the relatively low qc1 values recurring approximately every 5 m interval 
in many locations. They indicate relatively less compaction effort at lift contacts. This is cur-
rently being monitored closely in order to improve the compaction effort at lift contacts. 

4.4 State of Sand in Uncompacted Beach Areas 
Three separate CPT investigations have been conducted to focus on beach sands in the uncom-
pacted beaches. The testing was conducted using amphibious CPT rigs. Figure 12 shows two 
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CPT profiles typical of uncompacted beaches at two different distances away from the discharge 
point. As shown, uncompacted beaches contain a mix of contractant and dilatant sand, confirm-
ing the design premise that uncompacted BAW in the Sand Dump 8 may be potentially liquefia-
ble. Of interest is that often BAW is considered to be a non-liquefiable deposit. This may be true 
in typical operations where the rate of rise is considerably slower than for Sand Dump 8. The 
downward gradient (or lack of) is considered to be a contributing factor to the density of the 
beach. The rapid rate of construction does not allow a downward flow regime to set up during 
the beach formation. A review of all CPT data indicates that the proportion of contractant to di-
latant material in uncompacted beaches increases with the distance from the discharge point. 
 

             
Figure 10. CPT profiles showing the effect of compaction on already placed beaches (the depth range af-
fected by the surficial compaction are marked with arrows) 
 

          
Figure 11. Typical corrected cone tip resistance, qc1, versus elevation profiles for compacted beach 

Dilatant  

Contractant  

  Dilatant  

  Contractant  
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4.5 Pore Pressure Profiles 
Two pore pressure profiles typical for the areas with and without drawdown are shown in Figure 
13. The dynamic pore pressures as well as pore pressure dissipation test results are shown on the 
figures. The pore pressure dissipation results showing a hydraulic gradient less than the hydro-
static gradient indicate downward drainage in the areas where water table has been drawn down 
(i.e. in areas closer to the drains). In the areas towards the pond where no drawdown has been 
observed to date, pore pressure dissipation results indicate hydrostatic conditions.  
 

            
 Figure 12. Typical corrected cone tip resistance, qc1, versus elevation profiles for uncompacted beach: 
approximately 500 m (left) and 750 m (right) from the Starter Dyke 
 

              
Figure 13. Typical pore pressure profiles: for an area with drawdown (left) and an area with no drawdown 

Dilatant  

Contractant  
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4.6 Winter Construction 
The potential freezing of the beaches during the winter months was raised during the design 
phase of the project. The concern was the possibility of significant ice forming, so called glacia-
tion, affecting beaching operations as well impeding downward flow.  Additionally massive lay-
ers of ice could lead to instability when thawed.  Numerical modeling indicated that significant 
freezing would not occur. Sand Dump 8 has been in operation for over two years to date, and 
although there is surficial freezing occurring, there are no indications of significant ice for-
mation occurring and the beach operations have not been inhibited in any way.   

Another issue of construction during the winter months was the visibility and safety of the 
dozer operators in the cell operations.  Although there have been periods of intense steam pro-
duced from the tailings which required operators to wait until cleared, in general this has not 
been an issue and has not impeded construction. 

Some challenges have been encountered in construction of the side dykes in the winter due to 
the frozen cell surface after a period of inactivity in the cell. The ripper has been required to 
work the surface in order to construct the dry dykes. 

4.7 TFT Pond 
The visual monitoring of the extent of TFT pond is being carried out by geotechnical monitors 
on a regular basis. Suncor has so far been managing the TFT pond to be small and not to en-
croach beaches beyond the limits set out by the geotechnical controls. Figure 6 presents a pho-
tograph showing the extent of the TFT pond with respect to the starter dyke.  

5 SUMMARY AND CONCLUSIONS 

As the first tailings structure constructed under the TRO™ concept, Sand Dump 8 poses a num-
ber of challenges that are new to tailings construction. The design of Sand Dump 8 took these 
into consideration and adopted the observational method as an essential element of the design. A 
number of design and construction control mechanisms were adopted to address and control the 
unknowns, and timely monitoring was in place to identify performance related issues.  The per-
formance of the Sand Dump 8 to date is satisfactory and indicates the design and construction 
measures put in place have been successful. The following specific conclusions can also be 
made from the experience in construction and monitoring of Sand Dump 8 to date: 
x The design assumption that rapidly placed BAW results in a potentially liquefiable de-

posit is valid. 
x Compaction of beaches to a 300 m distance (much longer than typical cell construction 

would entail) from crest has successfully been achieved.  
x Modified cell construction technique adopted without the use of end dykes and spill box-

es has been successful. This helped avoid significant operational challenges of construct-
ing end dykes and maintaining them a significant distance away from the starter dyke.  

x Construction of long beaches during the winter months has not resulted in significant 
freezing or ice formation.  

x Three to four dozers continuously track-packing sand have resulted in a sufficiently 
dense deposit that will behave in a dilatant manner under shear stresses. 

x The functionality of the sloped EPB and the basal drains, have been successful in keep-
ing the water table low.  Additionally, the EPB prevented pooling of water near the start-
er dyke at the beginning of construction which could have led to potentially liquefiable 
sand being deposited. 

x The gravel well pads are performing as designed and successfully transferring the water 
from the offtake pipes to the pump well. Barge operations have successfully removed the 
thin fine tailings on a continuous basis, thereby keeping a small TFT pond and minimiz-
ing the formation of a larger fine tailings pond.  
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x Early and consistent testing of sand cell compaction to confirm the state of sand in the 
compacted zone has helped identify areas requiring redress as well as optimizing con-
struction procedures.  

x Added level of construction controls for tailings sand operations compared to conven-
tional operations has provided a consistent and adequate product.  

Future areas of monitoring include reviewing the compaction effort required for a dilatant 
beach with a field trial using GPS tracked dozers; monitoring, and reviewing pump well flows 
and water level data; and, instrumentation and monitoring of the performance of waste dumps as 
foundation in the perimeter sectors (i.e. non-Dyke 12 sectors). 
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1 INTRODUCTION 

In Alberta, Canada, bitumen is produced at about 2,000,000 bbl/d capacity by the surface min-
ing of oil sands ore followed by ore-water slurry-based extraction processes. In this process, oil 
sands ore is mined and slurried with water at about 50% solids content, and then bitumen is ex-
tracted from the slurry by primary conditioning (based on the density difference between the bi-
tumen and ore-water slurry). Following this, secondary conditioning (based on flotation by air 
injection) processes are conducted. A bitumen-rich froth composed of about 60% bitumen, 30% 
water and 10% solids is produced in the extraction plant and transferred to the froth treatment 
plant, where bitumen is released by treating the froth (bitumen-water-solids emulsion) with 
naphthenic or paraffinic emulsion destabilizers (Rao and Liu 2013). Bitumen produced by treat-
ing the froth with naphthenic solvents contains large amounts of asphaltenes and is suitable for 
producing synthetic crude oil through coking followed by hydrotreatment of the coker gas oil. 
Bitumen produced by treating the froth with paraffinic solvents contains smaller amounts of as-
phaltenes and is accepted as feedstock by many refineries.  

Surface mineable oil sands represent less than 20% of the total Alberta’s Athabasca deposits. 
Most Athabasca oil sands consist of water-wet sand particles with bitumen of 6 to 13oAPI gravi-
ty in the void spaces. This structure of the Athabasca oil sands makes its bitumen content ex-
tractable by ore-water slurry-based extraction methods such as the Clark Hot Water Extraction 
(CHWE) process (Clark 1939; Clark and Pasternack 1932). On a typical sand grain of 100 Pm 
diameter, the water film thickness is believed to be about 2 Pm (Kessick 1978). The bitumen 
content of the surface minable ores could be as high as 18% (by mass), averaging 12%, and 
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ABSTRACT: The environmental impacts of oil sands plants in Alberta, Canada, such as mature 
fine tailings production, land reclamation, water demand and water chemistry, are a steadily in-
creasing environmental liability. The oil industry is committed to solve this serious environ-
mental challenge through the newly formed Canadian Oil Sands Innovation Alliance (COSIA). 
Previous research concluded that the Clark Hot Water Extraction process, developed in the 
1930s and used at all commercial plants for bitumen extraction, is a source of environmental 
challenges associated with the operation of the oil sands plants. This process uses caustic NaOH 
as an additive to boost bitumen recovery efficiency, but it promotes the dispersion of silt and 
clay size particles and increases the production of mature fine tailings. It also causes the accu-
mulation of Na+ in the process water, affecting the long-term sustainability of the bitumen ex-
traction and tailings disposal processes. To reduce these environmental impacts, it has been 
proposed that CaO be used as an additive in the bitumen extraction and tailings disposal pro-
cesses. As previous research suggested, this would be a major change in oil sands production. 
COSIA requested a third-party research team, NAIT-NARCOSS, to perform tests to verify 
these research findings. The NAIT-NARCOSS test results are presented and discussed herein.
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water is about 2 to 6%, increasing as the bitumen content decreases. The mineral content, pre-
dominantly quartz, silt and clay, averages 82 to 86%. Clays are present in the form of discon-
tinuous beds or bands in the deposit varying from 1 to 15 cm in thickness, which are mainly 
composed of kaolinite (40 to 70%), illite (8 to 45%) and montmorillonite (2 to 15%). Among 
these clays, montmorillonite has the highest affinity to water and swells when hydrated, whereas 
illite and kaolinite have limited swelling characteristics (Chalaturnyk 2002; Rogers 1953). These 
clays have ion exchange capability when treated with aqueous solutions. Cation exchange ca-
pacity increases and anion exchange capacity decreases in the order of kaolinite, illite and 
montmorillonite clays. These characteristics of the clays are important for the extraction of bi-
tumen in ore-water slurry systems, for the formation of a gel-like structure in the hot water ex-
traction tailings and for the ion exchange mechanism in the tailing ponds (Kasperski 1992). 

All oil sands plants in Alberta are using the CHWE process which was developed in the 
1930s. This process uses NaOH as an additive to boost the bitumen extraction efficiency; how-
ever, it produces a tailings effluent with poor settling and consolidation properties and produces 
toxic mature fine tailings (MFT). The rate of MFT production is increasing exponentially as new 
plants are becoming operational and existing plants are increasing their production capacities. 
As of 2014, the MFT inventory is approaching 109 m3, which is an alarming environmental lia-
bility. 

The research discussed in this paper suggests that a reduction of the silt-clay size particle dis-
persion in the extraction process slurry and the disposal of the tailings as a nonsegregating tail-
ing material (NST) could be achieved by using CaO (lime) as an additive in the bitumen extrac-
tion and NST production processes at dosages of 150 to 400 mg CaO/kg of ore and 600 to 800 g 
CaO/m3 of NST, respectively. This can be done in a simple, cost effective and environmentally 
friendly manner. 

COSIA (Canadian Oil Sands Innovation Alliance) requested that NAIT-NARCOSS (Northern 
Alberta Institute of Technology Applied Research Centre for Oil Sands Sustainability) perform 
third-party verification tests on the use of CaO as an extraction process additive in an ore-water 
slurry-based extraction system (COSIA 2014). The objective of the tests was to compare the 
performances of NaOH and CaO as additives to verify the findings of previous research (Ba-
badagli et al. 2008; Ozum 2002, 2013a, 2013b; Ozum and Scott 2010a). 

2  SOURCE OF THE OIL SANDS TAILINGS DISPOSAL PROBLEM 

Oil sands plants in Alberta are extracting bitumen with the CHWE process which uses 7 to 9 
volumes of process water for every volume of bitumen produced. Only about 3.1 volumes of the 
process water are imported as fresh water, and the rest is recycled from the tailings disposal fa-
cilities (MacKinnon 2001). Since oil sands plants are required to operate with a zero discharge 
policy, the release water recovered from the tailings ponds is recycled to the extraction plant. 
Therefore, any additive used in the bitumen extraction or tailings disposal processes accumu-
lates in the process water.  

The retention time for water recycling is in the order of several months; therefore, recycled 
water could be assumed to be in chemical equilibrium with atmospheric air under operation 
conditions of about constant pressure and slightly varying temperature. As a result, process wa-
ter chemistry can be predicted by chemical equilibrium calculations, provided that the initial 
composition of the extraction slurry is known (Parkhurst and Appelo 2013). Process water 
chemistry is probably the most important parameter in the bitumen extraction process: it con-
trols the ore-water slurry pH and tailings disposal processes. Water chemistry, therefore, should 
be the focus for the development of any process to improve extraction and tailings disposal. 

The CHWE process uses NaOH as an extraction process additive to increase the pH of the ex-
traction slurry to about 9, which affects the solubility of asphaltic acids present in the bitumen 
(partly aromatic, containing oxygen functional groups such as phenolic, carboxylic and sulphon-
ic types). Water-soluble naphthenic and asphaltic acids act as surfactants, reducing the process 
water-bitumen interfacial tensions. This effect promotes dispersion of the silt-clay size particles 
and liberates bitumen trapped in the ore matrix (Kasperski 2001; Speight and Moschopedis 
1977). 
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The use of NaOH not only boosts the bitumen extraction efficiency, but also promotes the 
dispersion of silt-clay sized particles in the extraction process slurry. As a result, the CHWE 
process produces a tailings effluent with poor settling and consolidation properties. Because of 
its low solids contents, when the tailings are discharged into tailings ponds, the sand particles 
segregate and settle out to form beaches, while the fine particles (< 45 Pm) are carried with the 
run-off water into the ponds. Over a two-year period, the fine particles settle and form mature 
fine tailings (MFT) which is a stable suspension of fluid fine tailings that has undergone settle-
ment and compression to about 33% solids content by mass. Further densification of the MFT is 
a very slow process, and all tailings discharged into the tailings ponds, without any treatment, 
contribute to the accumulation of MFT (Jeeravipoolvarn et al. 2009). 

The zero discharge policy and continuous use of NaOH steadily increase the Na+ concentra-
tion in the process water, which further promotes silt-clay dispersion and MFT production. As 
well, excessive Na+ concentration in the process water detrimentally affects tailings disposal 
processes such as the Composite Tailings (CT) production process (Jeeravipoolvarn et al. 2008). 

Significant effort has been devoted to understanding oil sands tailings properties such as set-
tlement, segregation, consolidation and dewatering of MFT. Over the decades, however, limited 
efforts were committed to alter the present bitumen extraction process which produces the dis-
persed tailings. In pursuing solutions to the bitumen extraction process, coupling between the bi-
tumen extraction and tailings disposal processes and process water chemistry constraints have to 
be considered (Ozum and Scott 2012).  

2.1 Previous efforts to reduce MFT production and Directive 074 
The oil industry is conscious of the MFT production and process water chemistry problems as-
sociated with the CHWE process. To reduce or eliminate these problems, the oil industry has 
developed and commercially implemented two processes: (i) a non-additive, low temperature 
extraction (LTE) process; and (ii) composite tailings (CT) disposal by treating a blend of cy-
clone underflow and exiting MFT with gypsum (CaSO4). Commercial experience with both pro-
cesses have had shortcomings: the LTE process was modified to the CHWE process and imple-
mentation of the CT process at one of the major oil sands plants was terminated. Oil sands 
operators are aware that, with continued use of the CHWE process, the recycle water Na+ con-
centration will increase steadily and reach a critical level beyond which it will detrimentally af-
fect the efficiency of the bitumen extraction and CT production processes. This paper discusses 
an approach to help resolve this problem. 

 The Alberta Energy Regulator (AER, previously the Energy Resources Conservation Board) 
issued Directive 074 on February 3, 2009, to require industry to reduce MFT production by 50% 
by 2011. As of 2014, tailings disposal practices implemented at the oil sands plants are not 
complying with the Directive 074 targets. Novel processes have to be developed and commer-
cially implemented to reduce MFT inventory, improve process water chemistry and to reduce 
costs associated with tailings disposal and mine closure practices. 

3 USE OF CaO FOR BITUMEN EXTRACTION AND NST PRODUCTION  

A research philosophy to reduce the environmental impacts of oil sands plants (namely to re-
duce MFT production, improve process water chemistry and reduce mine closure costs) has to 
be based on two process principles: 
 

(1) reduce the silt-clay size particles dispersion in the extraction process slurry; and  
(2) dispose tailings as a nonsegregating tailings (NST) material.  
 
These two process principles should be attained by considering the process water chemistry 

as the principle constraint for the overall performance of the oil sands plants. The following re-
search findings suggest that these process principles could be achieved by using CaO (lime) as 
additives in the bitumen extraction and NST production processes. 
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3.1 CaO as an extraction process additive replacing NaOH  
Bitumen extraction in oil sands ore-water slurry-based systems involves three fundamental 
physicochemical processes as depicted in Figures 1 and 2: 
 

1) liberation of bitumen (B) from the sand (S) surface which is saturated with water (W); 
2) coalescence of liberated bitumen droplets, which is promoted by weakening bitumen-

water attraction by increasing bitumen-water interfacial tension; and 
3) aeration of bitumen with air bubbles. This is also promoted by weakening bitumen-water 

attraction by increasing bitumen-water interfacial tension. 
  

 

Figure 1. Basic processes of bitumen extraction. 
 

Figure 2. Chemistry of CaO additive. 
 

The fundamentals of bitumen extraction in Athabasca oil sands ore-water slurry systems have 
been well documented (Kasperski 2001; Masliyah et al. 2004; Speight and Moschopedis 1980). 
An increase in the ore-water slurry pH, by using additives such as NaOH (CHWE process) or 
CaO (which is Ca(OH)2 in aqueous environments), activates naphthenic acids (which are surfac-
tant species) and reduces bitumen-water interfacial tension. An increase in slurry temperature, 
also a critical parameter, reduces bitumen viscosity, which increases bitumen mobility. Research 
findings discussed here suggest that the minimum slurry temperature should be at about 35oC to 
achieve acceptable bitumen mobility. 

Bitumen coalescence and bitumen aeration in ore-water slurry are promoted by an increase in 
bitumen-water interfacial tension, that is, by promoting the hydrophobic characteristics of the 
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bitumen droplets surfaces (Liu et al. 2005; Pan et al. 2012; Pan and Yoon 2010). In the CHWE 
process, the bitumen coalescence and bitumen aeration steps are relatively slow because the 
NaOH additive reduces the bitumen-water interfacial tension. It, therefore, promotes the hydro-
philic characteristics of the bitumen-water interface. This action explains why the CHWE pro-
cess uses large vessels (or long retention times) for the secondary and tertiary recovery process-
es. This is basically a flotation process used for the recovery of bitumen droplets from the 
middlings stream. 

One of the advantages of using CaO (or Ca(OH)2) as an extraction process additive is that 
Ca2+ ions reduce the activity of surfactants and increase the bitumen-water interfacial tension, 
which promotes the hydrophobicity of the bitumen droplets. This then promotes the bitumen co-
alescence and bitumen aeration steps. If CaO is used, much smaller retention times and there-
fore much smaller extraction process vessels would be needed. This change would reduce the 
costs of newly designed oil sands plants and increase the ore-water slurry throughput capacity of 
existing oil sands plants.  

The performance of CaO as an extraction process additive was tested in the Apex Engineer-
ing Laboratory, with Shell Canada Ltd. collaboration, by recycling the process water in five 
Lock Cycles (without importing fresh water). These tests showed that the use of CaO is superior 
to that of NaOH and provides comparable or higher bitumen extraction efficiency. It also elimi-
nates Na+ accumulation in the process water and reduces silt-clay particle dispersion (Ozum and 
Scott 2009). 

3.2 COSIA’s request for third-party verification tests on CaO as an extraction process additive  
COSIA requested that NAIT-NARCOSS perform third-party verification tests on the use of 
CaO as an extraction process additive in ore-water slurry bitumen extraction systems. The ob-
jective of the tests was to compare the performances of NaOH and CaO as additives for bitumen 
extraction and to verify the results of the Apex Engineering research program (COSIA 2014). 

The NAIT-NARCOSS tests were performed using a Denver D-12 Flotation apparatus on 
normal grade ore samples provided by Shell Canada Ltd. The ore was composed of 10.7% (by 
mass) bitumen, 85.3% solids (13.4% of which were fines) and 2.8% water. All Denver Flotation 
tests were performed at 50°C and a rotator speed of 800 rpm.  

In these tests, ore conditioning was performed with 500 g of ore and 150 g of artificial pro-
cess water with 420 ml/min air addition for 10 minutes. Following the ore conditioning step, the 
primary flotation was performed by terminating the air injection, adding 450 g of artificial pro-
cess water and digesting the slurry in the Denver Cell for 10 minutes. After the primary froth 
was collected, an additional 350 g of artificial process water was added for the secondary extrac-
tion with 230 ml/min air injection for 5 minutes after which the secondary froth was collected.  

Bitumen extraction tests were performed by recycling the process water (released from the 
extraction tests tailings) in five Lock Cycles, without importing fresh water from external 
sources, and using NaOH and CaO additives in each cycle at dosages of 150 mg/kg of ore. Arti-
ficial process water (APW) was used for the preparation of the ore-water slurry used in the first 
Lock Cycle test. 

Bitumen extraction test results using NaOH and CaO additives are presented in Tables 1 and 
2. Data presented in these tables are the average of the four tests (all independent) for the 1st 
Lock Cycle and of the two tests for the 2nd, 3rd and 4th Lock Cycles. APW and process water 
(released from each Lock Cycle tailings) chemistry for NaOH and CaO additive tests are pre-
sented in Tables 3 and 4. 
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Table 1. Bitumen extraction efficiency with NaOH additive (150 mg/kg-ore). 
 Primary Froth Secondary Froth Wash 

Recovery 
(%) 

Total 
Recovery 

(%) Lock Cycle Recovery 
(%) 

S/B 
(-) 

Recovery 
(%) 

S/B 
(-) 

1 84.6 0.21 7.3 0.82 - 94.5 
2 80.2 0.25 7.5 0.84 - 91.9 
3 86.4 0.19 6.2 0.92 5.8 98.3 
4 87.0 0.22 5.4 1.04 5.0 97.5 
5 88.9 0.24 3.7 1.18 5.7 98.2 

S/B: Solids to bitumen ratio 
 

Table 2. Bitumen extraction efficiency with CaO additive (150 mg/kg-ore). 
 Primary Froth Secondary Froth Wash 

Recovery 
(%) 

Total 
Recovery 

(%) Lock Cycle Recovery 
(%) 

S/B 
(-) 

Recovery 
(%) 

S/B 
(-) 

1 89.7 0.29 6.2 0.88 4.0 99.5 
2 89.3 0.25 6.1 0.88 4.1 99.5 
3 87.3 0.18 8.0 0.80 4.3 99.5 
4 86.6 0.20 4.8 0.82 4.8 98.3 
5 86.5 0.19 6.8 0.78 4.6 97.8 

S/B: Solids to bitumen ratio 
 
Table 3. Process water chemistry with NaOH additive (150 mg/kg-ore). 

Lock 
Cycle pH 

Conductivity 
(µs/cm) 

Alkalinity 
(mg CaCO3/L) 

Anions 
(mg/L) 

Cations 
(mg/L) 

TDS 
(mg/L) 

Total HCO3 CO3 Cl SO4 Ca Mg K Na 
APW 8.6 1,420 394 450 15.1 175 93 13.3 8.5 18.6 299 845 

1 8.7 1,570 480 539 22.9 175 97 3.1 4.4 22.8 334 925 
2 8.8 1,690 488 537 28.6 183 108 1.9 3.7 20.8 366 977 
3 8.8 1,760 521 568 33.3 187 115 2.3 4.6 23.3 398 1,040 
4 8.8 1,870 555 602 36.8 190 123 2.8 5.9 23.6 409 1,090 
5 8.9 1,950 590 622 48.1 199 135 1.5 2.6 16.8 452 1,160 

APW: Artificial process water; TDS: Total dissolved solids 
 
Table 4. Process water chemistry with CaO additive (150 mg/kg-ore). 

Lock 
Cycle pH 

Conductivity 
(µs/cm) 

Alkalinity 
(mg CaCO3/L) 

Anions 
(mg/L) 

Cations 
(mg/L) 

TDS 
(mg/L) 

Total HCO3 CO3 Cl SO4 Ca Mg K Na 
APW 8.6 1,420 394 450 15.1 175 93 13.3 8.5 18.6 299 845 

1 8.7 1,480 371 414 19.4 185 106 4.7 3.7 21.1 305 849 
2 8.7 1,480 350 393 16.7 187 113 3.2 2.4 18.5 311 846 
3 8.7 1,570 371 412 19.5 197 115 3.8 2.7 18.5 357 929 
4 8.8 1,690 391 429 23.3 215 143 3.5 2.6 18.3 393 1,010 
5 8.9 1,710 369 391 29.2 220 153 3.7 2.5 18.2 391 1,010 

APW: Artificial process water; TDS: Total dissolved solids 
 

 In these five Lock Cycles tests, the release water samples were exposed to atmospheric CO2 
for very short times in comparison to the long water residence times of an industrial oil sands 
tailings pond. As a result, the effect of atmospheric CO2 on process water chemistry was limited 
in these Lock Cycle tests. Long retention times associated with tailings pond water recycling 
would be more important if NST production also using CaO or CaO + CO2 is implemented. Be-
cause of this, process efficiency and process water chemistry results obtained from the 1st, 2nd 
and, with lesser probability, 3rd Lock Cycle, as presented in Tables 5 and 6, would be more pre-
dictive of the performance of an industrial oil sands extraction plant. 
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Table 5. Comparison of bitumen extraction efficiencies for the first three Lock Cycles. 
 Primary Froth Secondary Froth Total 

Recovery Lock 
Cycle 

Recovery S/B Recovery S/B 
NaOH CaO NaOH CaO NaOH CaO NaOH CaO NaOH CaO 

1 84.6 89.7 0.21 0.29 7.3 6.2 0.82 0.88 94.5 99.5 
2 80.2 89.3 0.25 0.25 7.5 6.1 0.84 0.88 91.9 99.5 
3 86.4 87.3 0.19 0.18 6.2 8.0 0.92 0.80 98.3 99.5 

S/B: Solids to bitumen ratio 
 
Table 6. Comparison of process water chemistry for the first three Lock Cycles. 

Lock 
Cycle 

Alkalinity (mg CaCO3/L) Anions (mg/L) Cations (mg/L) 
Total HCO3 Cl SO4 Na Ca 

NaOH CaO NaOH CaO NaOH CaO NaOH CaO NaOH CaO NaOH CaO 
APW 394 394 450 450 175 175 93 93 299 299 13.3 13.3 

1 480 371 539 414 175 185 97 106 334 305 3.1 4.7 
2 488 350 537 393 183 187 108 113 366 311 1.9 3.2 
3 521 371 568 412 187 197 115 115 398 357 2.3 3.8 

APW: Artificial process water 
 
Tailings from the batch extraction were allowed to settle in jars. The tailings pH was recorded 

immediately. After seven days of settling, the release water was removed and analyzed for basic 
water chemistry. Images of the released water samples are presented in Figure 3 and show the 
NaOH additive promotes the dispersion of the silt and clay particles, while the CaO additive 
suppresses the dispersion of the silt-clay particles. Corresponding sieve-hydrometer test data for 
the -325 mesh (< 45 µm) fractions of the extraction tailings verified the difference in dispersion. 
 

Figure 3. Images of release water from the 1st, 4th and 5th Lock Cycle tests. 
 

The data presented in Tables 1 to 6 and the images presented in Figure 3 support the argu-
ment that CaO is a better extraction additive than NaOH for the overall performance of the oil 
sands extraction plants. The third-party verification tests and the previous tests performed jointly 
by Shell Canada and Apex Engineering demonstrate similar results on the effects of NaOH and 
CaO additives on bitumen extraction efficiency and process water chemistry (Ozum and Scott 
2010b). 

3.3 Nonsegregating tailings (NST) production using CaO or CaO + CO2 
Previous research on tailings disposal processes showed that CaO or CaO + CO2 are suitable 
additives to treat the tailings for its disposal as a NST material. The additives used in this pro-
cess reduce segregation of fines and sand, thereby reducing the environmental risks associated 
with tailings disposal, and improve the process water chemistry simultaneously (Chalaturnyk et 
al. 2002). 

The performance of NST production using CaO or CaO + CO2 additives was tested on a 
blend of cyclone underflow and thickener underflow tailings produced at Albian Sands Muskeg 
River mine when the extraction plant was operating in nonadditive and in sodium citrate addi-
tive modes. This study was partially sponsored by Shell Canada Ltd., Canadian Natural Re-
sources Ltd. and Alberta Energy Research Institution with results submitted to the parties in-
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volved in 2005. Highlights of this study are that CaO is an effective additive to produce NST as 
it promotes settling, consolidation and nonsegregating characteristics of the tailings while im-
proving the process water chemistry (Scott et al. 2007).  

3.4 Use of CaO as an additive for the bitumen extraction and NST production processes 
Solutions to reduce the environmental impacts of oil sands plants, tailings ponds and mine clo-
sure costs should be pursued by novel bitumen extraction and tailings disposal processes. The 
small-scale laboratory test results discussed herein have indicated that the use of CaO in the bi-
tumen extraction and NST production processes may be a solution to existing problems in ex-
traction and tailings disposal. Integration of the proposed bitumen extraction and NST produc-
tion processes to the existing plants would be relatively straightforward because of the nature of 
these processes as depicted in Figures 4 and 5. 
 

  
 Figure 4. Presently used bitumen extraction and tail-
gs disposal processes. 

Figure 5. Proposed bitumen extraction and tailings 
disposal processes. 

4 CONTINUING AND FUTURE RESEARCH STUDIES 

Novel extraction process additives are needed to process high fines, high sodium oil sands ores. 
Preliminary research studies have shown that these ores could be processed economically by us-
ing CaO and a process enhancer together. Use of these additives together also reduces disper-
sion of the silt-clay particles in the extraction process slurry and eliminates the accumulation of 
Na+ in the process water without increasing the viscosity of the middlings in the extraction pro-
cess slurry. This research indicated that the use of CaO and a process enhancer together would 
produce a tailings effluent with suitable geotechnical characteristics to reduce MFT production 
and mine closure costs.  

The present tailings disposal research is focused on the use of CaO and novel cost effective 
additives together to produce NST from the whole tailings without using cyclones or other tail-
ings separation technologies. Consumption of existing MFT to produce NST may be included in 
the process. Research findings to date suggest that these tailings management options could be 
enhanced if CaO is used initially in the extraction process. 

5 CONCLUSIONS 

The environmental impacts of oil sands plants, such as the production of MFT and the steady in-
crease in Na+ concentration of the process water, could be reduced or eliminated by modifying 
the existing bitumen extraction and tailings disposal processes. Present research findings indi-
cate that the use of CaO as an additive in the bitumen extraction and NST production processes 
can reduce these environmental problems. Third-party verification tests confirm that CaO is a 
better bitumen extraction process additive compared to NaOH. Discussions are continuing with 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

484



the oil sands industry for field trials on the use of CaO additives in both bitumen extraction and 
NST production. 
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1 OVERVIEW OF THE TECHNOLOGY 
1.1 Rapid Dewatering System (RDS) 
In the rapid dewatering process, debris and sand are first removed from the slurry, and the re-
maining fines are flocculated with polymer. The system then uses a patented air injection tech-
nology to create a uniform slurry of flocculated fines, which enables high throughputs by pre-
venting channeling on the primary screen. Figure 1 shows a commercial sized unit of the 
primary component, AquaScreen™, which is used for dewatering fines. The AquaScreen has no 
moving parts aside from screen vibration and utilizes gravity to release water through the stain-
less steel, wedgewire screens and to slide the cake down the top of the screens. Designed as a 
mobile, modular system, the flow rate per unit is 340m³/hour and scales up to any flow rate by 
adding more units. In contrast to a batch filter press treatment, the AquaScreen operates contin-
uously in real time, at a 1:1 ratio with the inflow.   

After the free water phase is released on the AquaScreen, the solids are gravity fed to a con-
veyor or to secondary dewatering component, the TerraCore™. The TerraCore is a container 
lined with a durable, porous media that employs gravity drainage through the walls and floor to 
release capillary moisture from the solids. The 2.4m height also creates a filter for contami-
nants, as the flocculated cake accumulates. The removal of free water with the AquaScreen ac-
celerates the secondary dewatering time in the TerraCore. In many applications, TerraCores are 
not used, as the cake from the primary system is sufficiently dry for handling or conveying. 
 

High speed dewatering of fluid fine tailings 

C. Shobrook 
Genesis Water, Inc., Denver, Colorado, USA 

ABSTRACT: The inherent properties of fluid fine tailings continue to challenge the effort to-
ward high speed, low cost dewatering. An approach using flocculation and a rapid dewatering 
screening system is currently being tested on a small scale with mature fine tailings (MFT) con-
taining clay and bitumen. The goal of the small scale testing is to achieve continuous, rapid wa-
ter release from the slurry and increase solids concentration to 55%. The process involves re-
moval of the free-water phase from the slurry, using the screening system, aided by polymer. 
The solids from the screening step are gravity-fed to containment equipment for additional ca-
pillary water release. A small scale demonstration took place to evaluate the polymer program; 
performance of primary and secondary dewatering equipment with flocculated MFT; and per-
centage of solids achieved in the resulting cake from each step in the process. 
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Figure 1. AquaScreen Unit and TerraCores 

1.2 Commercial Applications 
The Rapid Dewatering System has been used on dredged material from reservoirs, lakes, canals, 
marinas, and ports on commercial projects in the USA. The components of the system remove 
water from solids ranging from debris, rocks and sand to tailings, clays, silts, and organics as fi-
ne as 0.0007 micron. Dewatered solids are classified by weight and size for potential re-use, 
treatment for contaminants, or placement. Discharged water is returned to the waterway, treat-
ed, or recovered. The technology potentially could be deployed in the Canadian oil sands for 
dewatering of dredged, mature fine tailings (MFT) to accelerate consolidation for landscape re-
covery.  
 The technology was introduced in 2012 to the Canadian oil sands market, and is currently 
undergoing small scale pilot testing with an oil sands operator. The implementation of the tech-
nology will depend initially on meeting the operator’s performance criteria for oil sands MFT. 
If small scale testing is successful, the operator will determine whether additional small scale or 
commercial scale demonstrations are desired, and if so, the additional data required for evalua-
tion, such as the kPa of the dewatered solids. Figure 2 shows an example of the dewatering sys-
tem on a commercial lake dredging project in Florida, USA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Rapid Dewatering System 
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2 SMALL SCALE PILOT PARAMETERS 

2.1 Objectives 
The goal of the small scale demonstration pilot was to determine if key performance indicators 
(KPIs) could be met by using the Rapid Dewatering System (RDS) on MFT from the oil sands, 
which contain clay and bitumen. The KPIs were to increase the solids content of the MFT to 
50% off the AquaScreen or 55% from the TerraCore. To do this, the pilot team set out to opti-
mize the polymer program, establish equipment settings, and determine the highest % solids of 
MFT inflow concentration for best results. 

2.2 Materials and Methods 
A total of 8m³ of MFT from the oil sands was supplied in totes by the operator for use in a se-
ries of test runs conducted at a Genesis Water testing facility in the USA. Four polymer pro-
grams with chemical supplied from different vendors were tested, including single polymer (an-
ionic-only) and dual polymer (anionic and cationic) programs. Bench scale testing involving 
jars and a micro-AquaScreen led to the selection of the polymers for the test runs, and dosages 
were adjusted for optimal dewatering on the RDS. The untreated MFT sample was diluted to 
10-12% solids for initial test runs, and to 15-22% solids for later runs. 
 
Each test run was scheduled to last approximately three minutes. A small scale RDS was uti-
lized, comprised of a 0.91m x 2.44m AquaScreen and a 0.61m x 0.61m x 0.61m TerraCore. 
Flow rate was set at approximately 189 liters per minute. The block flow diagram in Figure 1 il-
lustrates the pilot runs that were conducted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
Figure 3. Block Flow Diagram of the Pilot Runs 
 
 
The raw MFT sample was located in a process feed tank (mix tank), where it was screened for 
debris, diluted, and homogenized prior to being pumped with a positive displacement feed 
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pump to the pilot dewatering apparatus. Two flocculant tanks contained the cationic polymer 
and anionic polymer, respectively, for polymer make down and subsequent flocculation of the 
MFT in the conditioning pipe from the polymer injector. The flocculated MFT went over the 
AquaScreen and into the TerraCore for primary and secondary dewatering of the MFT. The 
flocculated MFT slid down the AquaScreen, which is angled to allow optimal time for dewater-
ing, prior to being gravity fed to the TerraCore. Remaining water drained through the porous 
media lining of the walls and floor of the TerraCore for further dewatering of the MFT.  

The MFT test runs were completed for the evaluation of flocculation and RDS performance. 
Polymer was injected into the MFT slurry line as the slurry travelled to the AquaScreen. The 
polymer/MFT solution then travelled through the mixing coil and/or partially closed ball valves, 
which provided necessary mixing for proper floccule formation. The mixing coil is a series of 
90 degree bends in the material line that create turbulence as the material flows through it, al-
lowing the polymer to mix thoroughly. In addition to the mixing coil, the material passes 
through several in-line valves that can be partially closed to create additional turbulence and 
mixing. Downstream from the mixing coil, the line gently bends towards the AquaScreen and 
connects to the AquaScreen riser. With the completion of MFT flocculation, the treated tailings 
are pumped into the AquaScreen riser for final residence time and uniform distribution onto the 
AquaScreen. Figure 4 shows the actual pilot plant apparatus. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Pilot Plant Apparatus 

2.3 Sampling Plan 
The data measurements taken for each MFT test run can be seen in Table 1. Samples tested for 
solid content at the Genesis testing facility were measured with a Halogen Moisture Analyzer 
(HMA). The sample material was stirred vigorously to obtain a homogenous solution prior to 
extracting samples for testing. All test runs were video recorded. 

The following geotechnical index tests were performed on the untreated MFT samples: Wa-
ter content; % solids; specific gravity (wet); Atterberg limits (liquid limit and plastic limit); 
grain size distribution down to a No. 200 sieve; and organic content. 
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Table 1. Sampling Plan Summary 
Data Collection Point 

Untreated MFT % solids MFT process feed tank 

Treated MFT % solids (unscreened) A tap in the pipe right before the AquaScreen 
riser 

Treated MFT % solids from AquaScreen Lower end of the AquaScreen 

Treated MFT % solids from TerraCore  TerraCore 

Weight of discharge water captured from AquaScreen Scale underneath the tote for AquaScreen dis-
charge water 

Weight of TerraCore Scale underneath the TerraCore 

Weight of discharge water captured from TerraCore Scale underneath the basin for TerraCore dis-
charge water 

TSS of discharge water from AquaScreen Discharge tube, right before tote 

TSS of discharge water from TerraCore Discharge basin 

Specific gravity for each polymer mixed down solution Make down polymer tank 

Total slurry flow across the AquaScreen Measured through polymer flow meters and 
MFT flow meter 

Mass flow rates of MFT and polymer to the RDS Calculated based on the volumetric flow rates 
and measured by the flow meters, multiplied by 
their respective specific gravities 

Total mass sent to the RDS Duration of feed to the RDS recorded 

3 EARLY PILOT RESULTS 

Testing in February-April of 2014 showed an increase in solids content, with the majority of 
water release occurring on the AquaScreen, as expected. The initial test runs focused on poly-
mer programs and dosage and were run with an MFT feed of 10-12% solids. Subsequent runs 
planned for June-July of 2014 will refine flocculation mixing and residence time to reduce floc-
cule shearing and thereby improve water release on the AquaScreen. The June-July runs will al-
so test for maximum % solids of MFT intake.   
  Table 2 shows the geotechnical data on the raw MFT samples. Figure 5 shows the subse-
quent change in solids content of the MFT during the initial runs on the Rapid Dewatering Sys-
tem. Figure 6 shows TerraCore dewatering, measured by weight of the TerraCore over time. 
Figure 7 shows a run which represents the typical proportion of drain water collected after each 
run by the AquaScreen and the TerraCore, respectively. 
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Table 2. Geotechnical Data on MFT Sample 

Data MFT Samples (Undiluted) - Average 

Water content 491.2% 

Specific gravity (wet) 2.33 

Atterberg Limits (wet): Liquid limit 64 

Atterberg limits (wet): Plastic limit 31 

Passing a No. 200 sieve 97.95 

Organic content 16.6% 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Change in MFT Solids Content, Test Runs 4-8 
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Figure 6. TerraCore MFT Dewatering 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Water Collection from Drainage Area 

4 CONCLUSION 

At the half-way point in the testing, results have shown a maximum consolidation of MFT to 
36% solids off the AquaScreen and 47% solids from the TerraCore. Untreated MFT was at ap-
proximately 10% solids, prior to flocculation and dewatering with the Rapid Dewatering Sys-
tem. Additional testing will make adjustments to polymer programs and inflow density for the 
purpose of increasing % solids to reach the desired KPIs.  
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The approach of the Rapid Dewatering System may be similar to other methods used on oil 
sands tailings in that it first dilutes the mature fine tailings in order to achieve optimum floccu-
lation and ultimately a higher % solids. The screening mechanism is an alternative to other de-
vices under consideration in the oil sands, such as filter presses. The AquaScreen, which may 
be used on its own without the TerraCores, differs mechanically from a filter press in that it has 
fewer moving parts and dewaters continuously in real time, rather than in batches, resulting in a 
higher throughput. 
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1 INTRODUCTION 
 
The thin fine tailings stream that flows into the oil sands settling ponds is only about 6 to 10% 
solids content and is mainly fines (< 45 µm) which are about 50% clay size (< 2 µm). The tail-
ings compress rapidly to about 30% solids in a few years at which point it is termed Mature Fi-
ne Tailings (MFT). The MFT rapidly develops a gel or thixotropic strength that overconsoli-
dates the tailings and retards consolidation. The MFT is often pumped to other holding ponds or 
an engineered mined out pit where a water cap is established to form a lake. It has been postu-
lated that the pumping and pipelining shearing action may break the thixotropic bonds and in-
crease the rate and amount of consolidation. To test this hypothesis, four samples of MFT were 
taken from various Syncrude settling ponds and subjected to shear. The consolidation properties 
of initial no-shear samples and sheared samples were determined and compared by performing 
large strain consolidation tests. 
      As research to improve the disposal of MFT now involves adding flocculants and mechani-
cal treatment such as thickeners or centrifuges, a sample of Syncrude In-line Thickened Tailings 
(ILTT) was similarly tested under no-shear and sheared conditions. This testing was to deter-
mine whether pipelining shear would break down the flocculated structure and reduce the rate 
of consolidation.           
      The paper first discusses the large strain consolidation test equipment and procedure that 
was used to determine the consolidation properties. The test results are then given and dis-
cussed to evaluate the hypotheses on the effects of pumping and pipelining shearing.    

Effect of pipelining shear on consolidation properties of oil sands 
fine tailings  

S. Jeeravipoolvarn 
Thurber Engineering Ltd., Calgary, AB, Canada 

J.D. Scott and R. Chalaturnyk 
University of Alberta, Edmonton, AB, Canada 

B. Shaw 
WHS Engineering, Calgary, AB, Canada 

ABSTRACT: Pumping and pipelining shearing may be a reason for changes in the Mature Fine 
Tailings (MFT) settling behaviour in Syncrude Canada’s deposition ponds. In order to investi-
gate this hypothesis, large strain consolidation tests were performed to obtain consolidation 
characteristics on four MFT samples collected from different locations in Syncrude’s settling 
ponds. Pumping and shearing actions were imitated by using a power propeller mixing tailings 
samples at high speed. As well, similar tests were performed on Syncrude In-line Thickened 
Tailings (ILTT). Large strain consolidation tests were performed on all samples under no shear 
initial conditions and under high shear conditions and the consolidation characteristics were 
compared. For MFT, no conclusive evidence was found to suggest that shearing improves con-
solidation. For ILTT, results indicated that the samples with shear conditions were more com-
pressible than the no shear condition. The shear condition also made the ILTT samples less 
permeable and resulted in slower consolidation. However this finding only applied at higher 
void ratios while at a void ratio lower than 3, the data suggested an insignificant change in hy-
draulic conductivity by shearing.  
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2 THE LARGE STRAIN CONSOLIDATION TEST 

2.1 Test procedure for consolidation test 
A large strain consolidation test is performed on slurried materials which are too soft and un-
dergo too much volume change for testing in a standard consolidation apparatus. As well, mate-
rials that undergo large strains do not follow the Terzaghi consolidation equation. Specifically, 
the coefficient of permeability or hydraulic conductivity cannot be calculated from volumetric 
strain-time measurements and must be directly measured. At the University of Alberta, large 
strain consolidation testing uses a multi-step loading test. The test follows the conventional 
large strain consolidation test (Sheeran and Krizek, 1971; Monte and Krizek, 1976; Scott et al., 
2008). Briefly, the large strain consolidation test uses load increments to increase the vertical 
effective stress. At the end of each loading step, void ratio and effective stress are obtained and 
a hydraulic conductivity test is performed. An upwards flow constant head test is performed 
with the head loss being kept small enough so that seepage forces will not exceed the applied 
stress and cause further consolidation or sample fracturing during the hydraulic conductivity 
test.   

   The relationship between void ratio and shear strength can also be determined during the 
large strain consolidation test. After each load increment has fully consolidated and the hydrau-
lic conductivity determined, the drainage valves are turned off, the top water cap is siphoned off 
and the loads and top cap are removed. A vane test is then conducted in the sample. This proce-
dure only takes a few minutes and without access to water the sample usually does not swell 
and change void ratio. 

   The test results are presented in a plot of void ratio as a function of vertical effective stress 
and in a plot of hydraulic conductivity as a function of void ratio.  Curve fits to these two plots 
define the material relationships to be used in large strain consolidation numerical modeling of 
tailings deposits, thickener vessels or slurry deposits. As the Alberta Energy Regulator (AER) 
Directive 074 requirements for oil sands tailings disposal uses undrained shear strength as a 
governing property, the relationship between void ratio and shear strength is also used in nu-
merical modeling of oil sands tailings deposit. 

2.2 Test apparatus 
The large strain consolidation apparatus used in these tests confines the slurried material so it 
can be tested at any water contents. As large volume changes take place with very small stress 
changes at high water contents, the first applied stress, the self-weight of the slurry, can be 
about 0.3 to 0.4 kPa. Cells to confine the sample are of various sizes and a typical cell is 150 
mm inside diameter and can accommodate samples up to 200 mm high. The initial height of the 
sample is chosen to minimize wall friction so that the diameter-height ratio is approximately 2.5 
or higher when effective stresses become significant above 10 kPa applied vertical stress. The 
vertical stress in the large strain consolidation apparatus is applied by dead load acting on the 
loading ram up to 8 kPa and by compressed air in a Bellofram acting on the loading ram up to 
the required maximum stress for a particular tailings deposit. The apparatus can load the sample 
up to a maximum stress of 2000 kPa. Vertical strain is measured with a LVDT (Figures 1 and 
2). The samples are usually drained from the top and bottom to conduct the test as rapidly as 
possible. For special cases only top drainage is used and pore pressures at the base of the sam-
ple are measured. The load is maintained until the vertical strain and/or base pore pressure dis-
sipation are significantly completed before adding the next load. 
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Figure 1 Large strain consolidation test apparatus 

 

 
Figure 2 Schematic of large strain consolidation test components 
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3 SYNCRUDE MATURE FINE TAILINGS SAMPLES 

3.1 Test program 
In order to investigate the hypothesis that pumping and pipeline shearing may be a reason for 
changes in the MFT settling behaviour in Syncrude’s deposition ponds, large strain consolida-
tion tests with hydraulic conductivity measurements have been performed to obtain consolida-
tion characteristics of four Syncrude MFT samples from different parts of Syncrude’s settling 
ponds (Figure 3). A piston sampler was used to collect the MFT. Pumping and shearing actions 
were imitated by using a power propeller mixing tailing samples at high speed. Void ratio-
effective stress and hydraulic conductivity-void ratio relationships have been determined for all 
tested tailings. The objectives of the testing program were to determine compressibility and hy-
draulic conductivity of the given MFT under initial conditions of no shear and in a highly 
sheared condition and to compare consolidation characteristics for both shearing conditions. 

 

 
Figure 3 Sample locations - Syncrude Canada Ltd. 

3.2 Sample properties 
The MFT samples were collected in 20 L pails with one separate pail containing process tail-
ings water. This process water was used for all hydraulic conductivity tests to ensure that no 
change in pore water chemistry occurred during testing. Each MFT sample was gently mixed by 
a paddle to ensure uniformity and initial solid contents and fine contents were determined. Spe-
cific gravity tests on each material were also performed for void ratio determination. Initial tail-
ings properties are shown in Table 1. The properties of the four samples varied depending on 
their location in the settling ponds and their age but all samples had initial void ratios over 3. 
 
Table 1. As received MFT sample properties. 

Sample Solids content (%) Void ratio Fines content (%) 
<45 Pm Specific gravity 

MFT 1 25.0 7.25 92.9 2.42 
MFT 2 36.8 4.10 96.3 2.39 
MFT 3 42.7 3.23 79.3 2.41 
MFT 4 38.6 3.65 98.5 2.30  
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3.3 Sample preparation 
After initial solid and fine contents were determined, each sample was sub-sampled and 
weighed to get a material height of about 9 to 10 cm inside a consolidation cell with a diameter 
of 10 cm so the diameter to height ratio was approximately 2 to 3 at high effective stress to min-
imize wall friction effects. 

Two samples were prepared for each MFT and they were used for the two different condi-
tions of no shear and highly sheared. The no shear initial condition refers to a condition where a 
sample is gently mixed by a paddle. This mixing was only to obtain a homogenous mix without 
introducing excessive shearing on a sample. A highly sheared condition was arbitrarily obtained 
by using a power propeller to mix a sample. The mixer used for this task was a Barnant mixer 
series 10 Model No. 700-5400. The mixer was set to a reference point of 7 as higher numbers 
were too high and caused material to spill. All sheared samples were continuously mixed for 1 
minute before they were poured into consolidation cells. During shearing some air bubbles were 
entrained at the surface of the sample. It appeared that these bubbles were squeezed out as loads 
were applied. Table 2 shows the eight MFT samples prepared for the large strain consolidation 
tests. Good uniformity was achieved between the two samples of each MFT with the solids con-
tents varying by less than 0.2%. 

The large strain consolidation test procedure followed the conventional multi-step large 
strain consolidation test used at the University of Alberta (Jeeravipoolvarn, 2005). Seven load 
steps and a single unload step were performed. The first load was self-weight, the top porous 
stone and filter paper and the effective stress is calculated at the mid height of all the samples. 
This first load was approximately between 0.1 and 0.2 kPa. Dead load was used up to load step 
5 and load steps 6 and 7 were applied by a Bellofram. The ending of each load step was deter-
mined by a rectangular hyperbola method (Sridharan et al., 1987) and after each load step, a 
constant head, upward flowing hydraulic conductivity test was performed. Slow consolidation 
and creep caused the tests to run for approximately 5 months. It is noted that, during this long 
time for all the given MFT samples, gas generation possibly by microbial activity occurred dur-
ing the large strain consolidation tests. The gas bubbles filled the base of all consolidation cells 
and the bases had to be flushed before hydraulic conductivity tests. Details of gas generation by 
microbial activity in MFT can be found elsewhere (Guo et al., 2007). 

After the large strain consolidation test was complete, a tailing sample height was measured 
then the sample was extruded from the cell and two samples were obtained for solid content de-
termination as a check on the measured amount of consolidation. 
 
Table 2. Prepared MFT samples for large strain consolidation test.  

Sample Solids content (%) Void ratio Fines content (%) 
<45 Pm 

Sample prepara-
tion description 

MFT 1 (no-shear) 24.9 7.29 92.3 
Gently mixed with 

a paddle 
MFT 2 (no-shear) 36.8 4.11 96.5 
MFT 3 (no-shear) 42.6 3.24 80.2 
MFT 4 (no-shear) 38.9 3.62 98.2 
MFT 1 (sheared) 25.1 7.21 93.5 

Rigorously mixed 
by a power pro-

peller 

MFT 2 (sheared) 36.9 4.10 96.1 
MFT 3 (sheared) 42.8 3.22 78.4 
MFT 4 (sheared) 38.8 3.63 98.8 

3.4 Experimental results and discussion 
The results of the no-shear and sheared large strain consolidation tests on each sample are com-
pared in plots of compressibility (void ratio vs effective stress) and hydraulic conductivity (hy-
draulic conductivity vs void ratio). Although the applied vertical effective stress on the samples 
was increased to about 40 kPa, only the compression to 10 kPa is shown in the plots as this is 
the critical stress range for the initial decades of consolidation in the tailings deposits. Approx-
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imately 80% of the total consolidation from an effective stress of 0.1 kPa to an effective stress 
of 40 kPa occurs between 0.1 kPa and 10 kPa and consolidation strains over a vertical effective 
stress of 10 kPa are small. 
     The sample tests will be discussed in order of decreasing initial void ratio (MFT 1, MFT 2 
then MFT 4) to examine for any effect of decreasing initial void ratio which also reflects an in-
creasing age of the MFT. Test results on MFT 3 which had a higher sand content than the other 
three samples and therefore a lower initial void ratio will be discussed separately. Best fit 
curves have been plotted on all the test results to better examine the trends. As there is consid-
erable scatter in the hydraulic conductivity measurements, the only way of comparing them is 
by the fitted curves. 

Sample MFT 1 has an initial void ratio over 7 which is typical of young MFT. Consolidation 
results for both the no-shear and sheared samples are compared in Figure 4. The sheared sample 
is slightly less compressible than the no-shear sample so it has a larger void ratio or smaller sol-
ids content under a specific effective stress. Deposits of the sheared material will have a slightly 
greater thickness during consolidation but may complete consolidation faster as less water has 
to flow out. The hydraulic conductivities of both materials are similar but is somewhat greater 
for the sheared sample at void ratios over 3. Therefore at large void ratios the sheared material 
may consolidate faster which with less consolidation required indicates that shearing may im-
prove consolidation. 

Sample MFT 2 with an initial solids content of 36.8% or a void ratio of 4.1 has a history of 
volume decrease. Consolidation results for both the no-shear and sheared samples are compared 
in Figure 5. Sheared MFT 2 sample also has slightly less compressibility similar to MFT 1. The 
hydraulic conductivities are similar but slightly lower hydraulic conductivity for the sheared 
material can be observed. Whether shearing would improve consolidation would depend on the 
combined influence of compressibility and hydraulic conductivity.  

Sample MFT 4 has an initial solids content of 38.9% (void ratio of 3.6) slightly greater than 
that of MFT 2. Consolidation results for both the no-shear and sheared MFT 4 samples are 
compared in Figure 6. Compressibility is similar for both the no-shear and sheared samples. The 
hydraulic conductivities are generally similar with the slightly lower hydraulic conductivity of 
the sheared material, similarly to MFT 2. 

For the above three materials which have a similar high fines content, the influence of shear-
ing on consolidation behavior is small and there is no conclusive evidence to suggest that that 
shearing  improves consolidation. 

Sample MFT 3 contains about 20% sand which increases its initial solids content or decreas-
es its initial void ratio to 3.2. Research on adding sand to MFT has shown that this amount of 
sand has little effect on consolidation properties and the consolidation is best analyzed by con-
sidering the fines void ratio not the total void ratio (Pollock, 1988). The definition of fines void 
ratio is the volume of voids or water divided by the volume of fines which removes the sand 
from the calculation of void ratio. For this case the initial fines void ratio is 4.1 similar to the in-
itial void ratio of MFT 2. Consolidation results for both the no-shear and sheared samples are 
compared in Figure 7. The compressibilities are similar but the sheared sample has a slightly 
higher hydraulic conductivity at a higher void ratio range than the no-shear sample which is op-
posite to the trend discussed above for MFT 2. 

In summary, the large strain consolidation test results on the four MFT samples do not show 
great differences. Any trends of improving consolidation from shearing observed in this exper-
iment it is not definite enough to prove the hypothesis that shearing improves consolidation.      
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Figure 4 Result comparisons for MFT 1 a) compressibility b) hydraulic conductivity 
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Figure 5 Result comparisons for MFT 2 a) compressibility b) hydraulic conductivity 
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Figure 6 Result comparisons for MFT 4 a) compressibility b) hydraulic conductivity 
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Figure 7 Result comparisons for MFT 3 a) compressibility b) hydraulic conductivity 
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4 SYNCRUDE IN-LINE THICKENED TAILINGS SAMPLES 

4.1 In-line thickened tailings  
In-line thickening is a process that adds flocculant and coagulant into a modified tailings pipe-
line in a multistage fashion to improve the dewatering behaviour of oil sands fine tailings cy-
clone overflow. According to Shaw and Wang (2005), the goal of the in-line thickened process 
is to rapidly densify the oil sands fine tailings which would reduce short term and eliminate 
long term fluid storage. A schematic flow of the ILTT process is shown in Figure 8. Further de-
tails on the in-line thickening process can be found elsewhere (Shaw and Wang, 2005; Jeeravi-
poolvarn, 2010; Shaw and Hyndman, 2013). 

 
 

                
 

Figure 8 Syncrude’s in-line thickened tailings process (modified from Shaw and Hyndman 2013) 

4.2 Sample preparation 
In order to produce ILTT for the laboratory experiments, the cyclone overflow shipped from 
Syncrude was characterized to obtain initial solids content, specific gravity and grain size dis-
tribution. Anionic flocculant (CIBA Magnafloc 6260) was prepared by mixing powder floccu-
lant with demineralised water to a concentration of 0.5 g/L. Cationic coagulant (CIBA Mag-
nafloc 368) was similarly prepared by mixing powder coagulant with demineralised water to a 
concentration of 1.0 g/L. It is noted that both chemicals were left for at least 2 hours before us-
age and the chemical solutions that were older than 2 days were all discarded. The preparation 
process is to first dilute the high fines low solids cyclone overflow tailing stream followed by a 
three stage chemical amendment – flocculation, coagulation and flocculation shown schemati-
cally in Figure 9. This three stage chemical amendment was introduced by Yuan and Shaw 
(2007) for Syncrude oil sands tailings with sand-fine ratios (SFR) from 0 to 0.4. 
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Figure 9 Syncrude’s in-line thickened sample preparation schematic a) Stage 1 first addition of flocculant, 
b) Stage 2 addition of coagulant and c) Stage 3 second addition of flocculant (modified from Yuan and 
Shaw, 2007) 

4.3 Sample properties 
Index testing including particle size distribution, specific gravity, mineralogy and morphology 
were performed to assist in the behavioural interpretation of the ILTT tailings. Initial sample 
properties are given in Table 3. Initial particle size distribution of the no-shear ILTT sample is 
shown in Figure 11.   
Table 3. ILTT initial sample properties. 

Sample Solids content (%) Void ratio Fines content (%) 
<45 Pm Specific gravity 

ILTT 16 to 17 12 to 13 94.0 2.46 
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The ILTT samples sedimented rapidly to a void ratio of about 6 and the large strain consoli-
dation test results start about this void ratio. 

4.4 Sample shearing 
In order to investigate shearing effects on ILTT settling behavior, sheared ILTT was also pre-
pared according to the above guideline then ILTT was allowed to release water to a design sol-
ids content. Supernatant water was decanted from the tailings and the tailings were subjected to 
shearing inside a mixing tank to create sheared ILTT. Shearing effort applied to the tailings fol-
lowed a technique used in the industry to simulate pumping by using a mixer shearing samples 
at 1080 rpm for 24 minutes. After shearing was complete, the sheared ILTT was immediately 
poured into different test cells for different tests to commence. Aggregate rupture from shearing 
is shown schematically in Figure 10. 

When cyclone overflow is fully dispersed it contains approximately 94% fines (< 45 µm) and 
50% clay size particles (< 2 µm) but in its natural condition cyclone overflow contains approx-
imately 94% fines and only 30% clay size particles. As the cyclone overflow is treated with the 
in-line thickening process, the apparent particles size distribution changes to approximately 5% 
fines with no detectable clay size particles. When the in-line thickened tailings is subjected to 
shearing at 1080 rpm for 24 minutes, the large floc structures made by the in-line thickening 
process are disrupted and apparent particle size distribution of the sheared in-line thickened tail-
ings indicates fines content of about 77% and clay size contents of about 7% (Figure 11). At 
this specified rate of shearing, there remains a substantial remnant influence of the in-line 
thickening process in the tailings showing considerable larger particle sizes compared to that of 
the original cyclone overflow tailings. 
 

 
Figure 10 Aggregate rupture (Modified from Shaw and Wang, 2005) 
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Figure 11 Comparison of particle size distributions – non dispersed test 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

504



4.5 Experimental results and discussion 
Similarly to the tests on Syncrude MFT the results of the no-shear and sheared large strain con-
solidation tests on the ILTT samples are compared in plots of compressibility and hydraulic 
conductivity. Although the applied vertical effective stress on the samples was increased to 500 
kPa only the compression to 10 kPa is shown in the plots as this is the critical stress range for 
the initial decades of consolidation in the tailings deposits. As well, the relationships of shear 
strength vs void ratio for the no-shear and sheared samples are compared. 

Figure 12 a) shows the influence of shearing on the compressibility of the ILTT. The shear-
ing makes the ILTT more compressible, that is, under the same effective stress the sheared 
ILTT will reach a smaller void ratio or higher solids content. Although this is an advantage in 
terms of storage volume, it will take the sheared material longer to consolidate as more water 
has to drain out. Figure 12 b) shows the influence of shearing on the hydraulic conductivity of 
the ILTT. Although the change from shearing appears small within the plotted range of void ra-
tios, the hydraulic conductivity trend lines indicate that the hydraulic conductivities at void ra-
tios larger than 3 are substantially greater for the no-shear material. Therefore, initially the 
sheared ILTT will take longer to consolidate in a disposal site. As the initial response of tailings 
consolidation is important, this property needs further investigation. 

The greatest influence of shearing ILTT is the change in shear strength shown in Figure 13. 
At any void ratio the sheared ILTT has a lower shear strength which means it will have to con-
solidate more and will take longer to meet desired shear strength. 
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Figure 12 Result comparisons for ILTT a) compressibility b) hydraulic conductivity 
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Figure 13 Result comparisons for ILTT – vane shear strength 

5 DISCUSSION AND CONCLUSIONS 

Mature Fine Tailings deposited in oil sands settling ponds are often pumped to other holding 
ponds or empty mine pits to form end pit lakes. It has been postulated that the pumping and 
pipelining shearing action may break the thixotropic bonds and increase the rate and amount of 
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consolidation. To test this hypothesis, four samples of MFT were taken from various Syncrude 
settling ponds and subjected to shear. The consolidation properties of initial no-shear samples 
and sheared samples were determined and compared by performing large strain consolidation 
tests. In summary, the large strain consolidation test results on the four MFT samples do not 
show great differences. There is a trend of improving consolidation from shearing but it is not 
definite to prove the hypothesis that shearing improves consolidation.      

As research to improve the disposal of MFT now involves adding flocculants and thickening 
the MFT with thickeners or centrifuges, a sample of Syncrude In-line Thickened Tailings was 
similarly tested under no-shear and sheared conditions. This testing was to determine whether 
pipelining shear would break down the flocculated structure and reduce the rate of consolida-
tion. Shearing made the ILTT more compressible, that is, under an effective stress the ILTT will 
reach a smaller void ratio or higher solids content. Although this is an advantage in terms of 
storage volume, it will take the sheared material longer to consolidate as more water has to 
drain out. Particle size determination did show that shearing broke the floc structure down and 
the hydraulic conductivity of the sheared sample is smaller at large void ratios. Therefore, ini-
tially the sheared ILTT will take longer to consolidate in a tailings deposit. As the initial re-
sponse of tailings consolidation is important, this property needs further investigation.  

The greatest influence of shearing ILTT is the change in shear strength. At any void ratio the 
sheared ILTT has a lower shear strength which means it will have to consolidate more and will 
take longer to meet desired shear strength. 
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1 INTRODUCTION  

Open-pit Alberta oil sands operations in 2011 mined 520 million tonnes of oil sands, producing 
52 million cubic metres of bitumen (ERCB, 2013). The oil sands operations use the Clark hot 
water extraction process, in which hot water and sodium hydroxide are added into the ore. The 
process produces a large volume of a slurry waste product known as tailings. The tailings 
stream is primarily comprised of sand and water, but also contains a significant amount of fines 
(defined as particles < 44 µm by the oil sands industry). The fines compose approximately 10 to 
20% of the total mined material (Shell, 2010; Suncor, 2010; Syncrude, 2010). While a portion 
of the fines is captured in the sand beaches, a substantial portion ends up within the ponds. The 
fine silts and clays in the ponds are very slow to settle and gain strength at a rate such that it 
would seem almost stagnant over the life of the mine.  

Regulations have made it a priority that new fine tailings as well as legacy fine tailings de-
posits must be addressed in a way that facilitates reclamation efforts within the life of the mine 
(ERCB, 2009). Due to the large volumes of fine tailings, this obligation can be cost prohibitive 
in terms of capital, operational and land expense. Several programs have been introduced in an 
attempt to reach the reclamation goals, while reducing overall capital expenditure. After an ini-
tial dewatering stage either during initial deposition or during the thickening process, one of the 
primary  technologies  available  is  the  “environmental  drying  scheme”  in  which  fine  tailings  are  
deposited over an area and allowed to dewater from a combination of evaporation and self-
weight consolidation. These processes are important because they involve no further mechani-
cal influence to dry the tailings; therefore, they operate with relatively minimal cost to the oper-
ator. Understanding the key dewatering mechanisms and how to maximise performance is 
therefore critical to minimising land use as well as maximising storage and production capaci-
ties. This paper will investigate the key mechanics of the environmental drying scheme by uti-

Key dewatering mechanisms of the environmental drying scheme 
for oil sands fine tailings 

I.D.C. Gidley & S. Jeeravipoolvarn 
Thurber Engineering Ltd,. Calgary, Alberta, Canada 

ABSTRACT: The ultimate end goal of tailing structures in the oil sands industry is to create an 
area suitable for closure and reclamation. The short-term goal for a tailings structure is to man-
age and store the fluid volumes required by the mine plan in a state that meets regulations. 
Within the life of the structure the strength of the tailings must evolve from its state at deposi-
tion to a point where the area can be safely accessed by heavy equipment to facilitate reclama-
tion.  One  of  the  primary  methods  for  a  fine  tailings  deposit  to  gain  strength  is  using  an  “envi-
ronmental drying scheme”,  composed  of  self-weight consolidation and evaporation. The scheme 
represents a large investment within the industry to progress fine tailings deposits towards its 
end goal of reclamation. In this paper, the theories of large strain self-weight consolidation and 
evaporation in general terms are examined; and a sensitivity analysis on deposited tailings char-
acteristics using a numerical model is conducted. It is found that i) evaporation is the primary 
environmental drying mechanism; ii) consolidation is less influential due to low self-weight 
stress and unfavourable material behaviours; and iii) a certain thin-lift thickness is required to 
optimise dewatering performance.  
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lising a numerical model to understand the performance of thin-lift and thick-lift drying sys-
tems. 

2 THEORY OF CONSOLIDATION AND EVAPORATION  

High water content tailings undergoing drying are primarily affected by two dewatering mecha-
nisms: large strain self-weight consolidation and evaporation.  

Large strain self-weight consolidation is a reduction of soil volume due to the dissipation of 
excess pore water pressure induced by the soil mass. The amount of consolidation is a function 
of the self-weight effective stress, which is a function of density and depth. The rate of consoli-
dation is affected by the speed at which fluid can travel to the drainage boundaries of the mate-
rial. The rate is a function of the length of the flow path, the hydraulic head difference, and the 
hydraulic conductivity (which is a function of the void ratio). To predict the consolidation pro-
cess, a finite strain consolidation theory (Gibson et al., 1967) is typically utilised. 

The evaporative flux for a body of water is controlled by the energy supplied to the surface to 
vaporise the water, and the ability of the water to be transported from the evaporative surface 
(Chow et al., 1988). The evaporative flux, or potential evaporation (PE) can be calculated by 
using Penman’s  equation  (Penman,  1948),  or  it  can  be  obtained  from  a  Class  A  evaporation  pan  
experiment. When evaporation occurs from a saturated soil surface, PE is generally very close 
to the actual evaporation (AE), like in a water body. However, once the evaporation rate is 
greater than the re-saturation rate of the material (i.e. the surface becomes unsaturated), the AE 
will drop below the PE, and the evaporation approximated by PE can over-estimate drying sig-
nificantly (Wilson 1990). To take into account the unsaturation, an AE approximation, such as 
that presented by Wilson et al. (1997), should be considered. 

To approximate the rate of drying for oil sands tailings, a finite strain consolidation model 
with evaporation proposed by Jeeravipoolvarn et al. (2013) is selected. The model was chosen 
as it incorporates desaturation and actual evaporation into a large strain consolidation model; 
and it has been successfully validated against oil sands thickened tailings.  

3 MATERIAL AND ENVIRONMENTAL PARAMETERS  

A literature review was performed to obtain the material and environmental parameters needed 
to execute the numerical analyses. Compressibility and hydraulic conductivity data was ob-
tained for MFT with a fines content of about 90% (sand to fines ratio of about 0.1). 

Figure 1 shows the compressibility, or void ratio versus suction pressure, data obtained from 
the literature for the MFT. Based on these limited data sets, the compressibility relationship is 
selected for the numerical analysis in this study – this relationship is also shown in Figure 1. 
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Figure 1 Compressibility of MFT 

 
 

A saturated hydraulic conductivity versus void ratio plot for the MFT obtained from the litera-
ture is given in Figure 2. From the available hydraulic conductivity data, unsaturated hydraulic 
conductivity of tailings at various suction pressures can be approximated by using a method 
outlined by Fredlund et al. (2011). The unsaturated hydraulic conductivity relationship used in 
this study is also shown in Figure 2. These relationships are important and the results of the 
numerical analysis are sensitive to their quality. 

 
Figure 2 Hydraulic conductivity of MFT 

 
 

Finally, PE for oil sands tailings in Ft. McMurray region is given in Figure 3. 
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Figure 3 Estimated Ft. McMurray potential evaporation 

 

4 SENSITIVITY ANALYSIS SETUP AND OUTPUT PARAMETERS 

A sensitivity analysis was performed by varying lift thickness from 10 cm to 100 cm. This range 
encompasses the expected lift thicknesses for thin lift (< 30  cm)  and  thick  lift  (≥ 30 cm) opera-
tions.  

The analyses were conducted at an initial solids content of 45% – this solids content repre-
sents a feed at 30% that experienced an initial water release of 50%. A single drainage bounda-
ry condition (the surface) is used to represent an underlying impervious layer, which is typical 
for this deposition scheme.  

Two different endpoint solids contents were selected as output parameters for comparison; 
these solids contents are 60%, which corresponds to roughly the liquid limit of MFT (Gidley & 
Moore, 2013); and 72%, which corresponds to a shear strength of approximately 10 to 20 kPa 
(Jeeravipoolvarn et al., 2008) – at which soft ground strategies for reclamation can be applied 
(Jakubick et al., 2003). These output solids contents are chosen as the average solids content of 
the material beneath the crust (which is considered as any material above the shrinkage limit – 
86% solids). During operation, the soft material below the crust likely controls the behaviour of 
the deposit.  

5 RESULTS  

Figure 4a shows the days of drying to reach an average solids content of 60% under the crust, 
simulated by the finite strain model with actual evaporation. Figure 4b provides the days of dry-
ing to reach the same solids content using only the calculated PE.  
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a) Calculated by the finite strain consolidation model with evaporation 

 

 
b)  Calculated by PE 

Figure 4 Days of drying to reach a target solids content of 60% under the crust 
 
 

Figure 5a shows the days of drying to reach an average solids content of 72% under the crust, 
simulated by the finite strain model with actual evaporation. Figure 5b provides the days of dry-
ing to reach the same solids content using only the calculated PE.  
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a) Calculated by the finite strain consolidation model with evaporation 

 

 
b)  Calculated by PE 

Figure 5 Days of drying to reach a target solids content of 72% under the crust 
 
 

From the results in Figures 4 and 5, Figure 6 shows the ratio of actual evaporation to potential 
evaporation calculated for deposits with average solids of 60% and 72% under the crust.  
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Figure 6 Ratio of actual evaporation to potential evaporation for deposits with an average solids content  
of 60% and 72% under the crust 

 
 

Material solids content profiles for 10 cm, 30 cm and 100 cm thick lifts are shown in Figure 7, 
to demonstrate the evolution of the evaporation and consolidation processes. The maximum 
self-weight consolidation reference line is also shown in Figure 7. It should be noted that this 
line is at the end of consolidation, which could be on a time scale many times larger than pre-
sented for the other data. 

 

 
Figure 7 Solids content evolutions in July for combined evaporation and consolidation for a) 10 cm, b) 30 
cm and c) 100 cm thick deposit 
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6 DISCUSSION  

6.1 Key dewatering processes 
Figure 7 shows the progress of self-weight consolidation combined with evaporation within the 
deposit. The material has an initial solids content of 45% after initial dewatering. By the time 
that the average solids content beneath the crust is at 72% it can be seen that the majority of the 
change in solids content has occurred due to evaporation, which is the deviation at the top of the 
plot, rather than consolidation, which is the small solids content change at the base of the plot. 

The self-weight effective stresses in these analyses vary from 0 kPa at the top, and a maxi-
mum of 4 kPa at the bottom. Since the effective stress is small, the maximum solids content that 
can be achieved purely from consolidation is limited to about 65% solids content according to 
the compressibility relationship shown in Figure 1. This is echoed in the results presented in 
Figures 7a through 7c. In addition, self-weight consolidation is further complicated due to the 
need for the fluid to flow toward the top boundary. From Figure 2 the initial hydraulic conduc-
tivity of the tailings is approximately 10-9 m/s, which is the same value required for clay liners 
for landfills (Alberta Environment, 2010); this is reduced further as a crust forms due to evapo-
ration, which severely impacts the rate of consolidation.  

One of the key dewatering processes that the model does not account for is the reduction in 
flow path due to cracking. As the deposit dries and shrinks, surface cracks form, which over 
time penetrate towards the base of the deposit. These cracks benefit the deposit by reducing the 
drainage path, as well as reducing the impact of hydraulic conductivity reduction due to crust-
ing at the surface (Sims et al., 2007; Fujiyasu & Fahey, 2000; Soleimani et al., 2013).  

Due to the low effective stress and low hydraulic conductivity, the self-weight consolidation 
contribution is small toward the overall dewatering of the deposit. It becomes apparent that 
evaporation is the primary dewatering mechanism for both thin and thick lift systems.  

6.2 Lift thickness 
Initially when a fresh layer of tailings is deposited, the material at the surface is fully saturated. 
At this stage the actual evaporation is very close to the potential evaporation. Within a few days 
a crust develops and the flow of water to the evaporative surface reduces. With time, this reduc-
tion progresses even further due to the reduction in hydraulic conductivity as the surficial mate-
rial desaturates. As a result thinner lifts dry at a much higher efficiency than thick lifts, as 
shown in Figure 6. The difference between the two lines in Figure 6 represents the decreased 
environmental drying efficiency due to increasing crust thickness and decreasing material hy-
draulic conductivity. Therefore, a certain thin-lift thickness is required to optimise the perfor-
mance.  

6.3 Total storage 
Figure 6 illustrates that a thin-lift tailings deposition scheme is more efficient than a thick lift 
scheme. For a lift 15 cm in thickness the ratio of AE/PE is close to one, which is the maximum 
efficiency, while for a lift of 100 cm the ratio is closer to 0.5. The increased drying rate means 
that over the same amount of time, more water can be removed from a thin-lift scheme than in a 
thick lift scheme. The higher drying efficiency in a thin-lift scheme ultimately means that a 
larger portion of solids can be treated and stored during an operating season.  

6.4 Rate of evaporation 
For a thick lift deposit, it can be observed in Figures 4 and 5 that the rates of dewatering during 
the drier season (May to August) predicted by the model are significantly lower than that of PE; 
while the predicted rates of dewatering during the wetter season (March to April and September 
to October) are not substantially lower than that of PE. This model behaviour is caused by the 
rate of evaporation; a high rate of evaporation can produce a large suction pressure on the dry-
ing surface, inducing a low hydraulic conductivity crust and an eventual retardation of the over-
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all dewatering. Tailings deposition using a thick lift must consider a potential sealing crust for-
mation, and a plan to deal with the problem. 

6.5 Initial solids content and initial water release 
The 45% initial solids content selected for the analysis is based on an initial water release of 
50%. If the initial water release is lower than expected, the lift will have lower initial solids 
content as well as larger lift thickness. The combination of more water and a thicker lift would 
substantially prolong the dewatering time, as suggested by the current analysis. For example, 
using July evaporation and comparing a 15, 30 and 100 cm thick lift at 45% initial solids versus 
35% solids content, it would take an additional 25, 38 and 85 days respectively for the 35% sol-
ids case to reach an average of 72% solids below the crust. This difference highlights how criti-
cal it is for the oil sands operators to produce tailings products that consistently meet the target 
initial water release to maintain the overall tailings dewatering target. 

6.6 Slope stability 
One of the primary issues with tailings deposition schemes is when to deposit the next lift 
(Boswell & Sobkowicz, 2011). If the primary method of drying is from evaporation, once a new 
lift is deposited evaporation shuts down and is reduced to a nominal value for the buried layer. 
If a new deposition occurs on a layer that had dried to an average solids content of 60% under 
the crust, much of the lift remains at a low solids content, as seen in Figure 7 where half the 
height of the deposits is below 50% solid content. The implication is that once a layer is buried 
it will take a long time for further strength gain to occur. If deposition continues at an overly 
high rate of rise and the layer is buried deeper, slope instability could develop. A simple infinite 
slope calculation for a range of beaching angles was presented by Boswell et al. (2014) within 
this same convention. The strength of a clay soil near its liquid limit is around 2 kPa. For a de-
posit with an average slope of 2% the maximum depth to the weak layer before instability oc-
curs is about 3.5 m. For the same deposit (2% slope) to reach a greater deposit height of 20 m, it 
would require a minimum shear strength of approximately 12 kPa. Operator control is, there-
fore, critical to the slope stability performance of a stacked deposit. If material is buried at low 
solids contents, there can be a potential for large instabilities to occur. It also raises the issue of 
how to properly deal with off specification material and production targets. 

7 SUMMARY  

Currently, thickened tailings are a primary option for operators in the oil sands industry. The 
simplest operation would be to thicken the tailings to a point below the maximum efficiency of 
the thickening process, then deposit the resulting product in lifts and allow evaporation and 
consolidation to dewater the tailings. From the operation standpoint, the deposition scheme 
would be operated to maximise the storage capacity of the depositional area. However, the re-
sults discussed within this paper highlight that a harmony between tailings production, opera-
tion, and Mother Nature is required for the environmental drying scheme to succeed. The key 
practical implications from this study are as follows: 

x Evaporation is the primary drying mechanism. 

x Self-weight consolidation is a less influential drying mechanism due to low self-
weight stress and unfavourable material behaviors. 

x Crust formation due to evaporation severely impacts drying performance. 

x Controlling the initial solids content is critical to overall performance. Low initial 
solids contents can significantly increase cycle times. 

x Buried layers will take much longer to gain strength than unburied ones. 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

515



x The minimum solids content in a lift will control the maximum stacked deposit height. 

x Thinner lifts dry at a much higher efficiency than thicker lifts.  
These points highlight the requirement for proper planning, implementation and sustained oper-
ation of the tailings scheme. The trade-offs for using thicker lifts and depositing at lower solids 
contents must be fully understood and recognised by the design and operation teams.  
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1 INTRODUCTION 
1.1 Site Background and Characteristics 
The Captain Jack Mill Superfund Site (Site) is located in Boulder County, approximately one 
mile south of Ward, Colorado. Left Hand Creek flows through the Site from northwest to 
southeast. Elevations at the Site range from 8,550 to 9,040 feet above mean sea level. The Site 
has a mixture of public and privately owned property with many property boundaries coinciding 
with mining claims. As defined by the record of decision (ROD), the Site was organized into 
the following five areas located along Left Hand Creek from upstream to downstream: 
x Big Five area: Big Five adit tunnel and associated mine workings; Big Five mine dump; Big 

Five settling pond; and Cornucopia mine dump. 
x Big Five to Captain Jack area: Tributary area below Big Five settling pond and Unnamed 

mine dump 
x Captain Jack Mill (CJM) area: Captain Jack mill, tailings settling ponds, a private residence, 

a mine adit, and several mine dumps. 
x White Raven area: White Raven Mine adit, shaft, mill, and mine dumps. 
x White Raven to Sawmill area: Two small mine dumps and the Conqueror Mill area located 

approximately 1,200 feet downstream of the White Raven area. 

1.2 Site History 
The Site is within the historic Ward Mining District where mining activities began in 1861. 
Several historic gold and silver mines were located within this district and mining occurred at 

Surface reclamation of the Captain Jack Mill superfund site 
N. R. Anton, P.E. & T.R Bragdon, P.E. 
CDM Smith Denver, CO, USA  

M. Boardman  
Colorado Department of Public Health and Environment, Denver, CO, USA  

J. Jenkins 
United States Environmental Protection Agency, Denver, CO, USA  

C. Van Drie 
 Colorado Cleanup Corporation, Denver, CO, USA 

ABSTRACT: The Captain Jack Mill Superfund Site is located in Boulder County, Colorado. 
The surface contamination remedial action was completed in 2012 and included the excavation 
of several mine dumps and soils with elevated lead and arsenic, consolidation at two on-site re-
positories, demolition of the former mill and associated structures, completing the repositories 
with a vegetated soil cover and run-on and runoff controls, and reclamation of excavated areas. 
The remedy has successfully reduced risks to onsite residents and visitors by removing or cov-
ering wastes, while reclaiming a five acre mountainous stream habitat area. The remedy utilized 
onsite borrow soil/rock materials, and imported local sugar beet processing calcium carbonate 
waste, compost, and fertilizer amendments to create growth medium. Reclamation approaches 
included soil amendment of native subgrade or placement of growth medium after excavation, 
seeding and hydromulching, and placement of erosion control blankets, fiber rolls, grubbed logs 
and slash, riprap, and willow cuttings.  
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the Site sporadically between 1896 and the 1940s. In the early 1970s, the State of Colorado re-
moved more than 25,000 cubic yards (cy) of sand and gravel from the north slope of the CJM 
area. Mining and milling operations resumed in the CJM area in the 1970s and continued until 
the early 1990s. In the late 1980s, EPA began site investigations and performed preliminary re-
moval actions to remove milling-related chemicals. Investigations expanded in the late 1990s 
and the Site was added to the National Priorities List on September 29, 2003. Further removal 
of hazardous wastes in the CJM area occurred in 2004.  

A ROD for the Site was issued on September 29, 2008. The ROD split the selected remedial 
action into two separate phases: 1) the surface contamination remedy to include excavation, 
consolidation, and/or capping of mine wastes, and 2) the subsurface contamination remedy to 
include source control measures (e.g., bulkhead) at the Big Five mine adit and in-situ treatment 
of groundwater within the underground mine area. The surface contamination remedy is the fo-
cus of this paper; the subsurface contamination remedy is currently in remedial design. 

Pre-design investigation activities for the surface contamination remedy were initiated by 
CDM Smith in early 2010 and the remedial design (contract specifications and drawings) was 
completed in October 2011. Remedial action was implemented from June through October 2012 
by Colorado Cleanup Corporation, with engineering oversight support provided by CDM Smith. 
Site inspections were conducted during the 1-year guarantee warranty period through October 
2013 to document project completion and adherence to the project specifications. Ongoing war-
ranty inspections of vegetation establishment will be conducted through 2015. 

2 REMEDIAL DESIGN 

2.1 ROD Requirements 
As defined by the ROD, the selected remedy for surface contamination will adequately protect 
human health and the environment by isolating and containing materials with concentrations of 
metals above the numerical remedial goals (RGs) for lead, arsenic, and thallium. Specifically, 
the remedial action objectives include the following: 
x Reducing exposure to arsenic, lead, and thallium from incidental ingestion and/or inhalation 

of surface tailings/waste rock and other mine wastes. 
x Controlling and/or reduction of run-on and runoff from soils/tailings/mine dumps. 

Numerical RGs for surface contamination were developed based on the risk assessment. A 
single RG for arsenic (85 milligrams per kilogram [mg/kg]) and thallium (5.2 mg/kg) was de-
veloped, whereas lead RGs specific to each Site area (e.g., CJM, White Raven, etc.) ranged 
from 380 to 860 mg/kg. The lower lead RGs were specific to areas where onsite residential ex-
posure is highest. The ROD generally defined areas of the Site requiring excavation and/or cap-
ping, although additional information was required to determine the full extent of reclamation 
needed and the volume of materials required to be disposed of in an onsite repository. 

Prior to site construction, a demonstration of methods applicability (DMA) study was con-
ducted to determine the correlation between lead and arsenic concentrations in mine waste de-
termined by the standard EPA laboratory analytical method (EPA Method 6010B) and using a 
field-portable x-ray fluorescence (FPXRF) instrument. Samples were collected from each Site 
area, dried and sieved to a minus 2 millimeter (10 mesh) fraction, and analyzed by both meth-
ods. Based on the results, a field-based lead action level was developed for each Site area that 
correlated with the RGs defined by the ROD. Although the DMA study indicated that the 
FPXRF instrument could not reliably detect arsenic concentrations below the Site RG of 85 
mg/kg so that a field-based action level could not be established, arsenic and lead contamination 
were determined to be collocated therefore cleanup of mine waste material contaminated with 
lead would also address material contaminated with arsenic. 

2.2 Pre-Design Investigation 
The pre-design investigation included activities to better define site-specific conditions to sup-
port the design such as the extent and volume of mine wastes to be remediated; waste rock, tail-
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ings, and borrow soil geotechnical properties; and borrow soil geotechnical and agronomic 
properties. Several test pits were excavated and hollow stem auger borings were advanced at the 
site mine dumps to better define the depth and volume of material present. Samples from the 
drill holes and test pits were collected for analysis of geotechnical properties for use in slope 
stability modeling. Mine dumps were also surveyed with GPS equipment and samples were col-
lected for metals analysis to better define the extent of contamination that required removal. 

Samples were collected from borrow soil test pits for geotechnical and agronomic properties 
for evaluation of onsite soil and rock resources for use in the reclamation. For example, test pit 
excavations were visually screened in the field for the percentages of 6-inch plus-sized rock ma-
terials, and samples were collected for grain size distributions and agronomic properties (i.e., 
nutrient and trace metal content, acid-base accounting, salinity, pH, and organic matter) for the 
6-inch minus fraction. The field evaluation of 6-inch plus sized rock material provided a volume 
estimate for use as onsite riprap in run-on/runoff channels and slope armoring. The grain size 
distribution data were used to determine the finer soil fraction (less than 2 millimeter sieve). 
The data indicated that screening the borrow soil material to less than 2-inch size would yield a 
sufficient fraction of finer soil material  (approximately 60 percent) to sustain vegetative growth 
in restoration, along with the addition of soil amendments. Agronomic data was used to deter-
mine the quantity of amendments needed per volume or area or of soil (at a specified depth), in-
cluding the quantity of lime needed to increase pH, and the quantity of organic matter and ferti-
lizer needed to promote germination and sustain vegetative growth.  

2.3 Design Criteria and Approach 
The remedial design approach generally included excavation of mine waste and contaminated 
soils from various site sources and consolidation at two onsite repositories, diversion of drain-
ing adit water and reconstruction of the sedimentation basins, structure demolition and debris 
removal, extension of the Black Jack adit portal, installation of run-on and runoff controls and 
cover systems at the repositories, restoration of excavated and disturbed areas, and additional 
erosion controls. 

In addition to ROD requirements, several design criteria were evaluated during development 
of the remedial design. For example, remediation at the Conqueror Mill was not conducted due 
to the cultural significance of the area and the Cornish-style wall was protected during construc-
tion of the Big Five repository. Repository siting and road rehabilitation/realignment design was 
conducted to maintain these areas outside of the 100-year flood plain. Routing of mining-
influenced water from the Big Five adit around the Big Five repository was required to limit in-
filtration and provide interim treatment (e.g., settlement ponds) prior to completion of the sub-
surface remedy. Green remediation aspects were also incorporated including processing and use 
of onsite cover soil and rock resources, importation of local and renewable soil amendments, 
and recycling of demolition debris. The remedy also expanded the existing borrow excavation 
at the CJM area to develop onsite cover soil and rock resources and then use the excavated void 
for construction of the Captain Jack repository. The repository design incorporated rehabilita-
tion of this area back to approximately original contour. Other design activities included a value 
engineering study for re-grading and capping options at the Big Five mine dump; geotechnical 
slope stability and settlement modeling to evaluate the stability of consolidated mine wastes and 
the repository cover systems; and hydrologic modeling of run-on and runoff channels to deter-
mine the cross-sectional dimensions required for the runoff areas and whether the channels 
should be riprap lined for steeper and higher velocity areas or grass-lined for flatter areas.  

For repository and cover design, mine dump volumes were estimated and repositories were 
modeled in AutoCAD Civil 3-D to provide adequate volumetric sizing for mine wastes to be 
excavated or re-graded. Existing aerial survey topographic data available on 2-foot contours 
were obtained, combined with data regarding extent of contamination, and incorporated into a 
3-dimensional cut/fill model to approximate the volume of materials requiring excavation at the 
major mine dumps. Other areas such as roads, stream banks, and residential yard areas were as-
sumed to require a 2-foot excavation, followed by 2-foot of cover materials to address potential 
exposure via direct contact, and managed using an environmental covenant administered by the 
State of Colorado. AutoCAD modeling of the consolidated mine waste volumes at the onsite re-
positories was also conducted to determine the extent and shape of the repository surfaces. 
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3 REMEDIAL ACTION 

3.1 Structure Demolition and Debris Cleanup 
A former mill facility located in the CJM area was the first structure demolished as part of the 
Captain Jack repository development; materials were either recycled or disposed of in a Subtitle 
D landfill. Other structures demolished at the Site included an adit portal entryway structure, 
four sheds, and a small cabin. In addition, the Site was littered with debris and refuse from tran-
sient residents, former milling activities, and illegal dumping activities. Recycled materials in-
cluded aluminum siding and roofing and miscellaneous steel materials, appliances, and aban-
doned vehicles. The concrete foundation to the mill facility was buried in place in the Captain 
Jack repository. All other demolished concrete materials were consolidated in the repository. 
Wood, insulation, and any other remaining materials/debris were hauled offsite to the landfill.  

3.2 Excavation and Processing of Borrow Soil and Rock (Overburden) 
In the area of the former 1970’s borrow excavation, approximately 42,000 cy of borrow 
soil/rock (overburden) was excavated and processed for use in site restoration prior to develop-
ment of this area as the Captain Jack repository. Materials were excavated at the toe of the ex-
isting slope first, and then excavation continued up the slope. In order to access higher elevation 
materials, mine waste consolidation at the Captain Jack repository was conducted simultaneous-
ly with overburden excavation, but materials were staged and dedicated equipment was used to 
avoid cross-contamination of the overburden. Dust suppression using water trucks was utilized 
during mine waste consolidation activities to mitigate fugitive dust emissions. Water was ob-
tained from Left Hand Creek upgradient of the mine areas. 

 Generally, overburden materials were excavated and moved to the processing facility located 
at the toe of the slope. A staged excavator was present at the overburden processing facility to 
continuously run material through the screening plant. Excavated overburden was first manually 
screened by the excavator operator to remove and set aside larger boulders (e.g., larger than 3 to 
4 feet). Overburden was then screened using a grizzly to a minus 12-inch size to generate fill 
material for a variety of uses. Overburden was also screened to generate materials for subsoil 
(minus 6-inch size), onsite riprap (plus 6-inch size), and materials for soil and drainage gravel 
(minus 6-inch size). Subsoil was used for the bottom 12-inches of the repository cover systems 
and for the top 1-foot surface of the Big Five adit water lower sedimentation pond. Additional 
minus 6-inch material was further screened to a minus 2-inch size for use as a growth medium. 
The reject from the second screening (2 to 6 inch) was used as a drainage gravel for the subsur-
face interceptor drain system installed along the upper perimeter of the Captain Jack repository. 
Screened materials were stockpiled in the processing area or used for site restoration as they 
were generated. Ultimately, alternative stockpile areas were utilized for processed overburden 
materials because the Captain Jack repository had to be constructed within the processing area. 

Following screening, growth medium was amended with a reformed calcium carbonate waste 
product from sugar beet processing to increase the pH, a manure-based compost product to in-
crease the organic matter content and add nitrogen, and a fertilizer to add nitrogen, phospho-
rous, potassium, and trace minerals. The waste lime material was obtained from a former sugar 
beet processing facility near Longmont, Colorado and compost and fertilizers were obtained 
from local sources also near Longmont. Based on the agronomic analysis of the 2-inch minus 
fraction during the pre-design investigation, the calcium carbonate product was specified to be 
added at a rate of 2.1 tons lime per acre-foot of soil, compost at a rate of 0.29 dry tons of organ-
ic matter per ton of soil, and fertilizer at a rate of 40:30:40 expressed as pounds of nitrogen, 
phosphorous, and potassium per acre-foot of soil (N-P-K). Based on the lime content, moisture 
content, and particle size gradation of the calcium carbonate product, the field application rate 
applied was 5.4 cy lime/acre-foot soil. Based on the compost organic matter content, moisture 
content, and density, the field application rate applied was 490 cy compost/acre-foot. Both cal-
culations included factors of safety to account for moisture variability and mixing inefficiency. 
Based on the specified fertilizer application, a fertilizer blend containing an N-P-K ratio of 17-
13-17 was applied at a rate of 235 pounds/acre-foot. Amendment materials were added to the 2-
inch minus screen material in the processing area by wind rowing methods. 
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3.3 Installation of Adit Portal Extension 
The Black Jack adit portal is located within the CJM area, adjacent to the overburden borrow 
area and within the Captain Jack repository consolidation. In order to maximize the placement 
of mine wastes in the Captain Jack repository and maintain access into the underground mine 
workings, a 100-foot concrete box culvert was installed to extend the Black Jack adit portal. 
The box culvert had inside dimensions of 6 feet wide by 8 feet tall extended to the toe of the 
finished grade of the Captain Jack repository.  

The box culvert was constructed with pre-cast acid-resistant concrete sections placed in a 
tongue-and-groove method with butyl-rubber mastic sealant between each section. The box cul-
vert was placed on a 6-inch layer of CDOT Class 6 gravel base, compacted and graded to drain 
at a 1 percent minimum slope. All four exterior sides of each box culvert section were coated 
with an elastomeric waterproofing membrane. The purpose of the waterproofing membrane was 
to mitigate acid attack to the concrete surface from potential acid-generation inside the reposito-
ry by mine wastes placed over top of the box culvert extension and prolong the life of the portal 
extension. The first box culvert section was secured to the existing adit portal concrete face us-
ing anchor bolts and fasteners, and secured with cast-in-place concrete to make a uniform seal. 
After installation of the entire box culvert length, all 3 exposed sides of the box culvert were 
covered with 1-inch foam board to protect the waterproofing membrane from damage. At the 
entrance to the adit portal extension, a locked gate was installed in accordance with Colorado 
Division of Mining, Reclamation, and Safety specifications for a bat-friendly adit gate closure. 

3.4 Mine Waste Excavation, Re-Grading, and Consolidation 
Excavations at the Site included a total of 64,000 cy of waste rock, tailings, and contaminated 
soil materials. All excavated materials were consolidated into two onsite repositories: the Cap-
tain Jack and Big Five repositories. The Captain Jack repository is located in the CJM area 
where the former mill and tailings facilities were located, and the Big Five repository is located 
in the area of the former Big Five mine dump. 

3.4.1 Excavation 
The major excavations of contaminated mine waste included 18,500 cy from the Big Five mine 
dump and 18,300 cy from the White Raven mine dump; these materials were consolidated at the 
Captain Jack repository. Other smaller excavations included the Philadelphia mine dump at 
6,000 cy (located adjacent to the onsite residence), the Cornucopia mine dump at 1,400 cy (lo-
cated across the Left Hand Creek valley from the Big Five mine dump), the residential property 
excavation at 2,100 cy, and 5,000 cy of materials at the CJM area that included the former tail-
ings ponds, road and creek bank areas, and a small mine dump adjacent to the former mill. At 
the Big Five mine dump, an additional 12,600 cy of waste rock material was re-graded to create 
a 3:1 (horizontal:vertical) slope for the in-place repository. 

Excavation extent and re-grading at the Big Five mine dump was completed in accordance 
with grading topography on the contract drawings. Excavation at the Philadelphia and Cornu-
copia mine dumps was completed by excavation to visible parent ground and confirmation that 
the excavation areas were free of metals-contaminated material with a FPXRF instrument. Ex-
cavation proceeded from the top of the slope to the bottom. An excavator completed the work 
by creating a working bench and then pulling waste rock and contaminated soils downslope be-
low the bench. A second excavator worked at the bottom of the slope to load haul trucks. Each 
section of excavation was only long enough for the excavator arm to reach (approximately 20 
feet). Since access by heavy equipment was not feasible once the working bench was removed 
at each level, restoration of the excavation floor (parent ground surface) was completed prior to 
proceeding with mine waste excavation on the next bench below. 

Multi-increment sampling techniques were implemented for clearance sampling that involved 
30-point composite and triplicate samples for each decision unit. Decision unit areas varied and 
were site specific to the phase of the work conducted, such as one decision unit for each exca-
vation section along the steep slope face. Samples were dried in an onsite oven as needed and 
screened to a minus 2-millimeter fraction. FPXRF analysis was completed through the plastic 
bag that contained each sieved sample at six different locations in the bag. The average of the 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

521



six lead measurements was calculated for each triplicate sample and then the averages for each 
triplicate sample were averaged together to obtain one final lead result. Split samples were also 
submitted for EPA laboratory total metals analysis at a rate of 10 percent of total samples. Ex-
cavation was continued for an additional 6 to 12 inches in the event that lead results did not 
meet the field-based action level for each sample collected. The entire Cornucopia mine dump 
and most of the Philadelphia mine dump excavations met the field-based action levels. The very 
upper portion of the Philadelphia slightly exceeded the action level, but further excavation 
could not be conducted due to slope stability concerns. To minimize exposure in this area, clean 
fill was placed over the upper area at a depth of approximately 6-inches. 

Excavation at the White Raven mine dump was also intended to meet the field-based lead ac-
tion level; however, excavations extended deeper into the creek colluvium area than expected 
and many excavation areas became flooded with groundwater. The flooded conditions made 
both further excavations and clearance sampling activities difficult or inaccessible, and in addi-
tion, the excavation floor had exceeded the depth of the existing Left Hand Creek channel. 
Therefore, excavation was ceased with some contaminated soils left in place. Many FPXRF 
clearance samples were still collected, with some meeting the field-based lead action level but 
most samples were above the lead action level.  

Removal at defined-depth excavation areas were designed to receive a two-foot excavation, 
followed by a 2-foot backfill for the intended use. Contaminated soil/waste rock materials left 
in place are managed by an environmental covenant that restricts future excavations by property 
owners. These areas included the residential property yard and driveways, Site road areas, and 
other miscellaneous areas outside of the repository footprints. FPXRF samples were still col-
lected in these areas for documentation purposes only and all samples were submitted for EPA 
laboratory analysis to define the extent of materials left in place and for development of the en-
vironmental covenants. Some areas such as Left Hand Creek bank excavations were conducted 
adjacent to defined-depth excavations. Creek bank excavations were conducted until all wastes 
were visibly removed and then assessed using the same FPXRF clearance procedures as for the 
mine dump slopes to meet the field-based lead action levels. 

3.4.2 Consolidation at the Captain Jack Repository 
A total of 51,300 cy were consolidated at the Captain Jack repository, including the 5,000 cy of 
material already present in the Captain Jack area. Excavated materials were consolidated in 1-
foot lifts and compacted using a performance-based specification (density testing was not con-
ducted). As materials were consolidated, they were shaped and graded to meet the designed re-
pository shape and then compacted in lifts. As consolidation progressed, interim surveys were 
conducted and checked by the Engineer to confirm compliance with the contract drawings.  

Consolidation of materials at the Captain Jack repository was phased to place the most acid-
generating materials (e.g., containing pyrite minerals) deeper within the repository. Tailings ma-
terials present in the CJM area were regraded first, spread, and compacted with waste rock ma-
terials. At the Big Five mine dump, a sedimentation pond was present that received the Big Five 
adit discharge. The pond contained a significant amount of iron oxide sludge that was excavated 
and consolidated at the repository by spreading to dry and mixing with waste rock materials.  

To allow the specified grade to be created, excess waste material from the Big Five mine 
dump was placed in the Captain Jack repository. After shaping and grading the repository slope 
to the 3:1 requirement, the upper 1-foot of consolidated Big Five waste rock material was 
amended with the sugar beet processing lime waste product. Based on the calcium carbonate 
content of the lime material and Big Five waste rock acid-base accounting data, the quantity of 
lime needed to buffer the acid-generating capacity was calculated per acre, including a factor of 
safety of two. The lime was spread using front end loaders and mixed into the consolidated 
mine waste surface using excavator bucket teeth. 

Lastly, excavated White Raven mine dump material was consolidated over the entire Captain 
Jack repository in a minimum 2-foot lift. The White Raven waste rock was a uniquely different 
material that was generated from a silver mine containing galena (lead sulfide) and calcite-
bearing minerals, as opposed to the pyrite-containing waste rock materials from the gold mine 
at the Big Five. During the pre-design investigation, acid-base accounting data indicated that the 
majority of the White Raven waste rock had a significant neutralizing capacity; therefore, this 
waste rock material was placed on the top of the lime-amended Big Five waste rock at the Cap-

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

522



tain Jack repository. Since a simple soil cover was implemented, the phased consolidation ap-
proach and lime amendment was intended to provide neutralizing capacity to infiltrating precip-
itation and snow melt before contacting acid-generating waste materials.  

3.4.3 Re-grading of the Big Five Mine Dump 
Near the Big Five mine portal, a flat area was graded at an elevation of 15 to 20 feet below the 
original elevation. This area was provided to accommodate access to the Big Five adit for the 
subsurface remedy, installation of an upper adit water catchment pond, and potential future pas-
sive water treatment activities. The ‘flatter’ area was sloped to drain at a moderate slope of 10:1 
to 15:1 up to a runoff control berm. Below the runoff control berm, the majority of the Big Five 
mine dump was re-graded to a 3:1 slope, with exception to the northwest and southeast ends 
that tied into existing topography. On the northwest end, the waste rock grade was keyed into 
the Cornish-style wall. This feature was preserved because of its local character. Because waste 
rock had to be significantly steepened in the area that keyed into the wall, a 2-foot thick riprap 
armor cover was placed in the area with slopes steeper than 3:1 for stabilization. On the south-
east side of the re-graded mine dump, the slope was keyed into the steeper existing runoff chan-
nel. Riprap was placed along the steeper runoff channel slope for stabilization. 

To accommodate a 3:1 regrade slope, the toe of the slope had to be expanded. However, the 
toe was bounded by the main access road adjacent to Left Hand Creek and the lower Big Five 
adit sedimentation pond. To achieve the mine dump re-grading, the road was relocated closer to 
Left Hand Creek and the lower sedimentation pond was relocated further to the southeast. A 
floodplain model was developed to ensure that the repository toe and road were constructed 
outside of the 100-year flood plain. After completion of re-grading at the Big Five mine dump, 
the upper 1-foot surface of waste rock material left in-place was amended with the lime waste 
product at the same rate as utilized at the Captain Jack repository.  

3.5 Site Restoration 
After excavations and debris removal, the Site was restored with either a growth medium cover 
or parent ground amendment to create an in-place growth medium. All growth medium areas 
were seeded and hydromulched. Other areas were restored as appropriate for their uses, such as 
a gravel surface for road and driveway areas and riprap placement in run-on and runoff chan-
nels, stream banks, and slope stabilization. The sections that follow describe details of the vari-
ous restoration components. 

3.5.1 Repository Cover System Construction and Erosion Controls  
After consolidation and grading, soil cover systems were installed at both repositories covering 
areas of approximately 2 acres for each repository. The cover systems consisted of a bottom 12-
inch layer of subsoil (minus 6-inch screened overburden) and a top 12-inch layer of growth me-
dium (minus 2-inch screen overburden amended with lime, compost, and fertilizer). Each layer 
was loosely placed and spread with excavator buckets. The 12-inch thickness of each layer was 
ensured by placing grade stakes on a 20-foot spaced grid.  

As construction of the Captain Jack repository progressed, it became apparent that because of 
the quantity of borrow overburden removed on the upper part of the slope face (above the Cap-
tain Jack repository), keying into this slope face with waste rock materials while maintaining a 
3:1 slope within the available valley floor was not feasible. Therefore, overburden fill was re-
graded over top of consolidated mine waste along the upper part of the repository to tie in the 
existing hill slope with the repository slope. This resulted in a relatively steeper overburden 
slope above the repository and a thick layer of overburden cover over the upper portion of con-
solidated mine waste. In this upper repository area (a strip between 10 to 30 feet in width), the 
overburden cover was up to 10 feet thick in some areas.  

Later in the construction phase, it became apparent that an insufficient amount of overburden 
remained at the borrow area to generate the needed growth medium. At this phase of the con-
struction, growth medium was still needed for a portion of the Captain Jack repository cover 
and for a 6-inch layer at the excavated former White Raven mine dump area. Because of this 
shortage, the re-graded native overburden on the southeast Captain Jack repository area was 
amended to create an in-place growth medium instead of being covered with a 12-inch growth 
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medium. In place amendment consisted of blending in the lime, compost, and fertilizer materi-
als using the excavator bucket teeth to a depth of 12 inches. The same amendment rates were 
utilized as for the standard growth medium generation. 

All repository cover areas containing growth medium (either in-place or created ex-situ) were 
hand-broadcast seeded with custom-blend seed mix and hydromulched. Hand-broadcast seeding 
was the preferred method instead of hyroseeding (e.g., spraying the seed along with the mulch) 
in order to reduce the seed content needed and improve the success of seed germination by plac-
ing seed in direct contact with the soil surface. The seed mix utilized on repository covers (seed 
mix A) included an array of species from grasses to forbs to provide a robust and regenerating 
vegetation cover. Local and native species were recommended by the Boulder County Parks and 
Open Space restoration ecologist. Predominant species included Canada wildrye (23 percent), 
Bottlebrush squirreltail (17 percent), ‘Critana’ Thickspike wheatgrass (20 percent), ‘San Luis’ 
Slender wheatgrass (14 percent), ‘Timp’ Northern sweetvetch (13 percent), and Fringed brome 
(6 percent). As described, the mix contains predominantly grass species (74 percent of total), 
along with Northern sweetvech, a wildflower species. The mix also included smaller percent-
ages of wildflowers/forbs such as Western yarrow, Sulfur flower, and Fringed sagebrush and 
other grasses including Prairie junegrass, Rocky Mountain fescue, and Tufted hairgrass. 

After hydromulch placement, additional erosion control measures were installed including 
riprap armoring along steeper sloped areas, run-on and runoff channels, and straw waddles 
along the slope face. Many of these measures were also installed at other site restoration areas. 
Specific to the cover systems, straw waddles were placed along the entire seeded slope face of 
each repository at approximately 20-foot intervals. At the toe of each repository slope, a combi-
nation of down logs, slash and large boulders were placed in a continuous row for access pre-
vention to protect the cover system from potential trespassers and to provide habitat for wild-
life. Signs were also placed along the access road between the road and the runoff channel to 
deter public access onto the repository slopes. 

3.5.2 Run-on and Runoff Controls 

3.5.2.1 Big Five Repository 
At the former Big Five mine dump, an existing unnamed tributary flowed onto and infiltrated 
through the mine dump. The flow in this tributary is ephemeral during the spring runoff season 
and during significant runoff events. In reclamation of the Big Five mine dump, one of the pri-
mary goals was to re-route this seasonal flow around the mine dump area to mitigate infiltration 
through the waste rock layer. Cutting down the top elevation of the mine dump helped in 
achieving this goal by removing mine wastes within the drainage flow path and allowing con-
struction of the upper run-on control channel. The upper run-on control channel was installed to 
1) collect and route the unnamed tributary flow around the repository area, and 2) catch run-on 
flow along the top of the repository area to mitigate infiltration through mine waste in the re-
pository. The channel was keyed into the unnamed tributary, graded along the top of the reposi-
tory at approximately a 10:1 slope, and then graded at a 2:1 slope on the edge of the repository 
area. The entire upper portion of the run-on channel up to the steeper sloped section was lined 
with a 36-mil scrim-reinforced polyethylene geomembrane, including keying into the unnamed 
tributary. The liner was placed on a 3-inch thick CDOT Class 6 gravel bedding, and an addi-
tional 3-inch thick Class 6 gravel layer was placed on top of the liner, followed by a minimum 
18-inch layer of riprap. At the junction of the unnamed tributary channel, a 36-inch layer of 
riprap was placed to provide additional erosion protection from the spring tributary flow. Over-
all, the lined channel section was approximately 330-feet long and 8 to 16-feet wide with 2:1 
side slope dimension. At the steeper slope section of the run-on channel, the liner system was 
discontinued and only 18-inches riprap was placed within the channel. The total length of the 
riprap only channel was approximately 310 slope feet, with 175 slope feet at a 2:1 slope and the 
remainder at a flatter 5:1 or 6:1 slope. 

At the downslope end of the upper ‘flatter’ area of the Big Five repository, a runoff control 
berm was installed to direct runoff from the upper area towards the southeast to the unnamed 
tributary channel. Between the runoff control berm and the toe of the repository slope, the long-
est slope distance was approximately 200 slope feet. Most the repository slope was approxi-
mately 140 to 150 slope feet; therefore, a slope break or bench was not installed. Along the en-
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tire Big Five repository toe, a runoff control channel was installed. At the far northeast end 
where the Cornish-style wall exists, the runoff channel was riprap-lined and then flowed 
through a culvert beneath the road and into Left Hand Creek. The culvert outlet was also riprap-
lined. Along the remainder of the repository toe, the runoff channel was grass-lined due to the 
flatter slope. Grass-lined channels typically had a 3-foot bottom area and 2:1 side slopes for a 
total depth of approximately 18-inches. Grass-lined channels were constructed of screened fill 
and contained 6-inches of growth media, seed mix A, hydromulch, and an erosion control fabric 
layer. Runoff from the repository toe was directed into the same flow path as the unnamed trib-
utary channel, generally towards the Left Hand Creek floodplain. 

3.5.2.2 Captain Jack Repository 
At the Captain Jack repository, a surface run-on control channel and a subsurface interceptor 

drain were installed along the entire upper perimeter of the repository. The general shape of the 
channel and bottom/sides of the trench were constructed using overburden fill material re-
graded from the borrow area above the repository. Both the surface channel and subsurface 
drain had an apex near the center of the repository and then flowed in two opposite directions 
around the repository perimeter, through culverts at the road crossing, and into Left Hand 
Creek. The total length of the interceptor drain was approximately 750 slope feet, while the run-
on control channels extended for another 50 feet on either side of the repository perimeter up to 
the culvert inlets. Culvert outlets were riprap-lined. 

The interceptor drain was installed directly beneath the run-on control channel. The trench 
dimensions were approximately 3-foot wide by 3-foot tall minimum, and the trench was lined 
with geotextile fabric and filled with 2-inch to 6-inch size screened drainage rock. A 6-inch per-
forated and corrugated polyethylene pipe was embedded in the gravel drainage layer within 12-
inches from the bottom of the trench. The geotextile was wrapped over the top of the gravel 
filled trench and then covered with 12-inches minimum of screened fill (less than 12-inch 
screened material). The top of the fill layer was the bottom of the run-on control channel. The 
run-on control channel was grass-lined at the repository apex where the slope was flatter and 
then transitioned to riprap-lined along either side of the repository. At the toe of the Captain 
Jack repository, a runoff grass-lined channel was installed that routed flow from the northwest 
end down to the southeast end and into the same culvert that received the east run-on channel 
and interceptor drain flow. The construction and general dimensions of the riprap-and grass-
lined channels for the Captain Jack repository were the same as for the Big Five repository.  

3.5.3 Defined Depth Excavation Area, Creek Bank, and Residential Property Restoration 
A minimum of 18-inches screened fill was placed in all 2-foot excavation areas throughout the 
Site, followed by a 6-inch layer of growth media for seed restoration areas or CDOT Class 6 
gravel for driveway and road restoration areas. Seed restoration on the residential property uti-
lized a different mix than the repository areas (seed mix B) designed to be mowed during the 
summer season. The mix included the following three species: ‘Reubens’ Canada bluegrass at 
31.6 percent, Kentucky bluegrass at 26.3 percent, and Red fescue at 42.1 percent. In the front 
yard of the residential property, a rhizomous tall fescue sod was installed as requested by the 
property owner. For all other seed restoration areas outside of the residential property, seed mix 
A was utilized (as described in Section 3.5.1 for repository covers). Road areas were graded in 
accordance with Boulder County road specifications, covered with Class 6 gravel, and drum-
rolled to a smooth surface. 

At both driveways to the residential property existing culverts were removed and replaced 
with new culverts to allow for more complete contaminated soil excavation. In the residential 
property side yard, the existing septic tank and drainfield was removed and disposed in the Cap-
tain Jack repository because the required contaminated soil excavations could not be completed 
without damaging the existing system. A new septic system was designed and installed in place 
in accordance with Boulder County regulations.  After growth media placement in the residen-
tial yard areas, several trees were transplanted from other site excavation areas and placed in ar-
eas as requested by the property owner to replace trees removed during excavation. In excava-
tion areas on the residential property and along the remainder of the CJM area adjacent to Left 
Hand Creek, transplanted willow stakes were planted on approximately 3-foot spacing on both 
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creek banks. Erosion control blankets were also placed along many of the creek bank areas for 
added stabilization and improved seed germination. 

3.5.4 Philadelphia and Cornucopia Mine Dump Restoration 
These two steep mine dumps were completely excavated and consolidated in the Captain Jack 
repository. The parent ground slopes were as steep as 1:1 in some areas. Initial restoration of 
the slope face was conducted in sections as the excavation moved downslope from top to bot-
tom. As part of restoration, the parent ground surface was roughened with gouges, pits, and 
switchback paths to encourage precipitation retention on the slope and create microenviron-
ments with more robust vegetation and habitat. Amendment of parent ground with lime, com-
post, and fertilizer was then conducted at the same rates per acre as for growth media genera-
tion, except that the amount applied was based on a 6-inch amendment instead of a 12-inch 
amendment. Amendments were placed evenly on the slope face and then blended into the exist-
ing parent ground surface using the excavator bucket teeth. After parent ground amendment, 
seed mix A was hand-broadcasted (or with a hand-operated seeder) and hydromulch was 
sprayed on the slope. Straw wattles were then placed across the entire slope face at approxi-
mately 15-foot intervals, followed by erosion control blankets overtop of the wattles. Finally, 
down logs and slash from clearing and grubbing activities were dispersed throughout the re-
stored area. Left Hand Creek flows at the toe of the reclaimed Cornucopia mine dump slope. 
For added restoration and stabilization, transplanted willow stakes were spaced on a 3-foot 
spacing along the creek banks.   

3.5.5 White Raven Mine Dump Restoration 
Since some contaminated soil/colluvium material was left in place with lead concentrations 
above the field-based action level, excess screen reject materials and fill were placed into the 
excavation area as a cover over these materials. A larger amount of screen reject material be-
tween 2-inch and 6-inch size was generated than anticipated or needed for restoration; there-
fore, this excess material was backfilled into the excavation area. As noted for the Captain Jack 
repository cover system installation, a shortage of 2-inch minus material was available near the 
end of the project construction. As designed, the White Raven excavation area was to receive a 
6-inch growth media cover, followed by seed and hydromulch, and erosion control blankets in 
some areas. Due to the shortage of growth media, the restoration was modified. The excavation 
bank along the access road was restored as parent ground by amendment with lime, compost, 
and fertilizer, and placement of seed, hydromulch, and erosion control blankets. The excavation 
area adjacent to Left Hand Creek received a 3-inch growth media cover, followed by seed and 
hydromulch. The remainder of the area (and majority of the area) was backfilled with screen re-
ject material and fill. This area was seeded and hydromulched to encourage some vegetative 
growth, but not amended as parent ground due to the larger rock content present. 

An added element to the restoration at the White Raven mine included construction of a con-
crete sister wall against the existing adit portal, and installation of a bat gate. In lieu of demol-
ishing the adit portal entrance, the structurally unstable entrance was stabilized with a cast-in-
place concrete wall with reinforced rebar. This action provided stabilization to the existing en-
trance that was a potential danger to the public. 

3.5.6 Adit Water Diversion Piping and Sedimentation Ponds 
At the Big Five repository, a main goal of the reclamation was to route the adit water flow 
around the repository and eliminate the infiltration of adit water into the consolidated waste 
rock material. In addition, adit water routing includes two sedimentation ponds to provide inter-
im treatment of the mine-impacted water prior to execution of the subsurface remedy. At the ad-
it portal entrance, a lined collection and detention pond was installed with dimensions of ap-
proximately 25 feet long by 15 feet wide. The same scrim reinforced geomembrane liner 
utilized in the run-on control channel was used for the upper adit water pond. A continuous 
piece of liner was installed between the upper pond and the run-on channel in the vicinity of the 
adit portal. This design was intended to provide an overflow of adit water into the run-on chan-
nel should the upper pond outlet become plugged or overwhelmed during a storm event.  

Water discharges from the sedimentation pond via a 12-inch PVC perforated riser pipe and 
discharge pipeline. The pipeline is located underground for approximately 90 feet and then day-
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lights to the surface. A 12-inch corrugated polyethylene surface diversion pipeline was installed 
along the ‘flatter’ area and then down the 3:1 slope to a lower adit water sedimentation pond. 
The total length of surface pipeline was over 400 feet and consisted of 20-foot pipe sections 
with bell and spigot connections. At each connection, an anchor system was installed consisting 
of a clamp ring and two steel stakes driven into the cover system and the subgrade waste rock. 
Each clamp ring was connected via a steel cable and the cable was tensioned with a winch to 
stabilize the overall pipe connections. 

The lower sedimentation pond had bottom dimensions of approximately 50 feet long by 12 
feet wide, 2:1 side slopes, and a total depth of 7 feet. A 12-inch PVC riser pipe was installed to 
drain the pond at approximately 5 feet in height, allowing 2-feet of additional freeboard. The 
pond was unlined, but contained a 1-foot thick layer of 6-inch minus screened overburden (sub-
soil material used for repository covers). The effluent of the lower pond drains into an existing 
tributary area that was already receiving the adit water discharge. No treatment other than sedi-
mentation of the iron sludge was provided for the adit water, as this will be addressed by the 
subsurface remedy. 

4 WARANTEE AND INSPECTIONS 

Based on past lessons learned with revegetation success, CDPHE required an extended 3-year 
warrantee for seeded areas by the contractor with periodic inspections. A seed success/failure 
inspection was conducted in June 2013 (approximately 7 months after substantial completion of 
the work). The purpose of the work was to evaluate the success of seed germination and extent. 
Overall, the inspection indicated that the Site had good success at seed germination, with some 
problem areas identified, most of which were on parent ground slopes and the residential prop-
erty. These areas and other miscellaneous areas were re-seeded and fertilized. Watering was 
conducted at least once per week or more frequently from June through September to maintain 
adequate moisture for the seeded areas. Water was obtained from Left Hand Creek and was 
supplemental to onsite precipitation. Additional maintenance activities conducted during the 
first growth season included periodic supplemental fertilizing (e.g., at least monthly), placement 
of erosion control fabric in some re-seeded slope areas, manually pulling of noxious weeds, and 
re-planting of trees at the residential property.  

A peak growth inspection was conducted in late August, 2013. The inspection was conducted 
using 20 by 30 centimeter frame to evaluate the relative percent cover, seeded and other desira-
ble plant species, noxious weeks, other weedy species, plant litter, bare ground, and rock. 
Frames were evaluated at each seeded area at a grid spacing of approximately 30 feet between 
each location. The site was also examined for erosion such as rills and gullies, soil movements, 
and flow patterns. Overall, the peak-growth inspection indicated excellent germination and spe-
cies diversity in most areas. For all 340 frames analyzed, the average perennial no-weedy plant 
canopy was 42 percent, which exceeds the required 30 percent cover for the Site. Bare ground, 
defined as an area having less than 10 percent live vegetation cover, did not total more than 10 
percent of a seeded area except in some areas at the residential property. Dominant grass spe-
cies in some repository areas were 2 to 3-feet tall and well in exceedance of the targeted densi-
ty. In many areas, yarrow and sweetvech was well established. Most willow stake areas were 
successfully sprouting and taking root. Some areas such as the Big Five mine dump cover had 
greater noxious weed presence than other areas. Weeds were managed by hand and spraying 
was not conducted. Some areas also had less dense vegetation such as the residential property. 
A thin topsoil layer was spread in some problem areas at the residential property and the area 
was re-seeded in September 2013.  

A final inspection conducted in October 2013 indicated further improvements to the residen-
tial property germination. Evaluation of erosion controls at the Site in August and October did 
not indicate any major rilling or soil movement, except for one area on the Big Five mine dump 
cover that was not as thick with vegetative growth. Inspections were also conducted immediate-
ly after the historic rain and flooding event in September 2013. No significant damage or ero-
sion was observed, despite the record rain and flood levels that occurred with this storm. Addi-
tional inspections are anticipated for the 2014 and 2015 growing seasons to evaluate vegetated 
areas and monitor erosion and stormwater controls. 
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5 SUMMARY AND CONCLUSIONS 

Remedial action at the Captain Jack Mill Superfund Site was successful at reducing the human 
health risks to onsite residents and visitors from exposure to lead and arsenic-contaminated ma-
terials, reducing the runoff of contaminated materials from mine dumps and contaminated soil 
areas, and reducing the potential for acid-generation from mine wastes and detrimental impacts 
to Left Hand Creek. Several mine dumps and other miscellaneous contaminated areas were ex-
cavated and consolidated in two onsite repositories, and completed with a 24-inch thick soil 
cover system, run-on and runoff controls, seeding and other erosion controls, and access pre-
vention. Overall, over 5 acres of mountainous stream habitat were reclaimed, with a total of ap-
proximately 4 acres of repository area constructed. After excavation of steep mine dump slopes, 
parent ground soil was amended to create an in-place growth medium, and the areas were seed-
ed, hydromulched, covered with erosion control blankets, straw wattles, and down logs and 
slash. Other site areas were similarly restored with parent ground amendment or a growth media 
cover, erosion controls and seed, riprap armoring, and tree and willow stake planting. 

 Standard reclamation practices were implemented such as 100-yr floodplain analysis for re-
pository siting, run-on and runoff channel modeling, AutoCAD modeling of excavations and 
repositories, soil cover system design, seeding, and erosion controls. Other more innovative ap-
proaches were implemented based on lessons learned from other sites, including 1) subsurface 
interceptor trench design at the Captain Jack repository and a lined run-on control channel to 
prevent infiltration at the Big Five repository; 2) use of sugar beet processing lime waste previ-
ously used successfully by CDPHE at other sites; 3) use of FPXRF DMA and multi-increment 
sampling to guide cleanup; 4) use of mineralogy to evaluate effective mine waste placement 
within repository; 5) use of on-site borrow area and extension of adit to maximize repository 
storage volume; 6) development of a seed mix incorporating local and native species with assis-
tance from Boulder County personnel; and 7) innovative restoration approaches on steep slopes 
such as roughening/gouging and placement of down-logs and slash for habit and erosion con-
trol. Ultimately all of these approaches together provided a robust and effective reclamation that 
limits erosion, reduces acid-generation, and restores habitat.  
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1 INTRODUCTION 
 
Mining activities had been under operation for more than 2500 years in Cartagena-La Union 
mining district (SE Spain) and have generated high amounts of sterile materials accumulated in 
tailing ponds, characterized by poor physical structure, strong acidification processes, low 
organic matter and nutrient contents, high salinity, scarce or null vegetation and especially 
accumulation of heavy metals (mainly Pb and Zn). These mine tailings are of great concern due 
to the risk their toxic inorganic elements pose to the environment when they are dispersed.  

The environmental impact caused by the waste produced by mining and metallurgical 
activities, has resulted in marked negative effects on soil, water resources (surface, groundwater 
and marine water), landscape, atmosphere and biota (Zanuzzi, 2007). The effects on vegetation 
and wildlife are a direct consequence of the occupation and destruction of soil structure, by the 
realization of open pits together with the construction of mining ponds and tailings, which 
makes natural plant cover disappear, destroying the habitats for fauna and ultimately causing its 
demise. The risk of erosion, by water and wind, is the most important environmental issue due 
to its implications. The effects of the erosion of mineral tailings are manifested in the 
contamination of soil, the riverbeds of streams (watercourses), the marine environment and the 
loss of stability of these structures. The intensity of the winds is a factor that determines the risk 
of wind erosion, which impacts all areas without vegetation. It mainly affects tailing ponds 
because of its fine particle size, the lack of vegetation and the oxidation of sulfides to sulfate. 
These compounds form a very low-density crust which is eroded by wind and, sometimes, can 
be long distances transported (Ros, 1997). Similarly, water erosion is the main contribution of 
sediment highly polluting surface waters and the marine environment, mainly the Mar Menor 
lagoon and the Mediterranean coast (CAAMA, 1999, García et al., 2003; Faz et al., 2004). 
Runoff not only produces the erosion of materials but also favors the formation of acid waters. 
These waters are generated when sulphide-bearing rocks, in the study area: pyrite, sphalerite 
and galena, are exposed to the action of water, oxygen and bacteria, also known this process as 
acid mine drainage. Its high corrosive power, aggravated by the heavy metal content has 
different effects such as degradation of aquatic systems (especially the Mar Menor lagoon), 

Soil properties and plant colonization after phytostabilization in a 
tailing pond 
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ABSTRACT: Different samplings were carried out in Santa Antonieta tailing pond (before 
amendments application, 6, 12, 18 and 24 months after application) (SE Spain), to know the 
evolution of the soil chemical/biochemical properties and Pb, Zn, Cu, Cd and As concentrations 
in soil and plants. Soil results showed that pH, Nt, CEC, TOC, available phosphorous and 
exchangeable potassium increased, while EC decreased after amendments application, and the 
microbial activity increased. In addition, the available concentrations of Pb and Zn were 
reduced. Fertility improvement and reduction of metals mobility promoted the development of 
plants and continuous increase of biomass after amendments application. The roots of Lygeum 
spartum accumulated the highest Pb and Zn concentrations (~146 and ~290 mg kg-1); while the 
concentrations in shoots were lower than 10 mg Pb kg-1 and 60 mg Zn kg-1.  In addition, 
Cynodon dactilon accumulated high concentrations of Zn in roots and shoots (>250 mg kg-1). 
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removal of vegetation, the introduction of heavy metals in the food chain, the toxicity of the soil 
and loss of agricultural capacity, among others. Finally, we mention the impact associated with 
surface mining operations which have caused open pits and tailing ponds that caused changes in 
the visual characteristics of the area and physiographic modifications and alterations in the 
landscape quality, because of the introduction of colors, textures and shapes discordant with the 
natural environment (Ros, 1997; Ros, 1999, García et al., 2004). 

Phytostabilization aided may be a solution to reduce the risk of pollutant diffusion. 
Phytostabilization aided consists of using both plants and organic/inorganic amendments. The 
plants chosen should develop an extensive root system and a large amount of biomass in the 
presence of high concentrations of heavy metals while keeping the translocation of metals from 
roots to shoots as low as possible and thereby limiting the propagation of metals into the food 
chain (Pulford and Watson, 2003 and Rizzi et al., 2004). Further, the plant cover in mine 
tailings enhances microbial community, which promotes plant growth and takes part in metal 
stabilization.  

Several amendments have been used to stabilize metals in soils (Kumpiene et al. 2008). The 
application of organic waste materials as soil amendments can decrease the bioavailability of 
metals and improve the fertility conditions of soil, allowing plant survival and growth (Park et 
al. 2011). Reduction of metal bioavailability by organic materials is due to adsorption on solid 
surfaces and complexation with humic substances. This adsorption process depends upon the 
particular metal and soil type involved, degree of humification of the organic matter, content of 
metals and salts and the effects of organic matter on the redox potential and soil pH (Clemente 
et al. 2005; Shuman 1999; Walker et al. 2004). And alkaline materials, rich in carbonates, such 
as marble wastes, are commonly used as an amendment for ameliorating the acidic conditions of 
many acid-generating mine wastes. The use of organic amendments and materials rich in 
carbonates has been successfully used to reduce the bioavailability of contaminants and restore 
the ecological function of contaminated soils with heavy metals (Pérez de Mora et al., 2005, 
2006; Alvarenga et al., 2008; Zornoza et al., 2011). 

The goal objective of this study was to determine the effectiveness of the phytostabilization 
application in Santa Antonieta tailing pond after finishing the five samplings of soil and 
vegetation. For it, the following steps were carried out: a) evaluation of the results from 
chemical and biochemical properties of mining wastes, b) analysis of total heavy metal contents 
in mining soils and in plant species (roots, shoot and leaves), c) determination of available 
heavy metal concentrations in mining soils and d) calculation of biodiversity index (H), 
vegetation cover percentage, richness of plant species and translocation coefficient (TC). 
 
 
2 MATERIALS AND METHODS 
 

2.1 Study area 
 

The selected tailing pond is called Santa Antonieta and it is located in Cartagena-La Unión 
Mining District, Murcia Region (SE Spain), (37° 35 '38''N , 0º 53' 11''W). The climate of the 
area is semiarid Mediterranean with mean annual temperature of 18ºC and mean annual 
precipitation is 275 mm, with rainfall events occurring mostly in autumn and spring. The 
potential evapotranspiration rate surpasses 900 mm yearí1. Soil is classified as a Spolic 
Technosol (Toxic) (IUSS, 2007), with sandy loam texture. Mine soil from Santa Antonieta 
tailing pond were mechanically, physically, chemically and biologically deficient, characterized 
by instability and limited cohesion, with low contents of nutrients and organic matter and high 
levels of heavy metals.  

In the areas most affected by mining, especially in the dumps closest to the tailing ponds, the 
entry tracks, banks, etc., we can find very opportunistic communities of plants, typical in 
degraded environments, such as smilo grass (Piptatherum miliaceum), false yellowhead 
(Dittrichia Viscosa), cotton thistle (Onopordum macracanthum), tobacco tree (Nicotiana 
glauca), Caper bush (Capparis spinosa), Mediterranean Salt Bush (Atriplex halimus), Syrian 
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bean-caper (Zigophyllum fabago), Helichrysum (Helichrysum decumbens), lygeum (Lygeum 
spartum), amongst others. 

 
2.2 Experimental design and soil-plant sampling  

 

The surface of the tailing pond Santa Antonieta was divided using a square grid of 35 m x 35 m 
where the samples were taken in the nodes of these squares giving a total amount of 11 points 
(Figure 1). This sampling grid was used to carry out an initial characterization of the tailing 
pond before application of amendments (October 2011) and to monitor the evolution of soil 
properties 6 (January 2012), 12 (July 2012), 18 (January 2013) and 24 months after the 
application of the amendments (July 2013). In each soil point of the tailing pond a surface 
sample (0-15 cm) and a subsurface sample (15-30 cm) were taken. Samples were carried to the 
lab, air-dried for 7 days, passed through a 2-mm sieve and stored at room temperature prior to 
laboratory analyses. 

The following species were planted between March and April 2012: Atriplex halimus L., 
Cistus albidus L., Helichrysum stoechas (L.) Moench., Hyparrhenia hirta (L.) Stapf., 
Lavandula dentata L., Lygeum spartum (L.) Kunth., Rosmarinus officinalis L., Phagnalon 
saxatile (L.) Cass. Since the hydrological year 2011-2012 was extremely dry, seeding of several 
species (Piptatherum miliaceum, Cynodon dactylon, Limonium caesium, Sonchus tenerrimus, 
Atriplex halimus) was postponed to October 2012, to be successful with the plant germination 
and growth.The study of vegetation evolution was carried out in July 2012, January 2013 and 
July 2013 collecting different parts of the plants as roots, stems and leaves. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 1. Sampling grid designed in Santa Antonieta tailing pond. 
 

In relation to amendments used for the reclamation of the tailing pond, we used marble mud as a 
source of carbonates to neutralize acidity, immobilize metals and create soil structure, and pig 
slurries as a source of organic matter and nutrients for soil development and vegetation 
establishment. To achieve a correct application of amendments, the surface of the tailing pond 
was levelled and a drainage system was created to avoid the formation of flooded areas that can 
compromise the real reclamation of the tailing pond. In addition, the amelioration of the access 
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roads was needed to permit the passage of trucks and agricultural machinery. The first 
application of pig slurries was carried out in July 2011 and the subsequent applications in 
September and November 2011. The marble waste application was carried out in July 2011. 
Amendments were mechanically applied. After the application of amendments, all materials 
were mixed to a depth of 0-50 cm to incorporate the amendments into the soil. Marble was 
applied in a rate of 6.7 kg m-2. This rate was calculated using the method proposed by Sobek et 
al. (1978). We applied 1.7 L pig slurry m-2 in July, 2.6 L pig slurry m-2 in September and 7 kg 
solid phase of pig slurry m-2 in November 2011.  
 
2.3 Analytical methods 

 

Soil pH and electrical conductivity (EC) were measured in deionised water (1:2.5 and 1:5 w/v, 
respectively; total organic carbon (TOC) and total nitrogen (Nt) were determined by an 
elemental analyzer CNHS-O (EA-1108, Carlo Erba); cation exchange capacity (CEC) by the 
method of Chapman (1965); available phosphorus was measured by the Olsen method 
(Watanabe and Olsen, 1965); exchangeable potassium was measured by atomic absorption 
spectrophotometer (AAnalyst 800, Perkin Elmer) in the BaCl2 extract from CEC measurement 
(Chapman, 1965).  The soluble carbon was assayed by extraction with 0.5 mol Lí1 K2SO4 (1:4 
w/v) and measurement of absorbance at 590 nm after oxidation with 1 mol Lí1 K2Cr2O7 (Sims 
and Haby, 1971); microbial biomass carbon (MBC) was determined using the fumigation-
extraction procedure (Vance et al., 1987); basal soil respiration (BSR) was determined 
according to Anderson (1982); urease activity was measured according to the method of 
Nannipieri et al. (1980); acid phosphatase activity was assayed by the method of Tabatabai and 
Bremner (1969). The activity of ȕ-glucosidase was determined according to Tabatabai (1982); 
arylsulphatase activity was measured by the method of Tabatabai and Bremner (1970). Total 
heavy metals (As, Cd, Pb and Zn) were determined using HNO3/HClO4 digestion at 210ºC for 
1.5 h (Risser and Baker, 1990), the bioavailable metal fractions were determined using 0.01 M 
CaCl2 (1:10 soil-extractant ratio) (Pueyo et al., 2004). Metal concentrations were measured 
using ICP-MS (Agilent 7500CE). The methodology for total metals concentration was 
referenced using the Certified Reference Material BAM-U110 (Federal Institute for Materials 
Research and Testing, Germany). 

All plants species in Santa Antonieta tailing pond were identified (richness) and the 
vegetation cover was estimated by the percentage of the total plot surface covered by plants. For 
the determination of heavy metals concentrations in different plant parts we used the procedure 
established by  Madrid et al. (1996). The heavy metal contents were determined by ICP-MS. 
 
2.4 Statistical analyses 
 

The fitting of the data to a normal distribution for all properties measured was checked with the 
Kolmogorov-Smirnov test. The data were submitted to one-way ANOVA to assess the 
differences found before and after application of amendments and between depths. The 
separation of means was made according to Tukey’s verified significant difference at P<0.05. 
These analyses were performed with the software IBM SPSS for Windows, Version 22. 
 
3 RESULTS AND DISCUSSION 

 

3.1 Chemical and biochemical soil properties 
 

The results about chemical and biochemical soil properties are shown in the Table 1. Initially 
the pH of the surface and subsurface soil samples were strongly acid (around 3.0), but after 
organic and inorganic amendment applications of the soil pH was increased (around 7.0). These 
increments in pH are due to the presence of carbonates in soils, which react with acidity turning 
oil close to neutrality. The pH did not show statistical significant differences (P<0.05) among 
depths and samplings, except with the sampling 1 (without amendments).  
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Figure 2. Bioavailable Pb, Cu, As, Zn and Cd in soil samples collected before and 6, 12, 18 and 24 
months after the application of the amendments. Error bars denote standard error. Different letters 
indicate significant differences according to Tukey´s (P<0.05). 
 
 

CaCO3 contents were incremented with the marble waste application. If the results are 
compared among the initial and last sampling, CaCO3 values were null in the first case and of 
5.0 and 3.7 g kg-1 in surface and subsurface samples, respectively. Therefore, statistical 
significant differences (P<0.05) among the first and the other samplings were obtained but not 
among depths in a same sampling although shifts are observed among the CaCO3 contents of 
surface and subsurface samples after marble waste application. This may be due to the 
application was developed on surface and the incorporation procedure was not as efficient as 
expected to homogenize the content of this amendment within the first 50 cm. EC showed no 
statistical significant shifts among depths for each sampling presenting values of around of 3.0 
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dS m-1 in surface and of 4.0 dS m-1 subsurface samples with the application of amendments, 
obtaining values from 2.70 to 3.99 dS m-1. But there were significant differences among 
sampling 1 and the others samplings, nonetheless, these differences in EC did not exceed 1.3 
units. TOC and CEC din not showed statistical significant differences (P<0.05) among depths in 
a same sampling and in general among samplings. If the results are compared among the initial 
and last sampling, in surface, TOC and CEC increased from 1.40 to 5.0 g kg-1 and from 5.8 to 
10.8 g kg-1, respectively, while in subsurface it increased from 1.71 to 3.7 g kg-1 and from 6.6 to 
10.9 g kg-1, respectively. Nonetheless, it is important to highlight that increment in TOC in 
rhizospheric soils owing to the release of root exudates can ameliorate soil structure and provide 
nutrients for microbial populations, being the base to guarantee the recovery of the ecosystem 
(Kabas et al., 2012). The CEC increments registered in the Santa Antonieta tailing pond after 
organic amendment application are favored also by an increase in soil TOC, a factor which may 
affect both soluble and exchangeable metal levels (Bulluck et al., 2002; Walker et al., 2004). Nt 
and Csol din not show statistical significant differences (P<0.05) among values of both depths 
in a same sampling and in the most of the values among sampling 1 and the rest of samplings. 
Nt amounts in surface samples of samplings 1 and 5 were from 0.35 and 0.55 g kg-1, 
respectively; while that the Csol contents observed in surface samples from these two samplings 
were from 57.0 and 206.3 mg kg-1, respectively. There were no statistical significant differences 
(P<0.05) in available P and exchangeable K contents among values of both depths in a same 
sampling and, in general, among values of sampling 1 and the rest of samplings. In surface, 
available P increased from 0.50 (sampling 1) to 1.61 mg kg-1, while in subsurface it increased 
from 0.03 to 0.34 mg kg-1. Regarding phosphorus, the low increase in P availability observed in 
the samplings 3, 4 and 5 in amendment soil with pig slurry could have been a consequence of 
both the formation of highly insoluble calcium phosphates and uptake by plants and the 
microorganisms which developed in these soils (Sardans et al., 2008). In surface, exchangeable 
K increased from 0.09 to 0.34 cmol+ kg-1, while in subsurface it remained without significant 
changes with values around 0.100 cmol+ kg-1. The exchangeable K content was only statistically 
significant higher in surface than in subsurface sample after the application of amendments 
(sampling 2) registering a value of 0.34 cmol+ kg-1. The application of pig slurry positively 
contributed to the improvement in these both indicators of soil fertility, since this amendment is 
a source of essential nutrients for vegetation like P and K. No increments of K in subsurface 
may be likely due to a lack of perfect homogenization of soil within the first 50 cm. 
Nonetheless, we do not consider this is a negative effect for the development of vegetation, 
since plants will be able to obtain K from the surface, and mainly the first months after 
plantation since the root system is shallow.  

Regarding to soil biochemical properties of the samples analyzed from Santa Antonieta tailing 
pond is important to highlight that there were not significant different among surface and 
subsurface samples in a same sDPSOLQJ�� H[FHSW� IRU� ȕ-glucosidase and urease activities in the 
sampling 2 (Table 1). Some statistical significant differences are observed in MBC among 
sampling 1 with samplings 3 and 4. MBC increased after application of amendments. These 
increments were due to improvement of physical soil properties by tillage and application of 
amendments, increments in pH and increments in organic matter and nutrients. In surface, 
microbial biomass carbon increased from 47.15 (sampling 1) to 293.6 mg kg-1 (sampling 5). 
Microbial size increased after the application of the organic amendment due to increments in 
organic carbon. A greater availability of carbon should increase the possibility of 
microorganism growth, as reported by de Pérez de Mora et al. (2005). Besides, the pig slurry 
also contains microbial biomass which can be incorporated in the soil.  

Basal respiration values also increased after amendment application being significantly 
different the values of the sampling 1 with the other samplings (Table 1).  In all enzyme 
activities analyzed in this study were observed significant differences among sampling 1 and 
some of the others samplings. The results obtained in surface samples for all enzyme activities 
in the samplings 1 and 5 are the following: 3.06 and 18.51 (ȕ-glucosidase), 0.96 and 7.01 
(Urease activity), 432.8 and 245.0 (Acid Phosphatase) and 1.52 and 6.04 (Arilsulphatase 
activity). The MBC values and enzyme activities (Table 1) were, in general, lower than those 
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generally reported in literature for contaminated soils amended with different organic residues 
(e.g. Pérez de Mora et al., 2005, Clemente et al., 2007, Alvarenga et al., 2008). This could be 
due to different organic matter quality added with the amendment, and higher contents of heavy 
metals in our study. 
 
3.2 Total and available fraction of heavy metals in soils 
 

The total heavy metal concentrations in Santa Antoneita tailing pond were high, mainly for Pb 
and Zn. The mean concentrations in surface samples before the amendments application varied 
from 1051 to 1528 mg kg-1 for Pb, 1176 to 2295 for Zn, 45.3 to 74.5 for Cu, 0.91 to 3.34 for Cd 
and 211.3 to 385.1 for As. Therefore, Pb and Zn were in very high concentrations in the tailing 
pond. If these values are compared with some guidelines of maximum allowed concentrations 
of heavy metals (Real Decreto 1310/90 in Spain, the Ministerial Decree (1999) in Denmark and 
Ministery of Housing (1994) in Netherlands), this tailing pond is very contaminated, mainly by 
Pb and Zn, and an urgent intervention is necessary for the remediation of the place. For this 
reason we carried out the technique of phytostabilization aided in this tailing pond.  Though the 
purpose of application of amendments and promotion of vegetation development is not to 
decontaminate the area, but to immobilize and retain soil metals, so that they are less available, 
and transfer by erosion or leaching is minimized.  

All available heavy metals decreased with the application of amendments (Figure 2). This is 
due to different reasons such as direct increments in pH, formation of chelates with organic 
matter, formation of metal carbonates (provided by marble) and formation of metals phosphates 
(provided by pig slurry) (Alvarenga et al., 2008; Liu et al., 2009; Zornoza et al., 2013). Zornoza 
et al. (2013) reported that organic complexation and precipitation as phosphate was very 
effective for Cd immobilization, while immobilization by carbonates was needed to reduce the 
availability of Pb and Zn.  

In surface, Pb decreased from 1.97 to 0.021 mg kg-1 (reduction of 99.0%), while in subsurface 
it decreased from 4.74 to 0.046 mg kg-1 (reduction of 99.0%). In surface, Zn decreased from 
123.0 to 0.558 mg kg-1 (reduction of 99.5%), while in subsurface it decreased from 191.28 to 
17.85 mg kg-1 (reduction of 90.7%). Cu decreased from 0.96 to 0.12 mg kg-1 (reduction of 
87.5%), while in subsurface it decreased from 0.96 to 0.11 mg kg-1 (reduction of 88.5%). Cd 
decreased from 0.40 to 0.011 mg kg-1 (reduction of 97.3%), while in subsurface it decreased 
from 0.57 to 0.13 mg kg-1 (reduction of 77.2%). In surface, As decreased from 0.031 to 0.005 
mg kg-1 (reduction of 84.0%), while in subsurface it decreased from 0.042 to 0.005 mg kg-1 

(reduction of 88%). Lower pH and lower content of carbonates and phosphates in subsurface 
samples may have contributed to lower decreases in available metals in subsurface. The results 
shown here confirm that pig slurry is a good fertilizer owing to the high quantity of nutrients 
provided, there are needed to promote the development of vegetation. Thus, the use of this 
waste to reclaim degraded lands is of incresing interest, although some procedures, such as 
liming, should be carried out to minimise organic matter mineralization from this type of waste 
(Zornoza et al., 2013). Pardo et al. (2011) also concluded that the use of pig slurry has positive 
effects on reclamation strategies, improving soil properties and seed germination. This is of 
special interest in regions where the management of pig industry represents a serious 
environmental problem because of their huge volume and poor recovery they undergo. One of 
the main concerns is how to treat them in an environmentally sound way.  

 
3.3 Total concentrations of heavy metals in plants 
 

In the last vegetation sampling (July 2013) carried out we checked that the biodiversity index 
(H), the vegetation cover percentage, the richness of plant species used increased being of 1.23, 
68 and 17, respectively. Moreover, the biomass was also increased. The results of Pb and Zn 
contents in different part of plants (leaves, stems and roots) corresponding to the last sampling 
are shown in the Figure 3. Some plant species harvested in the first sampling were not found in 
this last because of were dried in the summer time. The concentrations of elements in plants 
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reflect the bioavailability of elements and the ability of the plants to absorb, transport, and 
accumulate the elements, including those that may be toxic (Lottermoser and Ashley, 2011). 
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Figure 3. Pb and Zn concentrations in roots, leaves and stems of different plants used in the    
phytostabilization of Santa Antonieta tailing pond. 
 
 
Fertility improvement and reduction of metals mobility promoted the development of plants 

and continuous increase of biomass after amendments application. The roots of Lygeum spartum 
accumulated the highest Pb and Zn concentrations (~146 and ~290 mg kg-1, respectively),  not 
exceeding the Pb concentrations in the roots of this plant the toxicity values proposed by 
Kabata-Pendias and Pendias (1992) being of 300 mg kg_1 for Pb and 400 mg kg_1 for Zn. 
However, the concentrations in shoots were lower than 10 mg Pb kg-1 and 60 mg Zn kg-1.  
Cynodon dactilon accumulated high concentrations of Zn in roots and shoots (>250 mg kg-1) 
neither exceeding the toxicity value for plants. In the Figure 3 is observed that Helichrisum 
decumbens and Lavandula dentata accumulated high Pb concentrations in leaves and 
Phagnalon saxatile high Zn concentrations also in leaves. But only Phagnalon saxatile 
exceeded the toxicity value of Zn for plants. However, the As, Cu and Cd concentrations in 
plant tissues were, in general,  lower than 25 mg kg -1. 

Proceedings Tailings and Mine Waste 2014  |  Keystone, Colorado, USA  |  October 5-8, 2014

537



The translocation coefficient (TC) evaluates the plant´s capacity to regulate the translocation 
of a trace element from roots to aerial parts. TC was calculated with Cynodon dactilon, 
Helichrisum decumbenns, Lavandula dentata and Phagnalon saxatile and the results were the 
following: Cynodon dactilon <1 for Zn, Helichrisum decumbens>1 for Pb, Lavandula dentata 
>1 for Pb and in Phagnalon saxatile >1. Among the plant species that presented TC>1 only 
Phagnalon saxatile exceeded the maximum toxicity limit of Zn (500 mg kg-1) for most domestic 
animals, such as cattle and Sheep (NCR, 2005). Therefore, this plant should be removed on the 
surface of Santa Antonieta tailing. 
 
 
4 CONCLUSIONS 
 
In order to bring out a functional and sustainable land use in a highly contaminated mine tailing, 
firstly environmental risks have to be reduced or eliminated by suitable reclamation activities, 
then landscape design has to be created according to the newconditions of the area. According 
to these approaches, a reclamation strategy was developed in Santa Antonieta tailing pond from 
the Mining District of Cartagena-La Unión (SE Spain). Marble waste and pig slurry tested in 
this study acted as chemical stabilizers of heavy metals and reduced the availability and 
mobility of heavy metals. The plant species used demonstrated the ability to act as physical 
stabilizers, even in the presence of high concentrations of Pb and Zn in Santa Antonieta tailing 
pond. Lygeum spartum and Cynodon dactylon are appropriate for aided phytostabilization in 
mining areas riched for these heavy metals.  

Further new samplings are necessary to continue studying the long-term evolution of soil 
properties, heavy metal concentrations and effects of plant species and these amendments under 
field conditions that would allow a deeper understanding of the ecotoxicological results found. 
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1 INTRODUCTION AND BACKGROUND 
 
1.1 Site history 
The Grouse Creek mine, an epithermal gold silver mine operated from 1994 to 1997 in the 
Yankee Fork District of central Idaho.  Mine production began at 7,500 tons of ore per day in 
October 1994.  Through 1997, mining operations generated approximately 4.4 million tons of 
tailings and 15 million tons of waste rock.  Crushed ore from the mine was delivered to the mill, 
where it was further reduced in size by grinding.  The milled ore was then processed using a 
two-stage wash circuit and a Carbon-in-Pulp cyanide leaching process.  The tailings and waste 
water from the ore processing were placed in the tailings impoundment.  Waste rock was placed 
in a storage facility located on the northwest side of the tailings impoundment. The site went in-
to temporary shutdown in 1997 and permanent closure in 2000.  Site reclamation was complet-
ed in 2013. 

 

An overview of the Grouse Creek Mine tailings impoundment 
closure 

F. Moye, Ph. D. 
Geologist, Hecla Mining Company, Challis, Idaho 

 

ABSTRACT: Reclamation and closure of the 60 acre Grouse Creek Tailings Impoundment 
was completed in 2013.  The primary goals of the tailings impoundment reclamation were: 

x Decommission tailings impoundment embankments; 
x Attenuate and route Probable Maximum Flood (PMF) event across the reclaimed im-

poundment; 
x Encapsulate tailings to protect water quality; and 
x  Manage site waters with new operational pond. 

 
The project faced a number of challenges including seasonal water, wet tailings, and short con-
struction season.  Constant dewatering was required to deal with seasonal water and water that 
expressed from tailings.  The final configuration of the reclaimed impoundment includes a 15 
acre HDPE lined north pond for operations and the southern floodway for storm water man-
agement. The southern floodway consists of, from bottom to top,  base fill, 80-mil LLDPE lin-
er, and 4-foot earthen cover to encapsulate tailings.  Storm water is conveyed to the reclaimed 
south pond surface through an energy dissipation structure and is discharged through a permea-
ble weir to natural streams.  
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 Figure 1: Location of the Grouse Creek Site in central Idaho 

1.2 Tailings Impoundment Construction and Operation 
The tailings impoundment was constructed on top of a pre-historic landslide complex and was 
to be constructed in three phases.  Phase I of the tailings impoundment construction occurred 
from 1993 through 1994 and completed the North and South Embankments to the 7,212 eleva-
tion amsl.  Phase 2 construction occurred from 1995 through 1996 and completed the facility to 
the 7,250 elevation amsl.  Phase 3 construction, which did not occur, would have completed the 
facility to the 7,290 elevation amsl.  Both embankments are composed of locally excavated mi-
nus 24 inch borrow materials and waste rock.  Following placement, the face of each embank-
ment was compacted to reduce infiltration. 

The tailings impoundment covers a surface area of approximately 60 acres.  Tailings were ini-
tially placed into the impoundment using perimeter cyclones to segregate the tailings and depos-
it coarser-grained cyclone underflow above a basal gravel drainage layer to create a blanket 
drain.  The basal gravel blanket is 14-inches thick and was installed up to the 7,150 elevation 
amsl.  The fine slimes, or cyclone overflow, were deposited above the cyclone underflow to 
form a seal over the higher permeability drainage layer.  The cycloned tailings underflow was 
placed against the interior perimeter of the southern half of the tailings impoundment to form a 
beach.   

Prior to the placement of the tailings impoundment liner, a drainage system consisting of fif-
teen (15) underdrains, plus feeder underdrains was constructed to capture groundwater beneath 
the lined impoundment.  Groundwater and tailings seepage that enter the underdrains are con-
veyed to Pond 6, a lined collection pond located below the South Embankment.  

Pore water from the tailings drainage layer above the liner system was collected in a sump in 
the southeast corner of the impoundment.  The drainage layer sump, or floor drain, was de-
signed to continuously pump pore waters from the drainage layer to the surface of the im-
poundment to reduce the head on the liner, minimize seepage to the underdrains and promote 
consolidation. Floor drain pumping was discontinued in January 2006, because self-weight con-
solidation of tailings had effectively reduced the volume of pore water that could be pumped.  

The tailings impoundment was constructed with a composite liner system consisting of a min-
imum of 12-inches of a low-permeability soil liner (maximum permeability of 1 x 10-6 cm/s) 
overlain by a 60-mil very low-density polyethylene (VLDPE) synthetic liner.  Geomembrane 
seams, including the Phase 1/Phase 2 connections were secured with double fusion welds with 
an air pocket between the welds to allow for pressure testing of the seam. 

The final placement of tailings into the impoundment was in 1997.  The impoundment con-
tains approximately 4.4 million tons of tailings. On July 1, 2003 there were approximately 
522,000,000 gallons of water with the surface level at the 7,231.5 elevation amsl.  As a result of 
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a dewatering program implemented in June 2003, more than 1,000,000,000 gallons of primarily 
storm water and snow melt water were discharged over 5 years to facilitate reclamation. 

1.3 Tailings Impoundment Reclamation Goals 
The goals of the final reclamation for the Grouse Creek Unit tailings impoundment include the 
following: 

x Decommission the jurisdictional embankment and impoundment based on design pa-
rameters provided, dam safety criteria under Idaho Department of Water Resources 
(IDWR) applicable rules and regulations, and site-specific criteria. 

x Route the 500-year, 24-hour runoff event from up gradient drainages across the tail-
ings impoundment final cover surface to the Pinyon Hill porous rock berm spillway to 
discharge into Jordan Creek. 

x Convey the 6-hr PMF peak flow across the tailings impoundment final cover surface 
while protecting the North and South Embankments. 

x Attenuate the 96-hr PMF total volume on the tailings impoundment final cover surface 
and slowly release to Jordan Creek through the Pinyon Hill permeable weir spillway. 

x Construct an operational pond for site waters at the north end of the tailings impound-
ment. 

2 TAILINGS IMPOUNDMENT WORK PLAN DESIGN 

Engineering evaluations were completed by Water Management Consultants from 2005 through 
2007.  Those studies are described in Moye, et.al, 2009.  These included: 

x Tailings consolidation studies; 
x Tailings cover loading studies; 
x Hydrologic modeling; and 
x Geotechnical stability evaluation. 

Reclamation of the tailings impoundment began in 2006 with construction of a land bridge to 
test consolidation.  In 2007, additional base fill material was placed and a second land bridge 
was constructed.  An engineered work plan was prepared to comply with agency requirements. 
Reclamation began in 2008 and was completed in 2013. 

2.1 Major Design Components 
The major elements of the Work Plan, which are described in detail in Moye, et.al, 2009, in-
clude: 

1. Placement of base and surcharge fill and grading plan over existing tailings,  
2. Covering tailings and base fill with synthetic liner and four feet of earthen material,  
3. Upstream runoff management,  
4. Runoff management from reclaimed impoundment surface,  
5. Embankment modifications including regarding and cover; and 
6. Construction of seasonally wet meadow and potential passive treatment cell at the 

north end of reclaimed surface. 

2.2 Reclamation schedule 
In 2006 and 2007 Hecla conducted treatability studies on placement of base fill over wet tail-
ings.  The initial test consisted of construction of a 600 foot long land bridge in 18-feet of wa-
ter.  Base fill consisted of coarse angular rock which was pushed over wet tailings using an LGP 
D-6 bulldozer.  In 2007 those studies continued with construction of additional land bridges and 
development of cells to minimize the size of mud waves.  
 
The land bridge constructed in 2006 was surveyed after initial construction and throughout the 
next year.  Total settlement of the land bridge was approximately 1 foot. 
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Figure 2 shows (above) construction of a land bridge in 2006 and (below) the completed land bridge. 

3 RECLAMATION CHALLENGES AND SOLUTIONS 
The primary challenges during reclamation of the Grouse Creek tailings impoundment were: 

x Management of storm water and seasonal water from snowmelt \ 
x Placement of base fill over wet tailings 
x Minimization and management of mud waves 
x Maintenance of stable storm water floodway gradient across reclaimed tailings 
x Placement of earthen cover over synthetic liner 

3.1 Management of storm water and seasonal water 
After closure of the operation in 1997, the tailings facility collected seasonal snowmelt and pre-
cipitation.  The dewatering effort which began in 2003 reduced the water level in the impound-
ment from approximately 7,238 to 7,204 elevation amsl by 2008.  In spite of the dewatering 
success, seasonal snowmelt which collected in the impoundment each spring hampered recla-
mation activities.  From 2008 through 2010, dewatering continued in order to reduce water lev-
els to allow construction. Figure 3 shows the pond in 2005 before reclamation began.  Figure 4 
illustrates the seasonal water problem during the 2009 construction season. 
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Figure 3 Photograph showing Grouse Creek Tailings impoundment in 2004 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4 Photograph showing seasonal water during construction season in July 2009. 
 
 In 2010, the north pond, an operational pond for the water treatment plant was constructed.  
During the winter of 2010-2011, Grouse Creek staff was able to continue pumping from the 
southern end of the impoundment.  In spring 2011, water levels were at their lowest at the be-
ginning of the construction season.  This enabled the construction crew to work in areas that 
had previously been inaccessible due to water.  
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Figure 5 Photograph showing completed north pond in October 2010. Seasonal water in the south 
pond is shown as A.  The completed north pond is shown as B. 
 
 By constructing the north pond and being able to pump continuously from the south pond, 
seasonal water was managed effectively. Reclamation of the southern portion of the impound-
ment was completed during the 2011 and 2012 field seasons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6  Photograph from Novemeber 2012 showing reclaimed  south portion of the Grouse Creek Tail-
ings Impoundment (A) and north operational pond (B).  The reclaimed southern area serves as a floodway 
for spring snowmelt and summer precipitation.  The north pond is used to consolidate site waters. 

3.2 Placement of base fill over wet tailings 
Construction planning specified that base fill would be placed in 2-foot lifts over tailings.  Con-
ditions such as shown in Figure 7 made it difficult to develop the 2-foot lifts specified in the 
Work Plan. Various placement methods and equipment were tested; however, the construction 
crew was not able to consistently place 2-foot lifts, partly because the base fill was being placed 

A 

B 

A 

B 
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in water.  As a result, base fill thickness varies throughout the impoundment.  Test pits showed 
that the thickness ranges from approximately 5 feet to more than 15 feet in places. 

Base fill consisted of earthen material derived from local borrow sources and the crest and 
face of the north and south embankments.  Base fill was placed by end dumping one (1) full 
truck length from the working edge.  A bulldozer was used to push the material to develop a lift.  
Depending on conditions and equipment, D-8, D-9 or LGP D-6 was used for the push.   

The Work Plan estimated that approximately 1,278,000 cubic yards of base fill would be re-
quired to cover tailings and developed the required grading plan.  Because of working condi-
tions and soft tailings, approximately 25% more base fill was required.  In addition the grading 
plan was modified based on annual site surveys.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 showing bulldozer pushing base fill.  A mud wave of sludge is developing in front of the push. 

3.3 Minimization and management of mud waves 
Because base fill was placed over wet tailings, there was a component of lateral displacement of 
the upper 10 feet of the tailings column.  This lateral displacement wet tailings became a con-
struction management challenge.  Locally these mud waves created mounds that were difficult 
to cover with base fill. 

In addition to the wet tailings, low-density sludge from the water treatment plant had been 
pumped to the impoundment since 1997.  That low-density sludge had no internal cohesion and 
moved like a liquid.  In several cases the low-density sludge broke through base fill berms and 
flowed across the surface, creating difficulties for equipment. 

In the early stages of the project in 2007 and 2008, it was apparent that construction of land 
bridges to segment the pond was the most effective way to control not only the size but location 
of mud waves.  Base fill was placed in a manner to prevent mud waves from encroaching on the 
critical floodway.  The end result was that the mud waves were capped and provided topograph-
ic features to the reclaimed surface.  These mud wave mounds became part of the overall drain-
age pattern on the reclaimed surface. 

The most problematic mud wave, dubbed “the red hole” was in the south east portion of the 
impoundment. In summer of 2012, this mud wave continued to rise in elevation as base fill was 
placed.  Because the rise in elevation was unacceptable for the design, a strategy was developed 
to release sludge and tailings into containment cells.  The strategy was tested in late June and 
proved to be effective.   

 
 
 

 
 
 
 
 

Mud wave 
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Figure 8  Photograph showing release of sludge and tailings into containment cells with geogrid base. Ex-
cavator on the berm of the red hole controls rate of release by depth of cut. 
 

The basic strategy involved breaching the steep south and east sides of the red hole to allow 
sludge and tailings to flow into containment cells, which were constructed from earthen materi-
al.  The cells were allowed to dry for several days to a week before additional material was dis-
charged.  These drying cycles provided a more stable base for base fill as the top of the red hole 
and the containment cells were covered.  Base fill placement was completed on August 31, 
2012.  The base fill over the red hole and containment cells was allowed to rest until liner was 
installed in early September.  After the liner placement was completed, these areas were al-
lowed to rest until November when the earthen cover was completed.  Survey markers which 
were placed in fall 2012 have shown little displacement with a maximum displacement of about 
1 foot. 
3.4 Maintenance of stable storm water floodway across reclaimed tailings 

Placement and grading of base fill was critical to achieve the design drainage gradient.  Be-
cause the gradient of the storm water floodway was critical, base fill in the floodway zone was 
placed and compacted by loaded haul trucks.  Annual surveys indicated that by using the 
floodway zone for equipment traffic, there was no significant settling prior to and after place-
ment of liner and the 4-foot earthen cover. 

Figure 9 illustrates the final grading plan for storm water discharge across the reclaimed im-
poundment surface.  The two mounds on the southern side of the diagram represent the topog-
raphy created by the two largest mud waves. 

The final configuration of the reclaimed south pond has storage capacity of 590 acre-feet of 
water.  The permeable weir will discharge that water at a controlled rate over about 30 days to 
limit sediment delivery to natural streams 
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Figure 9 illustrates the revised grading plan.  The black arrows indicate the direction of storm water flow 
from the inlet to the permeable weir outlet. 

3.5 Placement of liner and earthen cover 
The liner and earthen cover are part of the package to encapsulate tailings from the environment 
to protect water quality.  After base fill was placed and graded, the existing liner was cut and 
folded over base fill.  A cushion layer of local tailings sand was placed over the base fill and 
rolled and compacted for liner installation. 
 In the Work Plan, 60-mil LLDPE was to be used to cover base fill.  Based on discussions and 
field tests, the liner was upgraded to 80-mil LLDPE as protection during placement of the 
earthen cover. The liner installation contractor completed liner installation in 2011 and 2012 as 
they followed base fill placement progress.  In 2011 approximately 73,206 square feet of liner 
were installed.  In 2012 an additional 1,410,580 square feet were installed. All liner installation 
was overseen by a 3rd party QA/QC inspector. 

The earthen cover consisted of 15 inches of minus 4 inch crushed inert rock from a local 
source and 33 inches of non-graded rock from the same source.  Field tests with liner and 
crushed rock confirmed that the 15 inch layer could be placed over 80 mil liner without damag-
ing the liner. 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 10. Schematic diagram showing encapsulation of tailings with base fill, synthetic liner and 
earthen cover.  The liner was upgraded to 80 mil LLDPE in 2011. 
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Figure11 showing components of the cover system including (A) sand cushion layer; (B) 80 mil 

LLDPE liner; (C) 15 inch minus 4 inch lift; and (D) 33 inch rock lift. 
 
During placement of the earthen cover, protecting the integrity of the liner was top priority.  

In 2011 the Engineer of Record established criteria for rock placement on the liner.  He in-
structed the contractor that no rock would be dumped directly onto liner.  Instead rock was end 
dumped one (1) truck length from the working edge onto established rock lifts. The dozer oper-
ator moved rock onto the liner by lifting and rolling material onto the surface rather than push-
ing across the surface.  

Truck traffic was carefully monitored in order to protect the established floodway and estab-
lished gradient and French drains installed under the liner.  Traffic routes were identified with 
visible markers to keep traffic moving across areas of thickest and most stable base fill based on 
survey data.  In addition, truck drivers were instructed to dump loads one (1) truck length away 
from the working face.  An LGP D-6 dozer was used to place material over sensitive areas. 

In order to place material efficiently and maintain the established grade from the inlet at the 
energy dissipator to the outlet structure at the porous rock berm, a dozer mounted GPS system 
was used. This system enabled the operator to set the required thickness of the materials being 
placed, and the dozer adjusts the blade based on x, y, z coordinates from survey data.   The GPS 
was used to place both lifts of the cover 

A D-8 dozer with a blade mounted GPS was used to place both the lower 15 inch layer and 
the upper 33 inch layer.  In areas where base fill was wet or soft, a low-ground pressure D-6 
was used to deploy earthen materials.  Trucks traffic routes were carefully marked with visual 
aids. 

4 CONCLUSIONS 

Reclamation of the 60 acre Grouse Creek Tailings Impoundment was a challenge due to water 
in the impoundment, soft tailings, short construction season, and volumes of material. Availa-
bility of local borrow sources facilitated work and decreased construction costs. 

Reclamation of the impoundment completed the final work element required by agencies as 
defined in the 2000 AOC/CERCLA Authority with the EPA and USFS and the 2000 State of 
Idaho Consent Order. 

Since completion, Grouse Creek has: 
x Closed Cyanidation Permit with the State of Idaho Department of Environmental 

Quality,  
x Received bond release and confirmation of safe abandonment of the impoundment 

structure by Idaho Department of Water Resources; and 

A  

B  

C  

D  
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x Closed Consent Order with the State of Idaho Department of Environmental Quality. 
 

Release from AOC/CERCLA Action is pending. 
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ABSTRACT: This paper describes the design and construction challenges associated with a re- 
moval action at a historic underground uranium mine site in New Mexico. These challenges in- 
cluded design and construction of a disposal cell with an evapotraspirative (ET) cover using on- 
site soils, on an aggressive schedule, for an unknown but estimated volume of mine spoils. The 
removal action consisted of comprehensive site characterization, design with regulatory agency 
review, and construction with the ability to make and approve design modifications while min- 
imizing construction delays. The contractor implemented a unique method of cover construction 
that streamlined installation of the erosion protection and added to the innovative approach to 
the design and construction of the project. The project met the stated goals of protecting envi- 
ronmental receptors, meeting the performance standards set by the regulating agency, minimiz- 
ing future maintenance, and visually blending the closed site into the natural setting. 

 
 
 

1  INTRODUCTION 
The site is a historic uranium mine located in a densely-mined uranium district in New Mexico. 
Mining operations from the 1950s left significant mine waste at the ground surface. An order 
was issued by the United States Forest Service (USFS) requiring a removal action to isolate the 
mine waste material from the surrounding environment. The design and construction described 
herein was performed in accordance with the Unilateral Administrative Order (UAO) for a non- 
time critical removal action under the Comprehensive Environmental Response, Compensation, 
and Liability Act (CERCLA). 

 
 

1.1   Mine History 
 

Mining began at the site in the late 1950s, and continued for approximately 14 years. Minor ex- 
ploration and assessment work continued at the site until the mid-1980s. Uranium ore was 
mined from an 8-foot (2.4 m) thick deposit within a sandstone unit located approximately 1,000 
feet (305 m) below ground surface. The mine was dewatered during mining operations, and 
mine water was piped to settling ponds on site. The mine facilities consisted of a head frame, 
hoist, ore bin structure, warehouse, office and maintenance buildings, and a power plant build- 
ing. After drilling and blasting, ore was hauled to the base of the mine shaft by ore cars. The ore 
was hoisted to the surface, measured, and placed into haul trucks for transport to an off-site mill. 
No milling was performed on-site. The waste rock was disposed of on-site in a series of terraced 
piles near the shaft, as well as a secondary pile to the north. After mining ceased in the early 
1970s, the majority of the surface facilities were removed and the main shaft and air shafts were 
reportedly sealed. The waste rock piles, earthen embankment settling ponds, main access haul 
road and some building and infrastructure foundations were left in-place, where they remained 
until 2013. 
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1.2  Site Description 
 

The site is located at an approximate elevation of 7,100 feet (2,164 m) in a broad alluvial valley 
that trends east to west. The total disturbed area of the site is approximately 80 acres (0.32 km2). 
Prior to the removal action, the site facilities that remained in-place and would be disposed of as 
part of the action consisted of 1) a waste rock pile of approximately 60,000 cubic yards (cy) 
(45,875 m3), 2) mine buildings and infrastructure foundations, 3) remains of a small cabin and 
water tank, 4) a second smaller waste rock pile (north pad) containing approximately 13,000 cy 
(9940 m3) of material, 5) several small (less than 10,000 square feet (sf) (929 m2) settling ponds 
(sediment ponds and Pond 2) constructed with earthen dikes, 6) one larger pond (1.75 acres 
(7,080 m2)) constructed with an earthen dam, and 7) the haul road. In addition to these mine fa- 
cilities, approximately 100,000 cy (76,460 m3) of mine-impacted soils was present across the 
Site, including the sand pile. Figure 1 shows the site layout and facilities present prior to 2013 
and Figure 2 shows a photograph of the waste rock pile near the sediment ponds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Pre-construction Site Conditions 
 

The property is located on National Forest land, managed by the USFS, and leased for cattle 
grazing. The land is also used to a lesser extent for recreational purposes such as big game hunt- 
ing, but public access is generally limited by the remote location and difficult site access. Private 
cattle ranches border the site to the north and west. 

The regional climate is generally semi-arid, with infrequent and intense summer thunder- 
storms and significant daily and seasonal temperature fluctuations. As with most of New Mexi- 
co, annual evaporation exceeds precipitation and high winds are common during late winter and 
spring. The surficial geology at the site is composed of landslide deposits and colluvium derived 
from the Mancos Shale formation and Tertiary volcanics. Surficial materials in the valley (north 
of the mine site) are primarily Quaternary alluvial deposits. Surface water generally flows north 
and east across the site to an unnamed ephemeral arroyo which is a tributary to a creek one-half 
mile (0.8 km) from the site. 
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Figure 2. Pre-construction Condition: View to the north-northeast from the east side of the main waste 
rock pile 

 
 

1.3   Site Characterization 
 

The site is located in a mining district within a known mineral belt which was investigated by 
the Environmental Protection Agency (EPA) and the New Mexico Environment Department 
(NMED) in the 1980s, and the site was placed on the EPA’s Comprehensive Environmental Re- 
sponse, Compensation and Liability Information System (CERCLIS) in 1988. The site was not 
scored under the EPA Hazard Ranking System (HRS), but samples collected during preliminary 
assessments indicated elevated levels of selenium, molybdenum, radium-226 and gross-alpha 
activity. A later evaluation using the HRS determined the site did not merit inclusion on the Na- 
tional Priority List, nor did it require a remedial investigation/feasibility study (RI/FS). 

Several episodes of site characterization work were conducted to determine the extent of 
mine-impacted soils and debris containing levels of radium 226 (Ra-226) above background 
levels. The Uranium Mine Tailings Radiation Control Act (UMTRCA) standard, 5 picocuries 
per gram (pCi/g) above background for Ra-226 and Ra-228 for the cleanup of radioactive soils, 
was developed for unrestricted use, and was determined to be appropriate for the site. Based on 
the results of the radiological surveys, the corresponding Removal Action Limit (RAL) was es- 
tablished as 5.9 pCi/g. In application, any material at the site with a Ra-226 concentration above 
5.9 pCi/g would be considered impacted material, and would be included in the removal action. 
The site characterization process evaluated the surface and subsurface soils to depths of up to 8 
feet (2.4 m). The characterization included direct gamma measurements and laboratory analysis. 
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2  DESIGN CRITERIA 
 

The cleanup action was consistent with the Multi-Agency Radiation Survey and Site Investiga- 
tion Manual (MARSSIM) and the UMTRCA regulations at 40 CFR 192.12. The cleanup per- 
formance standard required that the concentration of Ra-226 in the upper 15 cm of soil below 
the ground surface be less than the RAL. 

 
 

2.1  Selected Remedy 
 

An Engineering Evaluation/Cost Analysis (EE/CA) evaluated removal action alternatives and 
presented the preferred alternative, consisting of excavation of materials above the RAL and 
consolidation of those materials into a repository constructed on-site and covered with an evapo- 
transpirative cover system. 

 
 

2.2  Performance Criteria 
 

The performance standards specified by the UAO for the repository cover were 1) a minimum 
design life of 200 years, 2) percolation of no more than 3 mm per year for the wettest year on 
record 3) erosion of the cover surface limited to 2 tons/acre/year (445 mton/km2/year), and 4) 
revegetation of the cover such that the revegetated area emulates the native plant communities 
and has a minimum ground cover of 80 percent of a natural vegetation analog area by the end of 
the 5-year maintenance period. The erosion protection and the site diversion channels were de- 
signed for the 100-year, 24-hour storm event. 

 
 

3  DESIGN APPROACH 
 
 

3.1  Removal Action 
 

In general, the removal action approach consisted of consolidating all of the mine-impacted soil 
and debris materials that exceeded the RAL into a repository constructed on-site. The repository 
was covered to prevent exposure of human and ecological receptors to the mine waste. Surface 
water controls were constructed to minimize run-on and provide long-term stability of the re- 
moval action. The cover and excavated areas were revegetated with native vegetation to provide 
long-term erosion protection and to blend the removal action with the surrounding landscape. 
The final topography of the site was designed to minimize erosion and concentrated runoff, and 
to visually integrate with the surrounding landscape. Institutional controls such as fencing and 
signage were used to preclude access to the waste repository. Upon completion of the removal 
action, all areas except for the footprint of the waste repository will be released for unrestricted 
use. Figure 3 shows the final grading and drainage concept. 

 
 

3.2  Repository 
 

The repository was designed to limit the overall repository footprint and minimize the required 
cover volume, as well as to optimize the top and side slopes to minimize the cost of erosion pro- 
tection materials. It was designed as a flexible system to accommodate a range of capacities to 
account for an unknown volume of mine debris. The repository was positioned such that it en- 
compassed the area of the main waste rock pile, in order to limit transport of waste rock, reduce 
the amount of earthwork required, and avoid issues related to uncertainty of depth of the RAL 
and concrete foundations in the area of the main waste rock pile. Specific mine-impacted areas 
near the waste rock pile were left in-place and incorporated in the repository to avoid potentially 
extensive excavation and backfill operations. Identified archeological sites near the repository 
footprint were avoided and covered in-place to prevent disturbance. The overall repository con- 
figuration and revegetation criteria were designed to limit visual impact and blend with the sur- 
rounding area. Rock-lined diversion channels were included to limit perimeter erosion from run- 
on and direct cover runoff away from the repository. 
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Figure 3. Repository Grading and Drainage Concept 
 
 

3.3  Cover 
 

The overarching objective for the repository cover, given the performance objectives and UAO 
requirements, was accommodating long-term environmental processes while sustaining perfor- 
mance with as little maintenance as possible. This was achieved with a soil cover known as an 
ET cover. The ET cover profile was designed to minimize downward flux of meteoric water 
while limiting radon emanation and minimizing soil loss due to erosion. 

The ET cover was seeded with native vegetation designed to stabilize the soil against erosion 
loss and maximize moisture removal from the cover profile via transpiration. The resulting ET 
cover required to meet these requirements is thinner and therefore less expensive than a pre- 
scribed multi-layered cover system designed to meet the same requirements. 

The cover was designed with a 3.5 feet (1.1 m) thick profile, consisting of 2 feet (0.6m) of 
moderately compacted soil overlain by 1.5 feet (0.5m) of rock/soil admixture. The cover profiles 
are shown in Figures 4a and 4b. The surface rock/soil admixture was designed to minimize ero- 
sion, prevent rill and gully formation, provide a rooting medium for native vegetation, and pro- 
vide storage capacity (in addition to the underlying cover soil) for infiltrated precipitation. This 
top layer is designed to emulate the aesthetic and protective qualities of a “desert pavement” 
layer typical of this arid environment. 

On-site soils were used to construct the cover. The layers were designed to provide a storage 
medium for infiltrated water until that water could be removed via ET. However, because the 
sandy soil had a relatively high saturated hydraulic conductivity, infiltrated water was able to 
rapidly advance through it. Consequently, an underlying clayey soil layer with a lower saturated 
hydraulic conductivity was included to slow the advancement of a wetting front to allow ET to 
remove the infiltrated water. The overall profile provides adequate storage capacity to minimize 
flux from moving below the cover and attenuates radon gas from the covered mine spoils. 

Another benefit of an ET cover is the ability to use on-site soils for cover construction, thus 
limiting imported material and significantly reducing construction costs. The clayey layer of the 
cover consisted of approximately 43,000 cy (32,880 m3) of soil sourced from the adjoining 
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property, with a haul distance of approximately 3.5 miles (5.6 km) roundtrip. Approximately 
75,000 cy (57,350 m3) of sandy soil was available at the site for construction of the sandy and 
gravel admixture layers, but the material was located below soils with elevated concentrations of 
Ra-226. Therefore, construction of the sand and admixture layers for the cover required excava- 
tion of the overlying impacted soils and radiological confirmation that the area was cleaned up 
to the RAL before any excavation for cover construction could begin. 

 

 
 

 
 
 

Figure 4a – ET cover details - side slopes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4b – ET cover details - top slope 
 
 

4  CONSTRUCTION 
 

Similar to any mine reclamation design and construction project, this project had several site 
constraints and challenges identified by the design team ahead of time, in addition to unidenti- 
fied challenges that arose during construction. 

Two significant design and construction challenges were apparent from the start of the design 
phase. First, the design and construction would be conducted with an expedited schedule, which 
would allow little time for construction-related delays resulting from unanticipated or changing 
site conditions. Second, the volume of mine-impacted materials that required excavation and 
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placement in the repository was unknown during design and would not be fully understood until 
soil and debris excavation, and therefore repository construction, was mostly complete. Given 
the aggressive schedule and the unknown material volume, the project team needed a well- 
defined method for streamlined communication, agency review, and change order development 
and acceptance. 

 
 

4.1   Schedule 
 

The design and construction schedule was condensed to reduce costs and expedite project com- 
pletion. In order to expedite the project, the Respondents requested that the typical 30, 60, 90- 
percent design process be condensed to allow submittal of a 90 percent design package followed 
by the final design. The USFS agreed to this approach, and an aggressive schedule was set for 
design and construction. Continued communication between the contractor, engineer, and USFS 
during construction was essential to minimize schedule delays resulting from changing field 
conditions and revised construction plans. Full-time construction oversight in the field stream- 
lined communication between the engineer and contractor and reduced schedule delays due to 
changing field conditions and plan revisions. The entire process of phased design, agency re- 
view, contractor bidding, selection and procurement, and construction was completed in 21 
months. Adherence to the aggressive schedule would not have been possible without short agen- 
cy review times, streamlined communication, and ownership of the project deadlines by all par- 
ties involved. 

 
 

4.2  Repository Capacity 
 

The volume of soils exceeding the RAL was uncertain at the time of design, but was estimated 
to be 150,000 cy (115,690 m3) to 200,000 cy (152,910 m3), depending on the vertical extent of 
contaminated soils and debris at the site. The repository was designed to hold 150,000 cy 
(115,690 m3) of mine waste and debris. The design was scalable to accommodate the actual vol- 
ume of contaminated soils and debris excavated at the site. The design included a top slope and 
side slopes which tied into the existing topography. 

Construction was phased such that the site debris was collected initially and consolidated in 
the areas of the repository requiring the greatest amount of fill. In order to avoid changes to the 
erosion protection rock sizing on the cover, the side slope rock was sized to account for possible 
increases in grade. Also, the grading configuration allowed for additional fill placement on the 
side slopes by increasing the top slope area and pushing the perimeter toe out without having to 
increase the grades on the slopes. This allowed for flexibility in the overall disposal volume 
while still minimizing the size of the erosion protection rock. 

The capacity of the repository and the proposed grading were further constrained by known 
archaeological sites located near the repository. These areas could not be disturbed and the sites 
located within the proposed repository footprint required the placement of a geotextile fabric 
and clean fill. 

 
 

4.3  Mine Shaft 
 

Project construction presented several unanticipated challenges to the project team, including 
identification of a void near the existing mine shaft during repository construction and difficul- 
ties related to the soil amendment required for cover construction. Construction was further 
complicated by issues related to the contractor’s use of GPS-guided equipment and the electron- 
ic surface files for precise construction. 

Prior to construction, information and records detailing the closure of the mine shaft were 
limited. Drawings, reports or details describing the exact location of the shaft or shaft closure 
details were available. Anecdotal accounts of shaft closure indicated the shaft was sealed after 
mining operations ceased. The assumption during the repository design process was that the 
shaft had been sealed and the cap on the shaft was located several feet below the top of the 
waste rock pile. Therefore, the shaft and possible cap would not likely be disturbed during re- 
pository construction. 
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In actuality, the concrete shaft cap was partially exposed during earthwork and demolition in 
the area around the head works. The exposed cap appeared to have settled unevenly and a void 
had formed under the concrete cap. The existing cap was located about 4 feet (1.2 m) below the 
proposed grade for the bottom of the soil cover in the area. Although no surface settlement had 
been noted in this area previously, the future stability of the shaft area was questioned. Given 
the longevity requirements for the repository and the unknown size of the void under the shaft, 
combined with a lack of details of historic shaft closure, the project team decided additional sta- 
bilization of the area was necessary prior to continuing construction in the area. 

Several options were considered to stabilize the shaft and cap. A geogrid-reinforced soil back- 
fill over the shaft was considered as a temporary measure to support the working loads of the 
equipment during repository construction. Because no settlement had been observed in this area, 
long-term settlement was not considered a likely scenario. However, this idea was ultimately 
dismissed due to the limited design life, and the shaft was stabilized with flowable fill. A limited 
quantity of flowable fill concrete was pumped into the void to determine whether or not the void 
was isolated from the shaft and could be sealed with a limited amount of grout. The void ap- 
peared to not be continuous to the shaft below, and was filled with approximately 30 cubic yards 
of flowable fill grout. Soil backfill was placed over the cap and compacted into place by track 
walking. Grading over the shaft continued and the operators took special care during the re- 
mainder of the project to limit equipment loads in the area. The location of the shaft was marked 
with several large boulders at the time of completion, and the area will be evaluated quarterly 
for indications of settlement, as a part of the 5-year maintenance period. 

 
 

4.4  GPS-guided Grading Equipment 
 

Another challenge that arose during construction was related to the contractor’s use of GPS- 
guided grading equipment. Since the volume of soil for disposal was unknown at the time of de- 
sign, the repository was designed using an estimated volume and a contingency for accommo- 
dating greater or lesser material volume, as would be determined during ongoing construction. 
This resulted in less-than-absolutely precise contouring of the proposed graded surfaces. The 
contractor used GPS-guided dozers and excavators for the earthwork to efficiently construct the 
design, avoid the work and costs related to manually laying out grade stakes and using a full- 
time surveyor, and ensure construction was completed as intended by the design drawings. This 
equipment saved the project surveyor days of work maintaining site controls and placing grade 
stakes. However, the use of GPS-guided equipment in this particular case was not as efficient as 
it could have been with a design that did not require the flexibility to make adjustments during 
construction. In order to use this method, the design drawings need to be created at a large 
enough scale that a high level of accuracy can be shown and replicated in the field. 

The design drawing files were provided to the contractor and uploaded directly to their 
equipment prior to construction. The high degree of accuracy with which the field personnel 
were able to replicate the design contouring shown on the drawings made it very important that 
the design files were complete and at an adequate scale to show the level of detail required for 
construction. In some specific areas, particularly at the edge of the repository where the cover 
surfaces tie into the existing grade, the contouring was not detailed enough at the scale drawn 
for site operators to correctly complete the cover tie-in based on the electronic surfaces alone. In 
other locations such as the channel layouts, the design had not included three-dimensional sur- 
faces, which required either additional design time to fully specify the channel layouts electroni- 
cally, or the channel had to be laid out by the contractor based on the plan layouts and elevations 
shown in the construction drawings. 

In general, the contractor preferred to have the electronic files provided to them for all aspects 
of the design, including each of the intermediate soil layers within the ET cover. This preference 
was based on the desire to construct the design as intended and limit liability from errors and 
omissions; however, the use of the electronic drawings provided several challenges throughout 
construction. The initial construction drawings were not prepared in anticipation of providing 
complete electronic files for purposes GPS-guided equipment. As soil excavation and repository 
construction approached 80 percent complete, it was apparent that the original repository design 
required a reduction in capacity to accommodate a smaller volume of material than was original- 
ly estimated. The contractor preferred an entirely new grading plan showing the scaled reposito- 
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ry, which could be uploaded to the construction equipment. This iterative process caused addi- 
tional engineering time as the repository progressed from 80 to 100 percent complete, and the 
design was fine-tuned. 

 
 

4.5  Cover Soil Mixing 
 

One of the unique aspects of the project was the method used for construction of the upper layer 
of ET cover. The cover grading was designed with a gentler slope on the top surface and steeper 
side slopes. Therefore, the erosion protection rock on the top slope (median rock size (D50) of 2 
inches (50.8 mm)) was smaller than the rock on the side slopes (D50 of 3 inches (76.2 mm)). The 
rock on both the top and side slopes was mixed with soil for plant growth. The specifications re- 
quired 50 percent rock by volume on the side slopes and 33 percent rock by volume on the top 
slope, each mixed into the 18 inch (0.45 m) gravel admixture layer (Figure 4). The organic soil 
amendment for vegetation establishment on the cover was also to be mixed into the soil compo- 
nent of the cover. 

Contractors bidding on the project were asked how they intended to construct the soil-rock 
admixture layer of the cover surface. The contractor selected was awarded the contract in part 
based on their proposal to mix the layers of rock and soil in-place using a rotary mixer. This 
method was anticipated to not only save time but also produce a more uniformly-mixed cover. 
The rotary mixer is a piece of equipment specifically designed for asphalt pulverization or soil 
stabilization. In this case, the mixer was equipped with a drum and 238 carbide-tipped teeth spe- 
cifically designed for mixing soil. The Contractor proposed to place the layers of soil and rock 
to thicknesses that would result in the correct volumetric components in the final mixture. The 
mixer would then pass over the layered materials and mix them in-place. In order to assure that 
the mixture would meet the technical specifications, the Contractor was asked to mix several test 
areas on the cover, prior to mass mixing. The test areas were then tested for in-place density and 
samples were tested for gradations of the mixture. The method provided a unique approach to a 
typically cumbersome process of construction of a mixed rock and soil layer. 

 
 

5  CONCLUSIONS: OUTCOME AND PERFORMANCE 
 
 

5.1  Repeatability 
 

The overall concept of the design was to use the natural landforms as a guide to the final grading 
plan. This not only functions to protect the disposed materials but also blends into the surround- 
ings and is definitely repeatable at future sites, particularly in natural areas. A post-construction 
view of the site is shown in Figure 5. The concept of constructing a mixed rock and soil layer 
using a rotary mixer can be applied to other projects to efficiently mix soil and rock for cover 
systems, particularly if the erosion protection rock sizes are limited to a D50 of 3 inches or less. 

 
 

5.2  Lessons Learned 
 

As with any construction project, several lessons were learned by the design and construction 
team during the course of this project. The first and foremost lesson involved understanding that 
the contractor’s use of GPS-guided equipment may be preferred, and the construction plans 
must be created with this in mind. While the scale of the project is relevant, the designer must 
assume that a contractor will use every detail of the electronic files and the files must be created 
at a scale and with a level of detail appropriate for this use. This level of detail may not be ap- 
propriate for agency review of the design documents, so the design drawings should be created 
to be scalable for both paper review and GPS-guided construction. If, as was the case for this 
project, grading plans are anticipated to change as construction progresses, the design team and 
contractor must formulate a method, in advance, of efficiently accommodating these design 
changes. This is particularly important in remote locations where file transfer can be difficult. In 
this case, GPS-guided construction was very useful during the preliminary portions of construc- 
tion, but became inefficient when dealing with minor changes to specific details in the construc- 
tion process. Realistically, the contractor should be prepared to do some amount of construction 
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with only the guidance of field engineering and without GPS-guided equipment and updated 
electronic files. 

 
 

 
 

Figure 5. Post-construction: view to the east, looking at the former location of the waste rock pile and the 
current repository location 

 
Overall the mixing method used to construct the gravel admixture layer of the ET cover was 

effective at achieving the desired mixtures with the rock smaller than 3-in diameter. The mixing 
took longer than the contractor anticipated and encountered equipment issues with the side 
slopes where larger rock was utilized. The mixer needed to move slower on these side slopes 
where the larger rock was placed. The larger rock (D50 of 3 inches (76.2 mm)) presented diffi- 
culties for the mixer when mixing to full depth, and the mixing teeth needed to be replaced of- 
ten. The most efficient use of this equipment is likely with rock 3 inches (76.2 mm) and smaller, 
and a maximum mixing lift thickness of 12 inches (0.3 m). 

Another lesson learned related to natural variations in borrow material used to construct the 
ET cover. Variations in borrow soil, even with a comprehensive design investigation, can have a 
significant impact on ET cover construction. Careful consideration of the specifications and de- 
sign requirements for the cover soils is essential to performance, vegetation establishment, pro- 
ject schedule, and cost. The development of the borrow specifications should anticipate varia- 
tions in soil texture, fines content, and organic matter. 
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