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The value of failure 
G. Ward Wilson 

Department of Civil & Environmental Engineering, University of Alberta, Canada 
Andrew MacG. Robertson 

Robertson GeoConsultants Inc, Canada 

ABSTRACT 

A breach occurred within the perimeter embankment of the Mount Polley Tailings Storage Facility on 
August 4, 2014. The loss of containment was sudden and occurred without warning. An Independent Expert 
Engineering Investigation and Review Panel (IEEIRP or panel) was quickly commissioned by the British 
Columbia Ministry of Energy and Mines. The IEEIRP consisting of Norbert Morgenstern (Chair), Stephen 
Vick, and Dirk van Zyl released their report on the Mount Polley Tailings Storage Facility Breach on 
January 30, 2015. 

1 THE MEDIA AND PUBLIC INTERESTS 

Reactions in the media were as expected with statements such as those of Steven Hume at the Vancouver 
Sun who on February 11, 2015, wrote, “It is now pretty clear what happened at Mount Polley leading up to 
the dam bursting last August and spilling 24,000,000 m³ of toxic mine tailings, silt and waste water into the 
Quesnel, and ultimately the Fraser River systems, potentially putting thousands of people and millions of 
migrating salmon at risk”. No matter how theatrical and spectacular we think such reports are, they capture 
the paradigm of the culture within which we must operate and ultimately obtain social license. 

Fortunately, no loss of life occurred as a result of the release and since the quality of the water that was 
released was actually quite good, the size of the fish kill was much smaller than the proclamation above 
would have us believe. Nevertheless, we must recognize the serious implications of the event at Mount 
Polley as it is one of the most significant events in the professional and corporate memories for many of us 
engaged in the business of mine waste management. While it is an event we consider to be of extremely 
high consequences, it may well be a blessing in disguise. It could have been much worse in terms of loss 
of life, environmental damage and financial cost if the event occurred at another site. There are a number 
of significant tailings impoundments in close proximity to large urban Canadian populations. We recall the 
failure that occurred in 2012 at the bauxite mine at Kolontar, Hungary, that inundated several towns, killed 
ten people and flooded more than 8 km2 of the surrounding terrain. 

Possibly the greatest lasting consequence of this failure is the breach in trust that has occurred in the 
reliability of modern tailings dams constructed by responsible companies in a well regulated jurisdiction, 
under conditions that were not extreme. Perhaps the greatest benefit that can come from this is the great 
and lasting change that is occurring in the mining industry world wide, as engineers responsible for the 
design and operation of tailings dams, and the corporate and regulatory leaders responsible for the 
governance of such structures, recognize their fallibility and strengthen the processes needed to ensure that 
they are not contributors to the next failure. 

The Province of Alberta has some of the largest tailings dams in the world. In his keynote address to the 
Tailings and Mine Waste 2010 Conference delegates in Vale, Colorado, Dr. Morgenstern stated that 
Syncrude’s out-of-pit tailings pond has a perimeter of about 18 km and may well be the largest earth 
structure in the world in terms of volume of engineered fill. In that same address, Dr. Morgenstern also 
quoted the internationally respected water ecologist Dr. David Schindler who declared, “If any of those 
tailings ponds were ever to breach and discharge into the river, the world would forever forget about the 
Exxon Valdes”. 
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The writers believe that the dam safety systems for the oil sands in the Province of Alberta are of the best 
worldwide. In contrast to this opinion, the most recent report of the Auditor General states, “The 
department’s dam safety group has no requirement to document its work, and without such reports, it’s hard 
to know if Alberta’s dams are safe”. One could argue that the greatest value found in any one failure is that 
it rivets attention and forces us to examine and re-evaluate all of our structures and systems.  

2 THE REPORT 

The report on the Mount Polley Tailings Storage Facility Breach issued by the IEEIRP is comprehensive. 
The principal finding was that the breach within the perimeter embankment occurred as a result of a 
foundation failure in a glaciolacustrine layer referred to as the Upper GLU. The full panel report can be 
found at https://www.mountpolleyreviewpanel.ca/final-report. We encourage our readers to download and 
examine the full content of the report. 

We cannot discuss the details of the panel report nor all of its discussions, recommendations and 
conclusions in this brief paper. However, one of the most significant statements is centered on the historical 
record of active tailings dams in the province of British Columbia during the 46 years since 1969, and the 
seven failures that have occurred during this period. Statistical evaluation of the historical record finds a 
failure frequency of 1.7×10-3 per dam per year or approximately a one in six hundred chance of a tailings 
dam failure in any particular year. In other words, without improved performance, the province can expect 
(on average) that there will be two failures every 10 years. Based on this analysis, “the panel firmly rejects 
any notion that business as usual can continue”. 

With respect to risk-based dam safety practice, “the panel does not accept the concept of a tolerable failure 
rate for tailing dams”. This assertion resulted in the panel recommending the implementation of the best 
available tailings technology (BAT) based on the BAT principles that are outlined as follows: 

• Eliminate surface water from the impoundment. 
• Promote unsaturated conditions in the tailings with drainage provisions. 
• Achieve dilatant conditions throughout the tailings deposit by compaction. 

While the panel recognized the issue of chemical stability associated with the elimination of water from the 
tailings deposits, the BAT principles stand as a strong recommendation for the future of tailings 
management. Implementation of the BAT principles for the surface storage of tailings can lead to the use 
of filtered tailings technology. Filtered tailings technology, often called “dry stack tailings”, when properly 
designed and formed can satisfy each of the BAT components. The panel points to the Greens Creek mine 
in Alaska as an example where “dry stack tailings” have been successfully constructed in a wet climate that 
is similar to many sites in British Columbia.    
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Figure 1.  Greens Creek filtered tailings stack showing trucked tailings placement and trafficability. 

2.1 Implications 

The first point we would like to remind our readers is that the report on the Mount Polley Tailings Storage 
Facility Breach and its recommendations were written for the Government of British Columbia and outline 
actions to ensure that similar failures do not occur at other mine sites in the province.  For clarity, it is 
important to point out that the mandate given to the panel was for the ‘Safety Case’ and not the 
environmental issues related to chemical stability. Thus the panel points out “water covers run counter to 
the BAT principles” and that “the Mount Polley failure shows why physical stability must remain foremost 
and cannot be compromised”. We also recognized that the case of ‘filtered stacked tailings’ at Greens Creek 
was given by the panel as an example for the application of BAT principles, and that other methods of 
tailings disposal can achieve these principles and should also be evaluated.  

Adoption of the BAT principles will create new challenges as well as new opportunities for the designers 
of new surface tailings impoundments. The writer’s note that in the specific case of ‘dry stacking of filtered 
tailings’ this method should not be considered a panacea for the elimination of failure potential. One of the 
writers is currently reviewing two such dry stacks where the design, operating and site conditions have led 
to an urgent need for remedial modifications to avoid failure conditions. Furthermore, the implementation 
of BAT principles for physical stability (BAT-PS) is not necessarily BAT for chemical stability (BAT-CS). 
The trade-off in risk is real and must be addressed in light of all stages of environmental assessment. We 
note that on March 19, 2015 the Environmental Assessment Office of the British Columbia Ministry of 
Environment released an Information Bulletin "Province Implements Post-Mount Polley Requirements in 
Environmental Assessment" outlining information that companies proposing to build new tailings dams 
will be required to include. For example, selected options for tailings management will need to consider 
other options that address the potential for adverse effects on the environmental as well as on health, social, 
heritage and economic issues. Furthermore, companies will need to present and compare best practices and 
best available technologies for tailings management.       

Having just attended the 10th International Conference on Acid Rock Drainage (ICARD), it is apparent 
many geochemists will resist the implementation of the BAT-PS principles. Geochemists dedicate 
themselves to chemical stability, as opposed to physical stability, for the prevention and control of acid 
rock drainage and metal leaching (ARD/ML). A key design principle for the prevention of ARD for tailings 
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is to maintain full saturation within the profile, and in many cases water covers are used to prevent surface 
oxidation. Water covers are routinely employed as a preferred strategy for the long-term closure of reactive 
tailings in Canada, a practice that has been embraced worldwide as outlined by the global acid rock drainage 
(GARD) guide. In summary, the general principles laid out in the GARD guide (BAT-CS) contradict the 
BAT-PS principles, leaving mine waste professionals faced with competing or conflicting design criteria. 
The IEEIRP, along with geotechnical engineers and geochemists recognize this “Catch 22” situation. 

The province of British Columbia and its technical community of experts in ARD/ML are world renowned. 
British Columbia aquatic standards are often used as objectives for water management by mining 
companies worldwide. The tradition of expertise in British Columbia dates back several decades as can be 
seen in the publication of the Draft Acid Rock Drainage Technical Guide that was prepared for the British 
Columbia Acid Mine Drainage Task Force in 1989. Furthermore, the Annual BC-MEND ML/ARD 
Workshop has enjoyed more than 20 years of success, regularly attracting experts from around the world. 
We do not want to overstate the expertise and capacity in British Columbia to address and manage the 
chemical stability of reactive mine rock, but it is certainly world class. Furthermore, we believe the expertise 
available within the technical community of British Columbia will be successful in the integration of the 
BAT-PS principles with the well-established principles for the prevention of acid rock drainage and metal 
leaching (BAT-CS). 

2.2 New Opportunities 

The development of new technologies and improved methods for the management of reactive mine tailings 
lie ahead of us. A key component for the design of dry tailings stacks will be the degree of water saturation 
within the tailings profile established over the long term. For example, tailings profiles with water saturation 
levels less than 85% are considered resistant to liquefaction. Conversely, tailings profiles with water 
saturation levels greater than 85% are considered resistant to oxygen diffusion and subsequent ARD. 
Successful implementation of the BAT principles for both PS and CS will now rely on a comprehensive 
understanding of unsaturated soil mechanics. The Soil-water characteristic curve (SWCC) of the tailings 
controls water saturation as a function of matrix suction (i.e. negative porewater pressures) along with the 
unsaturated hydraulic conductivity of the tailings. The design of cover systems to control infiltration rates 
and oxygen fluxes for the prevention and control of ARD in reactive mine tailings is based on coupling the 
hydraulic properties of the SWCC with microclimatic conditions associated with precipitation and 
evapotranspiration. This technology is considered well developed and can be extended to predict the 
unsaturated hydraulic performance of dry tailings stacks. For example, the design of the cover system used 
for final closure of the stack will need to provide infiltrative fluxes that optimize unsaturated flow conditions 
in the tailings. 

De-sulphurization and the production of clean tailings will also provide new opportunities. De-sulphurized 
tailings were applied as clean cover for closure of the tailings beach at Detour Mine in 1999 (then owned 
by Placer Dome). A recent study reported by Cash et al. (2012) demonstrated that that cover has performed 
very well more than 10 years since closure. A residual sulphur content of less than 0.5% was allowed to 
remain in the tailings so that the cover profile (typically 1.5 m thick) would be non-acid forming and oxygen 
consuming. The details for the design and the predicted performance of the de-sulphurized cover at Detour 
are fully described by Dobchuk et al. (2013). 

The design of dry tailings stacks for both operation and closure will advance as the BAT-PS principles are 
coupled with the BAT-CS principles for the prevention and control of ARD/ML. The use of filtered tailings 
and dry stacks will reduce (not eliminate) the risk of failures such as we have seen at Mount Polley, but at 
the same time will create new risks that will need to be managed. For mine sites in the province of British 
Columbia, ARD/ML will likely become one of the most significant risks for long-term environmental 
impacts and closure costs. New methods of risk assessments to optimize the design of stacks that maintain 
the best combination of BAT-PS and BAT-CS principles and requirements will be necessary. There is 
extensive experience in British Columbia and internationally in tailings impoundment design with risk 
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assessment using failure modes and effects analyses (FMEA). FMEA does not eliminate risk, but is a tool 
that allows identification and quantification of risk and therefore the selection and application of mitigation 
measures to reduce risk. Shaw and Robertson (2015) demonstrate that FMEA methodology can be applied 
also to assess the risk of ARD/ML and to identify mitigation measures to better manage uncertainty and 
errors associated with ARD/ML prediction and control. By including both PS and CS failure mechanisms, 
likelihood and consequences in the FMEA, one is better able to optimize the trade-offs between PS and CS 
measures and therefore minimize overall risk. Surely the minimization of overall risk is what we strive for 
in defining ‘Best’ in BAT. 

In the view of the authors, filtered tailings dry stacks are not the only method for BAT-PS.  We are certain 
the panel is simply not recommending the use of filtered tailings dry stacks, but more importantly they are 
recommending BAT Principles.  Alternates may include paste and thickened tailings, cycloned sand or even 
conventional slurries with extended beaches, underdrains and compacted lifts. Similarly, wet disposal of 
ARD tailings should not be considered the only method of BAT-CS. Rather BAT is that combination of 
technologies, that when combined, result in the least risk of physical and chemical instability that could 
potentially lead to failure. BAT may include filtered dry stacked tailings or wet disposal of ARD tailings if 
their inclusion in the structure results in least overall risk.  

A transition to filtered tailings, where appropriate, may also offer additional new opportunities for mine 
waste management. An immediate benefit may be the reduction of the footprint required for the tailings 
impoundment. Progressive closure with construction of the stack should also be possible. Co-disposal of 
reactive mine waste rock, for which ARD can be very difficult to prevent and control, may be possible. For 
example, reactive waste rock layers may be co-mingled with filtered tailings to serve as sealing layers that 
prevent advection of oxygen in the waste rock. Vertical ribs of waste rock may also be constructed in the 
profile of the filtered tailings stack to improve drainage and stability. In addition, filtered tailings may be 
blended with waste rock and mixed at an optimum ratio to form a dense high strength paste rock. 

 
Figure 2.  Greens Creek filtered tailings stack showing drainage, capping and progressive reclamation. 

Scale may also present of the additional challenges and difficulties in the implementation of BAT-PS and 
CS principles. The implementation of filtered dry stacked tailings at large mines may be prohibitively 
expensive or require logistics that we are not yet capable of. While the technology and capacities for 
filtration systems are rapidly developing, metal mines keep getting bigger with tailings production rates 
often exceeding 120,000 tpd, and the largest currently under construction at 360,000 tpd. We now have a 
number of tailings dams under construction with ultimate toe to crest heights exceeding 300 m, and the 
highest exceeding 400 m. The elimination of ponds may be difficult in very wet climates where runoff 
control has to be practiced, and the construction of stacks may be difficult in high rainfall regions. Clay-
rich tailings may prove difficult to dewater by filtration sufficiently to construct and maintain stable stacks. 
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In many cases, BAT for these mines may not include filter pressed stacked tailings, but this does not 
preclude or lessen our need to strive for BAT that includes the most optimum combination of technologies 
needed to reduce risk to socially acceptable, very low values. 

2.3 Conclusions  

We see value arising from the failure at Mount Polley. We expect the drive to evaluate, test and implement 
emerging and new technology will add knowledge that will generate opportunities for improved methods 
of design, construction, monitoring and regulation that will create earth structures on mines that are both 
physically and chemically stable. These new earth structures will be easier to reclaim and transition to land 
uses that are environmentally secure and socially acceptable. 
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Influence of tailings deposition environment on deposit 
homogeneity and interpretation of cone penetration test data – A 

case study from the Cerro Corona Mine 
Josh Rogers  
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Patrick Corser  
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Javier Gutierrez, 
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ABSTRACT 

Gold Fields La Cima S.A. (GFLC) owns the Cerro Corona gold and copper mine in the 
Cajamarca district of Peru. MWH has been providing design and construction support services 
to GFLC since 2006. The Tailing Storage Facility (TSF) includes a centerline constructed 
rockfill dam with a low permeability core zone and a proposed ultimate height of 160 meters. 
Upstream stability of the dam was a specific focus of the design and required characterization of 
the impounded tailings near the upstream face of the dam. 

The tailings deposition environment at the facility has varied with time, being largely 
subaqueous during initial facility filling, then fluctuating between subaerial and subaqueous due 
to variations in pond level, and more recently achieving a subaerial beach of increasing length.   

Three investigation programs, which included sampling, vane shear testing (VST), and cone 
penetration testing (CPT), have been performed to characterize the impounded tailings for 
design purposes. This paper presents a summary of these programs and their influence on the 
design. It also discusses the apparent influence on the deposition environment on the deposited 
tailing characteristics and the development of a variable, site-specific cone factor (Nkt) for use in 
estimating peak undrained shear strength (Su) from the CPT data. 

Key words: cone factor, CPT, tailings shear strength 

1 INTRODUCTION 

1.1 Project Overview 

Gold Fields La Cima S.A.A. (GFLC), a subsidiary of Gold Fields Limited, owns the Cerro 
Corona mine, an open-pit copper mine with significant gold content. The mine is located in 
northern Peru in the province of Cajamarca, approximately 600 km north-northwest of Lima, 
approximately 80 km by road north of the departmental capital of Cajamarca and approximately 
1.5 km west-northwest of Hualgayoc. The elevation of the mine site ranges from approximately 
3,600 to 4,000 m. The mine has been in production since 2008 and it is estimated that the 
current mineral reserve will be depleted in 2023 (GFLC 2014). MWH has been providing design 
and construction support services to GFLC since 2006. 

1.2 Cerro Corona TSF 

Tailings produced by the Cerro Corona processing plant are deposited in the Tailing Storage 
Facility (TSF) which is located northwest of the plant site. The TSF stores both rougher 
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scavenger tailing (RST), which is deposited sub-aerially, and cleaner scavenger tailing (CST), 
which is generally deposited sub-aqueously to reduce the potential for acid generation.  RST 
makes up approximately 95% of the tailing stream.  It is thickened to a solids content of 
approximately 55% prior to deposition.  The RST tailing is then conveyed to the TSF via HDPE 
tailing delivery lines and deposited into the TSF through a number of spigots which run along 
the upstream (US) face of the TSF dam.  Water is removed from the TSF impoundment and 
reclaimed in the mine process circuit by a floating decant barge located in the impoundment.  

During initial operations of the TSF, a layer of extra fine tailing (EFT) was observed in the 
upper portion of the impoundment, just underlying the upper supernatant water layer. To reduce 
the sediment content of this zone and to increase the clear supernatant water available for 
pumping back to the plant, the EFT material was pumped from the impoundment (using a 
separate slurry pump) to a small lined pond located along the southern edge of the Las Gordas 
impoundment. Within this pond, a flocculant was added to the EFT material and the resulting 
clear water was pumped to the processing plant for reuse. However, as increasing beach lengths 
have been developed at the facility, significantly decreased amounts of this material are present 
within the facility and the EFT removal process is no longer being used. 

The TSF dam is currently at an elevation of 3768 m (an approximate height of 128 m) and has a 
planned ultimate height of approximately 160 m. The dam was constructed across the Las 
Aguilas, Las Gordas, and La Hierba valleys.  The Las Gordas and Las Aguilas valleys are 
separated by the Las Flacas ridge.  The ridge divides the two portions of the TSF as separate 
impoundments up to an elevation of approximately 3732 m, above which the impoundment is 
combined. 

The TSF dam section consists of low-permeability core materials (Zone 1 and 5) placed between 
US and DS rockfill (Zone 2, 2B and 2C).  The upstream rockfill was incorporated into the 
design to provide upstream stability based on engineering analyses considering the anticipated 
dam raise heights and measured tailings strengths. The core and rockfill materials are separated 
by drain and filter zones (Zone 3 and 4) placed immediately DS of the low permeability 
materials to serve as transition zones to reduce the potential for migration of the core materials 
into the rockfill.  To decrease seepage rates from the facility, a grout curtain has been installed 
in the foundation materials along the axis of the dam.  

Figure 1 presents the crest of the TSF dam at an elevation of approx. 3763 m and indicates the 
location of the various dam zones and each of the three dams along the extent of the dam 
alignment. Figure 2 presents a section of the Las Gordas dam, including a 2 m tall parapet wall 
to bring the dam crest to an ultimate proposed elevation of 3800 m. 
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Figure 1. TSF Dam with Noted Zonation (Approximate elevation 3765 m) 

The TSF dam has been designed to be constructed in stages to provide continually increasing 
containment capacity for produced tailings. Dam construction began with starter dams in the Las 
Gordas and Las Aguilas valleys. The original TSF dam design developed by MWH utilized the 
centerline method to raise the dam above the starter dam elevation. The centerline method was 
adopted to provide sufficient capacity for the life of mine tailings produced at the site while 
remaining within the property boundaries. Due to the relatively unique TSF dam design concept, 
special significance was given to incorporating the observational engineering method as a part 
of the dam design, by observing and instrumenting the dam to evaluate its performance and 
evaluating the evolving tailings characteristics during the filling of the impoundment to provide 
feedback on the dam design. 

Figure 2. Ultimate TSF Dam Section – Las Gordas Valley 

1.3 Evolution of the TSF Dam Design 

As discussed further in Section 2, a series of tailings investigation programs were performed to 
characterize the impounded tailings and serve as inputs to the design of subsequent dam raises. 
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During the initial operations of the Cerro Corona TSF in 2008 and 2009, there were relatively 
high pond levels and short beach lengths within the TSF. The initial tailings investigation 
program performed in 2009 indicated relatively weak tailings material adjacent to the TSF dam. 
Considering this information, the dam design was updated to provide additional upstream 
support for the raises of the Las Aguilas and Las Gordas dams constructed in 2009 and 2010. 
This additional upstream support was incorporated into these raises in various ways: by placing 
a zone of historically produced tailings material along the upstream face of the Las Aguilas 
starter dam to serve as an upstream foundation for future raises, the use of the “optimized” 
centerline raise concept for a raise of the Las Gordas dam (shifting the centerline raise slightly 
downstream to increase upstream stability), the placement of geosynthetic and gabion 
reinforcement along the upstream dam face, and the placement of rockfill materials upon the 
deposited tailings to provide additional upstream support.  

A second tailings investigation program was performed in late 2010. The results from this 
program indicated increasing tailings strengths which were utilized in engineering analyses to 
support the use of the centerline raise method for future raises. Above elevation 3740 m, all dam 
raises have been constructed using the centerline method, which includes a 24 m wide zone 
rockfill upstream of the core zones to provide upstream support. A third tailings investigation 
program was performed in 2014. The results from this program have recently been evaluated 
and will be utilized as an input for engineering analyses of future raises. The findings presented 
in this paper are based on results from this most recent program. Additional information 
regarding the TSF dam construction materials and design basis and criteria are presented in 
Corser et al. (2011).  

2 TAILINGS INVESTIGATION PROGRAMS AND TESTING 

Three tailings investigation programs have been performed at the Cerro Corona TSF to date. 
The programs were termed “Campaigns”. Campaign 1 and 2 were performed in September of 
2009 and September through October of 2010, respectively. These programs were performed in 
the Las Gordas valley portion of the impoundment as the Las Gordas starter dam was 
constructed first and initial tailings deposition was within this valley. Campaign 3 was 
performed in September and November of 2014 within the entire TSF basin (Las Gordas, Las 
Aguilas, and La Hierba). The following sections provide further information on each campaign. 

2.1 Campaign 1 

Campaign 1 was performed using a floating barge to access the deposited tailings materials due 
to the relatively short and weak beach conditions at the time. Campaign 1 consisted of CPT and 
Vane Shear Testing (VST). Due to limitations in the available VST equipment, a rotation rate of 
only 1 degree per minute could be achieved. This is significantly less than the rate 
recommended by ASTM D2573 (approx. 0.1 degree/sec) and that recommended by the United 
States Mine Safety and Health Administration (MSHA) manual for soft, modest permeability 
mine wastes (rate sufficient to achieve failure within one minute) (D’Applonia Engineering, 
2010). Additionally, the observations and measurements indicate barge movement during VST 
rotation, which is thought to have potentially impacted the test readings. 

A total stress cone factor (Nkt) of 15 was calculated considering the VST results and used to 
estimate the undrained shear strength of the material from CPT measurements. While there was 
some concern regarding the accuracy of the VST results, the calculated cone factor was within 
the range of typical values used for normally consolidated clays and considered reasonable.  

The calculated undrained shear strength data set was then normalized for use in stability 
analyses by dividing the calculated strengths by the effective vertical stress to obtain the 
undrained shear strength ratio, Su/p’. Note that the effective vertical stress was calculated 
considering hydrostatic conditions (depth below the phreatic surface) and did not consider 
excess pore water pressures within the consolidating tailings. This was considered appropriate as 
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the value would be utilized in stability analyses which considered a hydrostatic pore pressure 
distribution for the impounded tailings. A single undrained shear strength ratio of 0.13 was then 
selected to represent the tailings for analysis purposes. The value was selected through 
engineering judgment on a visual basis by plotting the data versus depth. 

The liquefied undrained shear strength ratio, SuLIQ/p’, of the impounded material was 
calculated based on published literature correlations (Olson and Stark 2003, Idriss and 
Boulanger 2007, Robertson 2010). A single liquefied undrained shear strength ratio of 0.033 
was then selected for engineering analyses using engineering judgment as noted above. The 
selected shear strength ratios are presented in Table 1. 

2.2 Campaign 2 

Campaign 2 was performed using a tracked rig via four access roads constructed of rockfill and 
geotextile running perpendicularly to the TSF dam along the Las Gordas tailings beach. 
Campaign 2 was performed after construction of the Las Aguilas starter dam was completed and 
tailings deposition was dedicated to the Las Aguilas portion of the impoundment after 
construction of the starter dam. At this time, the Las Gordas tailings beach was relatively dry 
and desiccated as no active deposition was occurring in the area.  

Campaign 2 included CPT, VST and soil sampling and laboratory index testing. Sampling was 
performed at depth using a Shelby tube sampler. Bulk sampling and density testing was 
performed on the exposed tailings beach by MWH personnel. CPT pore pressure dissipation 
testing was performed and utilized to evaluate the consolidation characteristics and permeability 
of the tailings with depth. 

While it was initially intended that a full set of VST tests would be performed in Campaign 2, 
the VST equipment was damaged after performing testing at two locations and no further testing 
could be performed. As a result, a total stress cone factor (Nkt) of 10 was assumed for the 
material based on typical literate values and input from the investigation contractor and used to 
estimate the undrained shear strength of the material from CPT measurements. The undrained 
shear strength ratio and liquefied undrained shear strength ratio of the material was evaluated as 
described previously for Campaign 1. A single undrained shear strength ratio of 0.25 and a 
single liquefied undrained shear strength ratio of 0.013 were then selected to represent the 
tailings for analysis purposes. These values were selected in a similar manner to the Campaign 1 
values, through engineering judgment on a visual basis by plotting the data versus depth.  The 
selected shear strength ratios are presented in Table 1. 

2.3 Campaign 3 

Campaign 3 was performed using a tracked rig to access the tailings beach via six access roads 
constructed of rockfill and geotextile running perpendicularly to the TSF dam along the tailings 
beach in the Las Gordas, Las Aguilas, and La Hierba portions of the impoundment. Campaign 3 
included CPT, VST and soil sampling and laboratory index testing. Sampling was performed at 
depth using a Shelby tube sampler to obtain undisturbed samples for laboratory index testing. 
Bulk sampling and density testing was performed on the exposed tailings beach by MWH 
personnel.  Index testing included grain size analyses and density testing. A discussion of the 
grain size distribution results with depth and their relationship to the tailings deposition 
environment is presented in Section 3. CPT pore pressure dissipation testing was performed and 
utilized to evaluate the consolidation characteristics and permeability of the tailings with depth. 

Fifty five VSTs were performed within the impoundment. VSTs were generally performed 
between elevation 3750 and 3730 m. Note that elevation 3730 m is the approx. elevation of the 
tailings in the Las Gordas impoundment at the time of Campaign 2 testing. Accordingly, there is 
very limited VST strength data available to characterize the undrained strength of the tailings 
deposited below an elevation of 3730 m in the TSF. 
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Campaign 3 VSTs were performed at a rate varying between 0.13 and 0.33 degrees per second. 
This is in general accordance with MSHA recommendations of 0.1 degree per second for soft, 
modest permeability mine wastes (D’Appolonia Engineering 2011). VSTs were performed in 
cased boreholes as close to the adjacent CPT location as possible (within 1 to 2 meters). Shear 
strength results from VST were used to calibrate the CPT data and calculate the cone factor for 
use in estimating the undrained shear strength from CPT results. A variable cone factor was 
selected to calculate the peak undrained shear strength from the CPT data. Further discussion on 
the selection of this cone factor is presented in Section 4.  

Undrained shear strength and liquefied undrained shear strength ratios were then calculated 
from the data in a manner consistent with Campaign 1 and 2. The undrained shear strength ratio 
results for the Las Gordas portion of the impoundment are plotted in Figure 5. The results 
indicate that the tailings exhibit a generally linear normalized strength profile with depth and 
that the strength of the tailing material can be adequately characterized with a linear shear 
strength ratio.  The data also indicates slight variations in the undrained shear strength ratio and 
liquefied undrained strength ratio within the different impoundment areas of the TSF and with 
depth in the Las Gordas and Las Aguilas valley (a change in strength observed at approximately 
elevation 3730 m in the Las Gordas portion of the impoundment and at approximately 3720 m 
in the Las Aguilas portion of the impoundment). This is attributed to variations in the deposition 
environment during filling of the TSF and is discussed further in Section 3.  

This data was reviewed and single strength ratios were selected to represent the deposited 
tailings material within the different impoundments and impoundment depths using through 
engineering judgment on a visual basis by plotting the data versus depth. The selected peak 
undrained shear strength ratios and liquefied undrained shear strength ratios selected from 
Campaign 3 are presented in Table 1. 

Table 1. Selected Peak Undrained Shear Strength and Liquefied Undrained Shear Strength Ratios from 
Campaigns 1, 2, and 3 

_______________________________________________________________________________________________________ 
Campaign   Date of Testing  Area          Peak Undrained  Liq. Undrained  
                     Shear Strength Shear Strength 
                     Ratio (Su/v’)  Ratio (SuLIQ/v’) _______________________________________________________________________________________________________ 

  1    Sept. 2009    Entire Deposit            0.13     0.033 
 

  2    Sept./Oct. 2010  Entire Deposit           0.25     0.035 
 

  3    Sept./Nov. 2014  Las Gordas (Above El. 3730 m)  0.24     0.036 
            Las Gordas (Below El. 3730 m)   0.35     0.043 
            Las Aguilas (Above El. 3720 m)  0.23     0.038 
            Las Aguilas (Below El. 3720 m)  0.27     0.048 
            Las Hierba          0.22     0.034 _______________________________________________________________________________________________________ 

3 IMPACT OF DEPOSITION ENVIRONMENT ON TAILINGS DEPOSIT GRADATION 

Sampling and testing of RST tailing has been performed incrementally throughout mine 
operations. Test results indicate that the RST material has a fines content (percent of material 
passing the No. 200 (0.075 mm) sieve by mass) that ranges between 52 and 71%. This data was 
compared with sieve analysis testing results from samples obtained during Campaign 2 and 
Campaign 3 to evaluate the segregation of the tailings material within the deposit. Campaign 2 
samples were obtained from the beach surface at the time of the investigation (approximately 
elevation 3730 m). Campaign 3 samples were obtained at depth using Shelby tubes samples and 
from the beach surface at the time of the investigation (approximately elevation 3758 m). 

The test results indicate a clear variation in fines content with depth within the Las Gordas and 
Las Aguilas portions of the impoundment. Figure 3 presents a plot of the measured fines content 
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of tailings samples obtained from the Las Gordas portion of the impoundment versus depth. 
Below an elevation of approximately 3730 m in the Las Gordas portion of the impoundment and 
approximately 3720 m in the Las Aguilas portion of the impoundment, test results indicate that 
the deposited material is notably coarser than the incoming RST tailings. However, in both 
impoundments, the test results indicate isolated lenses of material within this zone that are 
significantly finer than the incoming RST tailings. Above an elevation of 3730 m in the Las 
Gordas impoundment and 3720 m in the Las Aguilas impoundment, the tailings are generally 
finer with a fines content closer to the incoming RST tailings.  

The variation in fines content with depth in the Las Aguilas and Las Gordas impoundment is 
attributed to variations in the deposition environment with time at the site. Site records and 
photographs were reviewed to characterize the deposition environment of the deposit with 
depth. The results of this review for the Las Gordas impoundment are summarized in Figure 3. 
As presented in Figure 3, the tailings below elevation 3730 m were generally deposited in a 
subaqueous environment. The relatively low fines content of the sampled tailings is attributed to 
segregation of fines during subaqueous deposition. This is consistent with field observations 
which indicate that significant levels of floating EFTs were present during subaqueous 
deposition in the TSF. The intermittent lenses of high fines content materials are surmised to be 
zones of flocculated and settled EFTs.  Above elevation 3730 m, the deposition environment 
was generally subaerial with increasing beach lengths. The increased fines content of this 
material is attributed to fines capture within the tailings beach. This is consistent with 
observations from the oil sands industry, where field trials indicate that beaches are effective in 
capturing approximately 20 to 40% of mature fine tailings (MFT) with a particle size of 44 
microns or less (COSIA, 2013). 

 
Figure 3. Las Gordas Tailings Fine Content with Generalized Deposition Environment 
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Note that the sampled tailings material in the La Hierba portion of the impoundment has a fines 
content that is relatively uniform with depth and consistent with the material observed in the 
upper portions of the Las Gordas and Las Aguilas impoundments. This is considered reasonable 
as this impoundment is significantly shallower than the Las Aguilas and Las Gordas portions of 
the impoundment and deposition was generally subaerial in this area. 

While not presented in this paper, the available grain size distribution data was also reviewed to 
evaluate the variation in segregation with increasing beach length (i.e. distance from the TSF 
dam face). It was anticipated that coarser materials would be encountered close to the TSF dam 
and finer materials would be encountered at greater beach lengths. The test results indicate this 
type of segregation along the Campaign 2 Las Gordas beach (elevation of 3730 m). The 
remaining test results, including those from the Campaign 3 Las Gordas beach (elevation 3758 
m) do not indicate a clear segregation trend with distance from the dam. It is anticipated that 
future investigation programs will include a beach sampling program to further evaluate the 
segregation along the beach as the TSF is filled. 

These observations are consistent with the Campaign 3 undrained shear strength ratio results 
which indicate a variation at the approximate elevations of 3730 m and 3720 m in the Las 
Gordas and Las Aguilas impoundments, respectively, and no clear variation with depth in the La 
Hierba impoundment.  

4 UNDRAINED SHEAR STRENGTH 

4.1 Introduction 

The undrained shear strength of clays are commonly estimated from CPT data. The most 
common approach is to utilize bearing capacity theory and apply the bearing capacity equation 
to a situation of a deep circular foundation in clay, treating the corrected cone tip resistance, qt, 
as the ultimate bearing strength and replacing the bearing capacity factor, Nc, with the total 
stress CPT cone factor, Nkt (Schmertmann 1975). 

A variety of other approaches have also been proposed. These include site specific correlations, 
relationships based on soil properties (such as plasticity index or overconsolidation ratio), cavity 
expansion and strain path models that incorporate the rigidity of the soil (Kim et al. 2006) and 
relationships based on alternative cone measurements such as effective cone resistance and 
excess pore pressure (Varathungarajan et al, 2008). Literature indicates that the effective cone 
resistance relationship can be subject to small errors in measured cone resistance and the excess 
pore pressure relationship. It appears that the total stress approach is most commonly used and 
the excess pore pressure approach is often considered for soft clays is it does not rely on tip 
resistance values, which can be quite small and subject to measurement errors in low bearing 
capacity materials. 

  Based on bearing capacity theory, the total stress cone factor should be close to 9 for clays 
that are not very sensitive (Lunne et al. 1976, Kim et al. 2006). In practice, it has been found 
that the total stress cone factor typically ranges from 10 to 20, although it is considered best 
practice to develop site-specific cone factors based on strengths obtained from other methods, 
such as unconfined compressive strength or vane shear testing (Schmertmann 1975, Lunne et al. 
1976). Multiple references indicate that a uniform total stress cone factor can be appropriate for 
a given material type (Eid and Stark 1998, Schmertmann 1975) but can lead to serious errors if 
applied uniformly to varying material types. For general soils, total stress cone factors ranging 
between 5 and 70 have been reported (Amar et al. 1975). For clays, total stress cone factors 
ranging from 7 to 26 have been reported (Kim et al. 2006). Accordingly, a key concern in 
estimating undrained shear strength from CPT data is the selection of a cone factor. The 
following section provides a discussion on the approach used to select a cone factor for the 
Cerro Corona Campaign 3 CPT data.  
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4.2 Campaign 3 Cone Factor Selection 

For Campaign 3, a total stress cone factor of 10 was initially selected by the investigation 
contractor as a best fit value to correlate the VST values with the CPT data set. The calculated 
shear strength values were then normalized to undrained shear strength ratios as discussed 
previously in this document. A significant variability in undrained shear strength ratio values 
was observed (ranging from approximately 0.02 to 1.8) with many calculated values well 
outside of the range of typically reported range of values for clays (Varathungarajan 1998).  

The applicability of the proposed total stress cone factor was then further evaluated considering 
total stress, effective cone resistance, and excess pore pressure methods by plotting the VST-
based undrained shear strength versus the corrected cone resistance minus total vertical stress, 
effective cone resistance, and the net excess pore pressure, respectively. Ideally, a uniform ratio 
would be observed between the data (i.e. the cone factor). However, a large spread in data was 
observed for all three considered methodologies, indicating a large variation in the cone factor 
for each method. Note that a relatively more linear relationship was observed for the total stress 
method data and accordingly it was adopted for use in further evaluating CPT data.  

  For each vane shear test, the total stress cone factor was calculated based on the VST data and 
the data from the adjacent CPT at that depth. A wide range in total stress factors was observed, 
ranging from approx. 3 to 44 (considering 100 mm averaging of the VST and CPT data to 
account for the length of the VST and the influence of adjacent materials on CPT and VST 
performance). Considering literature data which indicates that cone factors are most directly 
applicable to a specific material type, this appears to indicate variability in the material type 
deposited in the TSF and is consistent with sieve analysis results for the impoundment which 
indicates a relatively non-homogenous deposit, with fines contents ranging from 16% to 80%. 

The data was then reviewed to evaluate if a relationship exists between the material type and the 
total stress cone factor for the deposit. The Soil Behavior Type Index (Ic) was utilized as a 
metric to represent material type. The Soil Behavior Type Index is a function which includes the 
normalized cone tip resistance and the normalized friction ratio. It has been found useful in 
characterizing the consistency of fine grained soils as clayey and sandy materials exhibit 
differing tip resistance and skin friction behavior when tested with a cone (Robertson and Cabal, 
2010).  

The individually calculated total stress cone factors (based on VST and CPT results) were then 
plotted versus the Ic value obtained from CPT and a relationship was developed, as shown in 
Figure 4. A correlation is observed, with higher Ic values (i.e. more fine grained materials) 
typically having lower cone factors. Some engineering literature indicate what may be a similar 
relationship, between increasing plasticity index and decreasing total stress cone factor (Lunne 
and Kleven 1981, Baligh et al. 1980). However, other researchers have found opposing trends or 
no relationship at all (Kim et al 2010). Accordingly, it appears that the engineering literature 
does not currently support any general conclusions about the relationship between cone factor 
and material type and that such relationships should be viewed as site specific. For reference, 
Figure 4 also includes the originally selected cone factor of 10 is presented as a red dotted line 
in the figure. Note the significant variation in calculated cone factors from this value. 

Note that the range of Ic values obtained from CPT for the whole deposit slightly exceed the 
range of Ic values used to develop the Nkt relationship presented in Figure 4 (as this relationship 
only includes Ic values adjacent to VST locations) and that the relationship contains a limited 
number of Ic values below 3.0 (silts and coarser grained soils). This is due to the limited VST 
sampling at greater depths in the deposit where coarser grained soils are thought to exist due to 
deposition environment. Future investigation programs should consider the non-homogeneities 
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of the deposit and include sufficient shear strength testing (such as VST) to encompass the range 
of materials within the deposit.  

The calculated Ic values obtained from CPT generally range between 2.3 and 4.5. This indicates 
that the tailings range from silty sands and clayey sands to very fine grained clays (Robertson 
and Cabal 2010) and is consistent with the range of soil classifications obtained from Campaign 
3 laboratory testing. This indicates that the Soil Behavior Type Index may be applicable to 
tailings as well as naturally occurring soils. A detailed review of the data to compare Ic values to 
individual adjacent sample sieve analysis results was not performed. 

The cone factor as a function of Ic relationship presented in Figure 4 was then applied to the full 
CPT data set to calculate peak undrained shear strengths and the undrained shear strength ratio 
was then calculated in a manner consistent with that used in Campaign 1 and 2. This data set 
was then used to select the undrained shear strength ratios for Campaign 3, as presented in Table 
1. As seen in Figure 5, the use of the variable cone factor relationship resulted in a significant 
reduction in the range of calculated undrained shear strength ratios and results in values that are 
generally within the range reported in literature for clays (0.1 to 0.5) (Varathungarajan 1998). 
The calculated values are also consistent with the range of peak undrained shear strength values 
obtained from VST (0.1 to 0.45). This allows for a significantly higher level of confidence in the 
use of CPT to estimate peak undrained shear strengths at the project.  

 
Figure 4. Total Cone Factor vs. Soil Behavior Type Index and Plotted Relationship Used for Analysis 

(originally assumed Nkt = 10 shown for reference) 
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Figure 5. Calculated Peak Undrained Shear Strength Ratio Vs. Depth – Las Gordas 
(left – with Nkt = 10, right – with variable Nkt(Ic) relationship) 

5 CONCLUSIONS 

The following is a summary of key conclusions from tailings investigation programs performed 
at the Cerro Corona Mine: 

 The tailings deposition environment can impact the engineering characteristics of the 
resulting tailings deposit. Variations in the tailings deposition environment appear 
to have resulted in variations in the grain size distribution and shear strength of the 
deposited tailings at the Cerro Corona TSF.  

 Visual observations of the supernatant pond water during operations indicate a 
reduction in suspended fine sediments (EFTs) within the supernatant water pond 
corresponding with an increase in subaerial beach lengths. This is consistent with 
laboratory test results which generally indicated the presence of coarser beach 
materials during periods of subaqueous deposition and finer beach materials during 
periods of subaerial deposition. This indicates that subaerial beach deposition serves 
to capture a portion of the fines present in the tailings stream. 

 Test data from Cerro Corona generally does not indicate a significant variation in 
tailings gradation with distance from the deposition point at the upstream dam face. 
This indicates limited segregation of tailings along the length of the subaerial 
beaches. This may be due to the relatively short and wet beaches present at the site 
or it may be a function of the limited data set. Note that the test data does indicate 
increasingly fine material farther from the deposition point for the case of the well-
drained and desiccated Las Gordas beach at elevation 3730 m. 

 Testing methods that provide a direct measurement of shear strength (such as 
laboratory triaxial testing or in situ VST) should be performed to allow for 
development of a site specific cone factor for use in estimating undrained shear 
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strength from CPT data. Variations in the characteristics of the tailings deposit may 
require the use of a specific cone factor for zones within the stratum or the 
development of a site specific relationship such as one based on the soil behavior 
type index to provide a reasonable correlation between shear strength test results 
and CPT data. The relationship developed for Cerro Corona indicates a decreasing 
total stress cone factor with higher soil behavior type index values (finer materials). 
However engineering literature suggests that such trends may be site specific. 

 The data set used in the development of the variable cone factor does not encompass 
the full range of Soil Behavior Type Index values measured in the deposit. This is 
due to limited VST at greater depths in the deposit, where coarser materials appear 
to be present. For development of site specific cone factors applicable to the full 
deposit, investigation programs should consider the non-homogeneities of the 
deposit and include shear strength testing (such as VST) of materials that 
encompass the range of materials within the deposit. 

 The range of soil types indicated from the Soil Behavior Type Index are consistent 
with the range of soil types obtained from testing of laboratory samples. This 
indicates that the Soil Behavior Type Index may be applicable to tailings as well as 
naturally occurring soils. A detailed review of the data to compare Ic values to 
adjacent sample sieve analysis results was not performed. 

 The use of the site-specific variable cone factor relationship resulted in a significant 
reduction in the range of calculated undrained shear strength ratio values. The 
calculated undrained shear strength ratios are within the range of values typically 
reported in literature for clays and are consistent with the range obtained from VST.  

 The Campaign 3 data indicates that the tailings strength can be adequately 
characterized with a linear shear strength ratio (shear strength divided by effective 
vertical stress pressure). The data also indicates that the strength ratio varies slightly 
within different portions of the impoundment and varies with depth between zones 
of differing deposition environment. 
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ABSTRACT 

Tailings Stewardship has come to the forefront of the mining industry’s attention following the 
Mt. Polley tailings dam breach in British Columbia, Canada. Recognizing the negative impacts a 
tailings dam failure has on a mining company’s corporate social responsibility and market 
capitalization, combined with regulatory changes in Canada, Goldcorp Inc. (Goldcorp) has 
implemented additional tailings storage facility safety assurances. Tailings Stewardship is a 
management strategy that ensures best practices are implemented to properly design, construct, 
operate, maintain, monitor, and ultimately close tailings storage facilities. This article describes 
a stalwart Tailings Stewardship Strategy developed by Goldcorp and their Tailings Stewardship 
Team. 

1 INTRODUCTION 

Social and environmental consciousness, and investor confidence in today’s society are as much 
a part of a mining company’s corporate due diligence as the definition of its ore bodies. National 
Instrument 43-101 (Canada), the Joint Ore Reserves Committee (Australia), and the Reporting 
of Mineral Resources and Mineral Reserves (South Africa) exist to ensure that complete, 
accurately factual, and objective data and information relating to mineral properties is published 
and publicly reported to their respective stock exchanges. Accordingly, mining companies are 
required to disclose information that will positively or negatively impact the company’s 
forecasted resources, production, and financial condition. 

Historically, tailings management has been perceived as a component of the minerals processing 
circuit that does not contribute to a mining company’s bottom line. As this paper will show, 
tailings management is as critical to a mine’s operational revenue stream, investor confidence, 
and profit as any other component of the operation. In fact, implementing diligent tailings risk 
management techniques has become essential to prevent incurring potential social, 
environmental, and economic liabilities.  

Stewardship is the careful and responsible management of something entrusted to one's care. 
Tailings Stewardship is an added level of objective and independent guardianship to ensure Best 
Management Practices are incorporated throughout a tailings storage facility’s life-cycle. This 
added level of assurance provides increased confidence to all of the mine’s stakeholders, 
including: the mining company and its board of directors; mine operators and employees; 
Engineer of Record; surrounding communities who rely on the mine for both direct and indirect 
jobs; regulatory agencies; and the mining investment community. 

2 TAILINGS DAM FAILURE(S) - STAKEHOLDER IMPACTS 

It is not this paper’s intent to report or explain in detail the social, environmental, or economic 
impacts imparted on society by a tailings dam failure, or upset condition, which are well 
authored elsewhere (Vick, 1999; Davies, 2002; Azam & Li, 2010, Chambers & Higman, 2011, 
and others). Social and economic consequences are briefly discussed in the following sections to 
provide the reader a fundamental understanding of the risk magnitude posed to mining 
companies and their stakeholders. 
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2.1 Corporate Social Responsibility 

In today’s socially connected world, a tailings dam “incident”, or even the perception of an 
upset condition or failure can, and will, negatively compromise a company’s social license, 
which is its ability to operate with the permission of, and in cooperation with, its stakeholders at 
all levels. Consequential damages to a company’s reputational capital can have negative 
implications when it comes time to permit future projects. Qualitative implications can be 
seriously damaging over the long-term, even if the effects cannot be immediately quantified. A 
comprehensive Tailings Stewardship Strategy protects human health and the environment, and 
demonstrates a corporate commitment to social responsibility; that in and of itself, provides 
long-term rewards.  

2.2 Investor confidence 

The true cost of a tailings dam failure, or upset condition, is difficult to quantify due to long-
term post-failure implications. Substantive tailings dam upset conditions or failures will 
undoubtedly suspend tailings operations, causing mine production to cease (unless the mine has 
another tailings storage alternative available to them, which typically is not the case). 
Suspending mine production interrupts the mine’s revenue stream and cash flow; while ongoing 
sustaining costs continue during mine shutdown. Other direct costs including dam repairs or 
replacement, and environmental cleanup or restoration, can also be incurred. Potential indirect 
costs include paying fines, litigating and/or settling class-action lawsuit(s), or in some instances, 
defending criminal charges.  

Direct and indirect costs associated with a tailings dam failure can total tens of millions of 
dollars. Without question though, the single most significant economic impact to a mining 
company is lost market capitalization due to shareholder stock selloffs. Mining is highly 
dependent on capital investment. Most mining companies rely heavily on securities markets to 
raise the hundreds of millions of dollars necessary to develop capital projects; principally 
because it provides a good financial return on environmentally responsible investments. As 
such, investor confidence, whether institutional or individual, is critical to a mining company’s 
long-term success and growth.  

Electronic trading has created a highly volatile investment environment allowing investors to 
react, or in some instances overreact, nearly instantaneously to favorable or unfavorable news 
about a mining company. Combined with a 24-hour sensational internet news cycle, even the 
perception of a tailings dam upset condition or “failure” can cause severe stock selloffs within 
the same trading day the news is reported. This was never more apparent than on 5 August 2014, 
the first trading day following the Mt. Polley tailings dam breach when the mining company’s 
stock (approximately 75 million shares) price fell from $16.56 to $9.70 per share; a market 
capitalization decline of more than $500 million dollars (41%) in one trading day (Figure 1). 

 

 
Figure 1. Stock price before and after the Mt. Polley tailings dam breach. 
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Mt. Polley’s owner is not the only mining company to experience a significant market 
capitization decline following a tailings dam failure. In 1995 and 1998, the Omai (Guyana) and 
Los Frailes (Spain) tailings dam failures caused the owners’ market capital to decrease by $188 
and $68 million dollars, respectively. 

3 MT. POLLY AFTERMATH 

Following the Mt. Polley dam breach, the British Columbia government ordered an independent 
engineering investigation into the incident, and a third-party review of all 2014 dam safety 
inspections for every permitted tailings storage facility in the province. Based on 
recommendations made in the Mount Polley Independent Expert Engineering Investigation 
and Review Report, the Environmental Assessment Office, in collaboration with the Ministry of 
Energy and Mines and the Ministry of Environment, enacted new regulations to ensure the 
safety of tailings management facilities. This reaction is not dissimilar to actions taken in Spain 
and Guyana in the 1990’s. 

New Canadian regulations only apply to mines in Canada; however, conscientous Canadian 
mining companies typically apply Canada’s regulatory standards or guidelines (at a minimum) 
to all of their operations worldwide. Goldcorp initially conceived their corporate Tailings 
Stewardship Strategy more than a year before the Mt. Polley incident. Goldcorp’s corporate 
Tailings Stewardship Strategy initiative was developed to ensure best practices are implemented 
to properly design, construct, operate, maintain, monitor, and ultimately close tailings storage 
facilities in a safe, socially, and environmentally conscious manner. Rather than simply 
complying with regulatory statutes, Goldcorp’s proactive management team launched the 
Tailings Stewardship Strategy in 2015. 

4 GOLDCORP’S TAILINGS STEWARDSHIP STRATEGY 

Tailings Stewardship begins with a corporate pledge to a zero tailings dam failure philosophy. 
Goldcorp’s Tailings Stewardship Strategy adds an additional level of objective and independent 
guardianship to ensure best practices are incorporated throughout the tailings storage facility 
life-cycle. The Tailings Steward provides comprehensive technical expertise in all facets of the 
tailings facility life-cycle to facilitate a ubiquitous understanding amongst mine management, 
the Engineer of Record, the on-site tailings facility operations team, regulatory agencies, and 
external stakeholders to ensure best management practices are consistent companywide. 

Specifically, Goldcorp’s Tailings Stewardship Strategy is designed to: 

1. Identify potential design or operational issues or concerns;  

2. Manage liabilities (reduce risk); 

3. Identify opportunities to improve operational efficiencies, and reduce costs; 

4. Provide input into design, construction, and operations throughout the life of the 
facility (including closure and post-closure); 

5. Provide operators contemporary, “state of the practice” training; 

6. Improve data management; 

7. Provide a standardized review process; and 

8. Prepare for upset conditions (emergency preparedness). 

Benefits derived for all stakeholders include: 

1. Value engineering; 
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2. Reduced operational risks and liabilities; 

3. Reduced post-closure risks and liabilities; 

4. Improved site and community safety; 

5. Improved operating practices; and  

6. A single, current, “critical information” repository, readily accessible to the 
company’s crisis-management team. 

Goldcorp hand-selected a number of consulting engineering companies and requested they 
submit qualifications to serve as Tailings Steward(s) for all of their active and inactive mining 
operations around the world. After a rigorous review process, Goldcorp selected Tierra Group 
International, Ltd. (Tierra Group) and MWH Global (MWH) to implement their Tailings 
Stewardship Strategy beginning in 2015, with their eight active mines located in Latin America 
and Canada. Tierra Group was chosen as the Tailings Steward for Goldcorp’s Latin American 
properties and MWH for Goldcorp’s Canadian sites. 

4.1 The Tailings Steward’s Role 

The Tailings Steward’s primary role is to assess a tailings storage facility to determine if Best 
Available Technologies, combined with Best Management Practices, are being utilized to 
design, build, operate, and eventually close a tailings storage facility. This role requires that the 
Tailings Steward have not only a breadth of historical, hands-on technical expertise in all of 
these areas; but to also be keenly aware of the human element that has contributed to the current 
state of a tailings storage facility.  

To this end, the Tailings Steward must serve as an independent facilitator and engage multiple 
stakeholders, including the tailings storage facility: 

• Owner;  

• Operator(s);  

• Engineer of Record; 

• Local community; and 

• Regulatory agencies. 

Each of these stakeholders play a vital role in implementing a successful Tailings Stewardship 
Strategy, and their input must be engaged. 

Objective observation based on an empathetic appreciation for the people and the history of a 
tailings storage facility is paramount. All tailings storage facilities have a history based on 
decisions made during different times, and for different reasons. It is not constructive for the 
Tailings Steward to be critical of these decisions, or to take a “would’ve, could’ve, should’ve” 
attitude when developing an understanding of the current situation. It is therefore highly 
advantageous for the Tailings Steward to have had previous experience with an independent 
review of their own work by respected industry colleagues, prior to reviewing the work of 
others. 

Engagement is key and begins with the Owner’s internal Tailings Stewardship advocate. 
Goldcorp’s Project Manager promoted the Tailings Stewardship Strategy internally to both 
Goldcorp management, individual site operations Teams (ultimately responsible for the tailings 
storage facility operations, maintenance, and safety), and the Engineer of Record to establish 
universal “buy-in” to the Tailings Stewardship process, before implementation. It is imperative 
that each stakeholder understands not only what the Tailings Steward is, but what they are not. 

 
25



• What the Tailings Steward is: 

- A Teammate; 

- A valuable resource; with worldwide tailings experience to be shared; and 

- An advocate of good ideas for enhancing tailings storage facility safety; 
irrespective of whose idea it is. 

• What the Tailings Steward is not: 

- An auditor; searching for mistakes, or looking to assign blame; nor 

- A competitor; looking to replace an Engineer of Record. 

4.2 Implementing the Tailings Stewardship Strategy 

After establishing internal buy-in and selecting the Tailings Stewards, Goldcorp implemented 
the Tailings Stewardship Strategy in June 2015 at their eight active mining operations (four in 
Canada and four in Latin America), which included performing or preparing: 

• Data and Information Review; 

• Site Visits; 

• Dam Safety Inspection(s); 

• Operator and Engineer of Record Interviews; 

• Tailings Storage Facility Operator(s) Training; 

• Facilitated Risk Assessment for each site; 

• 5-year Dam Safety Review Report; 

• Tailings Storage Facility Safety Enhancing Recommendations; and 

• A secure, readily accessible, “Critical Information” repository accessible by 
Goldcorp’s “Crisis-Management” Team. 

The first Tailings Stewardship site visit was performed in June 2015 at Goldcorp’s Marlin Mine 
in Guatemala. Tierra Group is Marlin Mine’s Tailings Steward and MWH is Marlin’s Engineer 
of Record (one of Goldcorp’s Tailings Steward selection criteria was that the Tailings Steward 
selected for a site could not be the Engineer of Record for the same site), which provided a 
unique opportunity for the Tailings Stewardship Team. The Marlin site visit allowed Goldcorp’s 
two Tailings Stewards to coordinate during the first Tailings Stewardship Strategy site visit and 
develop continuity to the Strategy’s process across all of Goldcorp’s sites.  

After initiating the Tailings Stewardship Strategy at Marlin, Goldcorp has since implemented 
the Tailings Stewardship Strategy at Musselwhite (Canada) and Peñasquito (Mexico). Goldcorp, 
Tierra Group, MWH, and each of the sites’ operations Teams and Engineer of Record have 
worked together diligently to implement the Tailings Stewardship Strategy at all of Goldcorp’s 
active mine sites, for the benefit of all stakeholders and the mining industry. Goldcorp will be 
implementing the Tailings Stewardship Strategy at their inactive sites in 2016. 
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5 SUMMARY 

Implementing a corporate Tailings Stewardship Strategy is a proactive, forward looking, 
environmentally and socially responsible corporate management strategy to minimize risks and 
maximize returns on investments for all stakeholders. Properly implementing Best Management 
Practices using Best Available Technologies consistently across multiple operations in a variety 
of countries, climates, and cultures is challenging. However, the benefits of avoiding even one 
tailings dam upset condition, breach, or failure, to all stakeholders, and the mining industry as a 
whole, far outweigh the time, effort, and investment to adopt, implement, and execute a 
comprehensive Tailings Stewardship Strategy.  

6 REFERENCES 
Azam & Li, 2010. Tailings Dam Failures: A review of the Last One Hundred Years. Geotechnical News, 

December 2010. 

Chambers & Higman, 2011. Long Term Risks of Tailings Dam Failure. October, 2011. 

Davies, M.P. 2002. Tailings Impoundment Failures: Are Geotechnical Engineers Listening? Geotechnical 
News, September 2002, pp. 31-36. 

Vick, 1999. Tailings Dam Safety – Implications for the Dam Safety Community. Canadian Dam 
Association 1999, Sudbury, Ontario. 

 

 
27



 

 
28



Tailings facility review and evaluation standards 
Andrew McG Robertson 

Robertson Geoconsultants, Canada 

Jack A Caldwell 
Robertson GeoConsultants, Canada 

ABSTRACT 

Peer review of dams and tailings facilities has been done for a long time.  Independent tailings 
facility review is, however, still not standard practice.  This paper describes the authors’ stories 
of early peer review in which they were involved.  Hence the paper surveys some early and 
current expert opinions on what constitutes reasonable tailings facility peer review. Finally the 
paper addresses some current issues facing those who convene or sit on Independent Tailings 
Review Boards.  The opinions and recommendations in this paper are personal, probably 
controversial, and certainly not universally implemented.   

1 INTRODUCTION 

Peer review of dam design and construction is not new.  Peer review has been standard practice 
for water dams in major jurisdictions since at least the 1970s.  Yet peer review of tailings 
facilities is still not common practice.  There are many reasons:  cost considerations; confidence 
of consultants; failure to demand such review by regulators; and a general standard of practice 
not yet in sync with that of water dams.   

Recent failures of tailings dams has raised the issue of whether peer review could have 
precluded the failures.  In the case of the failure of the Mt Polley tailings facility in British 
Columbia, Canada in 2014, the panel that reviewed the causes of failure recommended that the 
use of Independent Tailings Review Boards and application of Best Management Technologies 
should be considered in an attempt to preclude future failures.   

The authors have both worked in tailings facility design, construction, operation, and closure for 
over forty years.  These days the senior author spends most of his time on tailings review 
boards.  The junior author is still involved in the design, construction, operation, and closure of 
tailings facilities as a design engineer and as such his work is often peer reviewed—and as 
frequently not peer reviewed. 

Accordingly, the authors write this paper to explore the issues, methods, and responsibilities of 
peer reviewers as a contribution to a practice that both believe can decrease the risk of tailings 
facility failure.   

2 HISTORY: A FIRST STORY 

The first project in which the authors were involved that included formal peer review was the 
design and oversight of construction of the Cannon Mine tailings facility near Wenatchee, 
Washington State.   At that time, the early 1980s, the proposed dam was high: ultimately 340 ft 
high.  The foundations were the same rocks that had led to the failure of the Teton dam in Idaho 
some eleven years before.  

The senior author was concerned about the difficulty of the task of designing so significant a 
tailings facility.  He sought and gained the help as peer reviewers of two great engineers, both 
still here to verify this story.   John Gadsby was a leading mine tailings dam engineer.  Syd 
Hillis was an independent consultant who for many years had acted as a peer reviewer of dams 
financed and constructed pursuant to financing by the Asian Development Bank and other 
agencies.   
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The junior author was introduced to these august persons and told to make sure they peer 
reviewed everything he did.  And they did this over the following two years as design, 
construction, and the start of operations proceeded.   

Their approaches differed.  John Gadsby focused on the mining issues:  the type of tailings, their 
properties, their performance, the mining constraints, the public perspectives, and how the 
tailings facility could contribute to a profitable mine.  He succeeded for the mine was a success, 
made money, and was supported by the local community. 

Syd Hillis was pure geotechnical.  He focused on geotechnical detail.  He spent a week a month 
on the project.  Recall that no design was done prior to start of construction.  The miners, 
conscious of costs, dictated that we come to live near the site, start stripping the soil, see what 
was there, and design as we go.  For Syd Hillis this was as different an approach to dam design 
and construction as could be imagined, but he threw himself into the challenge.   

He would walk the site.  Hammer into the bedrock.  Measure joint spacings.  Put the soil to his 
tongue to gauge its plasticity and gradation.   He made us carry out rock compaction tests—
measure the settlement as a function of the number of passes of standard construction equipment 
and the rate of applied water.   

He spent a whole morning in the on-site laboratory watching us do Atterberg Limit tests.  He 
examined the firmness of the table, the levelness of the surface, the cleanliness of the 
equipment, the measurement of the quantity of soil used, and the rolling technique of the test 
technician.  He once made us change the rate at which we rotated the handle of the cup to 
determine Liquid Limit.   

He challenged us on every detail of the design: the gradation of the filters placed over the friable 
foundation rock to prevent piping; the thickness of the clay/silt core; the inclination of the outer 
slope of the embankment.  We finally settled as 1.73:1 on the basis of judgment.  

3 A SECOND STORY 

The junior author, acting for once as a peer reviewer and not a designer, was one of three on a 
peer review board for a new tailings facility in a South American country.  The first morning 
was spent listening to the tailings facility designers explain the design.  After lunch to preclude 
us falling asleep, one of the old men of the peer review group suggested that we examine the 
core. 

Beneath the shade of a flimsy tent, we looked at the core of many boreholes.  Without fail the 
core was rock: sound, hard, and of high quality.   Then the oldest of us called me over and said: 
“This is unusual: a meter of fine sand at thirty meters depth between two layers of good rock?” 

Something was wrong with this picture.  We called in the client and the design engineers.  To 
cut a long story short, it turns out that the sand was drilling sand placed there by the drillers.  
Examination of the geologist logs showed that no core had been obtained for this meter.  And 
the meter turned out to be the contact between old volcanic rocks and overlying sedimentary 
rock.  The upper surface of the volcanics had weathered to broken rock and soil before 
emplacement of the sediments.  And this pervasive layer was of high permeability and a 
potential zone of high flow from the proposed tailings facility.  The design had to be changed. 

4 A THIRD STORY 

The senior author, acting as a sole peer reviewer of a tailing facility in full operation, noticed 
that the freeboard was not as required, the perimeter embankment was not as large as required, 
and delivery pipelines were literally hanging, suspended across a low zone of the perimeter 
embankment.  He judged this to be a dangerous situation. 
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By sheer force of will, he summoned the chief engineer of the company, the CEO, and the safety 
officer of the company to a Saturday meeting, a Sunday site visit, and immediate action.    

5 SINGLE PERSON PEER REVIEW 

For the past eight years, the junior author has acted as a “peer reviewer” to a remote mine in the 
far north of Canada.  The original tailings facility was designed by the senior author and two 
other great engineers about eighteen years ago.  Ever since, the three original designers have 
continued to be involved.  Over time they have delegated their responsibilities to younger 
engineers.  Today the junior author looks to tailings deposition, a talented young engineer deals 
with geotechnical issues as did his old boss, and the environmental issues are dealt with by 
successors (in the same company) to the original environment engineers. 

These parties meet on site, discuss issues, and are friends.   

This system of tailings facility operation and now closure is not considered formal peer review.  
In fact the Canadian Mining Association (CMA) to whose procedures the mine subscribes and 
who annually audit the facility does not consider this independent peer review.  Yet the CMA 
accepts this procedure as sufficient to contribute to the advancement of dam safety and quality.   

This “peer review” approach is not used at any other mine that the authors are aware of.  Yet it 
works.  The tailings facility is well operated, is safe, and has received high reviews from CMA. 

6 CO-ENGINEERING 

The junior author has designed and overseen construction and operation of a new filter pressed 
tailings facility in central America.  Contrary to conventional practice and wisdom, the senior 
author has acted as in-company peer reviewer.   

This may be viewed simply as prudent company policy and procedure: a consultant should 
undertake peer review on all its projects of work done by its engineers.  When the junior author 
worked for a major geotechnical company in the United States, this was standard practice.  
Every report, every deliverable, every written opinion, drawing, and deliverable had to be peer 
reviewed by an in-company senior engineer whose name was recorded on the deliverable.  J. P. 
Giroud was the one who pioneered this system, and his success is history. 

7 FINDINGS 

These stories highlight the range of issues and the variety of action a peer reviewer may be 
called on to address.  They are but a small sample of the many roles and contributions a peer 
reviewer may make to safer tailings facility design, construction, operation, and closure.  In the 
remainder of this paper, the authors attempt to collate these issues into a formal philosophy and 
system.  The ideas are based on practice over many years at many tailings facilities worldwide.   

But a caveat:  each tailings facility is unique, each mining company is different, and every 
design team is composed of talented individuals with their own biases and blind spots.  The peer 
reviewer has to be engineer, technical specialist, psychologist, politician, and persuader.  The 
engineers being peer reviewed have to be receptive to new ideas, humble, contrite, and not 
adversarial.  For successful peer review has to be undertaken by all in a spirit of non-accusatory 
enquiry. 

8 PEER REVIEW VARIETIES 

On the basis of the stories we narrate above, it may be concluded that the following are the 
many varieties of peer review: 

Coworker Checking.  Essentially any work done by a single engineer is checked by a coworker.  
This is as simple as taking a look at the equations, the solution of equations, computer input, 
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drawings, reports for typos and conceptual blunders, and to catch all the little silly mistakes we 
make as we transcribe numbers, solve equations, run computers, and write things down. 

In-House Peer Review.  A person working for the same company as the engineer generating the 
products, and who is somewhat more senior should peer review the deliverables as they are 
produced and certainly before they are issued.  The in-house peer reviewer is looking to protect 
the consulting company’s reputation for quality by seeking to make sure the recommendations 
in the deliverable are sound, logical, consistent, and safe.  By extension, this ends up protecting 
the client and ultimately the public. 

External Peer Review.  As we did for the Cannon Mine, senior engineers from other companies 
may act as project peer reviewers.  In essence they are almost like senior project engineers there 
to make sure good work is done by the young engineers and the contractors building the facility.  
In practice they answer only to their own professional reputation, although the client and the 
senior engineers in the producing consulting company respect them and accept their 
recommendations which may be made only to the junior engineers on a day to day basis.  

Peer Review Consulting.  Here we think of the situation where one or more engineers, not 
necessarily from the same consulting company go to the mine on a regular basis and consult to 
the mine as in essence reviewers.  This may occur for example at mines where the mine is 
themselves, with their own work force, constructing and operating the tailings facility.    Such 
review is intended to make sure the mine staff are doing a good job, complying with designs and 
operating manuals, and following accepted practices.  Such reviewers have to bring to the table 
a greater degree of knowledge and experience than the mine staff who are after all somewhat 
isolated on the remote mine.   

Peer Review Board.  Here a formal board is appointed.  It may consist of two or more specialists 
not necessarily and preferably from separate companies.  They meet at regular designated 
intervals to review work products produced by others, usually the mine’s consultants.  Then they 
report to upper mine management.  In what follows, we take an in-depth look at the roles of 
such review boards.   

9 FIRST WRITINGS ON THE SUBJECT 

As Evert Hoek (1995) wrote: 

A Review Board is highly desirable for major civil and mining engineering 
projects.  Those working on such a project can often become so involved in the details 
of the work that they find it difficult to stand back and take an impartial view of 
alternative approaches.  The Review Board, with its requirement to be impartial and its 
years of practical experience on similar projects, can usually pin-point problems and 
possible solutions very quickly.  Once these problems have been brought to the attention 
of the geotechnical team, it is surprising how often an effective solution can be 
found.  Even in cases where a highly competent geotechnical team exists, an occasional 
independent review can provide the Mine Manager with the assurance that all is in 
order. 

A Review Board should be composed of a small number of internationally recognized 
authorities in fields relevant to the principal problems encountered on the mine.  The 
purpose of the Board should be to provide an objective, balanced and impartial view of 
the overall geotechnical activities on a mine.  The Board should not be used as a 
substitute for normal consulting services since members do not have time to acquire all 
the detailed knowledge necessary to provide direct consulting opinions.   

 

 

 
32



10 OIL SAND TAILINGS REVIEW BOARDS 

The high point of the practice of Independent Tailings Review Boards is the system 
implemented on the Alberta Oil Sands Mines.  The senior author has for many years been on the 
peer review board of the Suncor tailings facilities.  The junior author has made presentations to 
the Suncor board on work he has done for projects involved in Suncor tailings facility closure 
and polymered tailings management. 

Norbert Morgenstern (2011), the senior author of the Mt Polley panel and the lead of both the 
Suncor and the Syncrude tailings review boards writes of the practice of the oil sands ITRBs.  
He notes that such boards should: 

• Be appointed by and responsible to mine management. 

• Reflect corporate values and international standards of care. 

• Assist the Owner in assessing risks when it is perceived that regulatory 
requirements are unreasonable. 

• Should ideally be involved from the conceptual design phase, and should certainly 
be involved at the bankable feasibility stage.  The board should continue through 
construction, startup, and operation.  

• Regularly examine the Construction Report which is intended to document that 
construction proceeds as intended.  

11 MT POLLEY RECOMMENDATIONS 

The Mt Polley Independent Expert Engineering Investigation and Review Panel (2015) notes 
that an ITRB should be asked to provide opinions on the following: 

• Whether the design, construction and operation of the TSF are consistent with 
satisfactory long-term performance. 

• Whether design and construction have been performed in accordance with the 
Board’s expectation of good practice. 

• Whether safety and operation of the TSF conform to the Board’s expectation of 
good practice. 

• Whether there are weaknesses that would reasonably be expected to have a material 
adverse effect on the integrity of the TSF, human health, safety, and successful 
operation of the facility for its intended purpose. 

The report proceeds to caution that an IRTB should: 

• Not be used exclusively as a means for obtaining regulatory approval. 

• Not be used for transfer of corporate liability by requesting indemnification from 
Board members. 

• Should be free from external influence or conflict of interest. 

• Should have a means to assure that its recommendations are acted upon. 

12 THEORY 

On the basis of the stories we tell above, and the writings of the experts as quoted above, it may 
be concluded that at its simplest, peer review is the act of an individual or group that knows a lot 
about the subject, reviewing the work product of another individual or group.   And the same is 
true of an Independent Technical Review Board, however constituted.   
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 The following are essentials of peer review: 

• The Peer Reviewers should be independent of the peer reviewed. 

• The Peer Reviewers should know as much as or more than the peer reviewed about 
the subject of the work being reviewed. 

• The Peer Reviewers should have no stake in the outcome of their 
recommendations.  

The peer reviewers may come from the same company as the peer reviewed as long as they 
report up the chain-of-command to somebody with more authority than the highest ranking 
member of the peer reviewed group.   Peer reviewers may be outsiders assembled only for the 
review at hand. 

Peer review is undertaken to ensure and enhance the adequacy, completeness, consistency, 
accuracy, and quality of program and project work products.  Peer review is not the routine 
checking of a work product.  It is not the simple review of a document by a reviewer, even if the 
checker is at or above the author’s peer level.  It is not the auditing of a project to check 
compliance with standard operating procedures.  It is not Value Engineering which is really an 
attempt to find ways to reduce costs.  

13 THE BASICS OF REVIEW BOARDS 

Audits and reviews are typically completed by professional specialists and consist of: 

• Information collection, review and analysis of all site investigation (geotechnical, 
hydrology, hydrogeology, geochemistry, environmental and socio-economic), 
design and 'as-built' plans and reports; 

• Field inspection of the sites and structures; 

• Review of the operating history and compliance of the structure/facility, operating 
plans, management systems, emergency response plans and closure plans; 

• Identification of the relevant risks for each of the structures; 

• Completion of an FMEA for the structure/facility; 

• Development of recommendations to mitigate the risks and address issues 
identified; 

• Prioritization of the mitigation measures into a 'Risk Management Plan'; 

• Preparation of a report summarizing the work and preparation of a Plan; and 

• Follow-up on execution of Plan 

Here is a list of some questions a good peer reviewer should ask and answer: 

• Have the governing laws, rules, and regulations been identified and provided for? 

• Have qualified staff been involved in all aspects of the work? 

• Are appropriate procedures, models, methods, analyses, and tests being use? 

• Is the solution identified and adopted reasonable, practical, and cost effective? 

• Do the deliverables comply with the client’s needs, specifications, and stated 
requirements? 

• Would it be appropriate to have other experts review all or selected aspects of the 
project? 

 
34



14 DETAILS OF ITRBS 

Recent calls to establish Independent Tailings Review Boards and to adopt Best Available 
Technology raise many questions about what level of review is necessary and appropriate and 
what standards should be used by reviewers in evaluating tailings facility designs and operation.   

Different types of peer review of tailings facilities may be undertaken for specific situations and 
mines.  For example, reviews may be formal in-depth audits at one to five-year intervals in 
which the appropriately qualified auditor group examines the investigations, designs, analyses, 
construction, operation, monitoring and closure to levels sufficient to independently confirm that 
each aspect has been completed to adequate standards and results for the facility to be fit for 
service.    

Alternatively there may be reviews performed by an Independent Review Board with an 
appropriate range of expertise on a formal, regular, and a typically more frequent basis (one to 
several times a year) and over several to many years as the facility evolves through the stages of 
investigation, designs, trade-off studies, analyses, construction, operation, monitoring and 
closure.  Such review is often performed with lesser levels of detailed checking of calculations 
and quantities, but higher levels of assessment of technical approach, design bases, application 
of appropriate standards of practice and technology, design and construction team competence, 
and evaluation of risk and management of liability.    

There are no international standards of practice that pertain to reviewing a tailings facility.  Such 
standards may vary from international best practice, through generally good practice, to practice 
appropriate to a specific mine considering site conditions and tolerable risk.  Conflicts may arise 
when best available technology applicable for tailings facility stability is not consistent with 
what is best available technology for control of contaminant generation and migration into the 
environment.  

All that can be said at present is that the mine establishing and funding the ITRB should think 
hard about what it expects from it board; the board members should initially make clear what 
they consider the appropriate range and scope and basis for their review; and all parties should 
be open to change as the project proceeds and understanding advances.  

15 THE ENGINEER OF RECORD 

A final word on the Engineer of Record (EOR).  No matter how much peer review is 
undertaken, in the absence of an EOR it may all be for naught.  Duty number one of any peer 
reviewer or ITRB is to make sure there is an EOR that meets the criteria noted below.   

The objective of having an Engineer of Record is to ensure that there is a person in a position of 
authority that has the technical knowledge and experience, as well as the dam specific 
knowledge of the dam design, construction, operational requirements and dam performance 
available at all times and who is required to guide and approve all design, construction, 
operation and performance monitoring changes to ensure that the dam remains in a condition 
that it is safe and fit for the service intended in the design. The Engineer of Record (EOR) for a 
tailings or water dam has to have: 

1. Technical capability and experience required for the position. 

The EOR must have the technical training and experience necessary to perform 
design and technical oversight, quality assurance, specification of operating 
requirements and monitoring and performance assessment for a dam of the nature 
and complexity for which they are responsible.   

2. The knowledge of the design, construction and operation of the dam 

The EOR must have the knowledge of the design, construction, operational 
requirement and performance of the dam to thoroughly understand all aspects 

 
35



necessary for the continued evaluation of on-going design, construction, operation 
and performance monitoring of the dam.  If the EOR is not the dam designer, than 
the EOR must review and study the designs, construction, operation and 
construction records to a level sufficient to obtain such knowledge and have the 
knowledge base to be able to make informed decisions regarding the dam. 

3. The current information of dam performance 

The EOR must be kept informed of all aspects of the dam design, construction, 
operation and performance such that the EOR’s knowledge base remains current 
and the EOR can advise on the dam’s performance and requirements to maintain 
performance to meet the design intent.   

4. The time and authority to fill the roll of EOR. 

The EOR shall devote adequate time to ensure that the EOR inspects the dam, 
performs or reviews designs, reviews operating and performance records such that 
the EOR remains intimately familiar with the dam and its performance.  The EOR 
should have the authority to request and obtain information relevant maintaining 
his/her knowledge base and review and approve all design, construction, operation 
and performance monitoring changes and procedures.  The EOR shall be supported 
by the Dam owner and Dam management to ensure that this authority is maintained 
and is effective.  An EOR cannot be effective if the terms of his appointment are 
restrictive as to time commitment and means, including budget, such that he/she is 
unable to satisfy the obligations of the EOR in items 2 to 4 above. 

Independence of EOR:  The EOR is an individual who may be a member of the corporation 
owning the tailings facility, a member of a consulting company or an individual consultant that 
meets requirements of the EOR.  A consulting company can be the contracting organization to 
provide an EOR, but the EOR shall be a named individual who will satisfy the requirements of 
the EOR. 

EOR succession:  Provision needs to be made for succession of the EOR.  Succession can be 
initiated by either the facility owner/manage or the EOR.  Succession involves the selection and 
appointment of the succeeding EOR who shall take over the functions of the EOR on an agreed 
transfer basis or as soon as possible in the case of loss of an EOR no longer able to perform their 
duties. 

16 CONCLUSIONS 

Review of all phases on the conception, design, construction, operation, and eventually closure 
of a tailings facility is key to the safety of the facility.  Such review protects the interests of the 
mine, of the people involved in the work, the regulators approving the work, and ultimately the 
public and environment. 

In practice peer review is cost-effective.  While some may balk at the invoices from expensive 
consultants, the overall cost is but a very small part of a very expensive undertaking, and a 
miniscule part of the cost if the facility fails. 

Text books may teach; codes of practice may guide; professionalism may reign.  But at the end 
of the day, tailings facilities are engineering structures born of the practice of the art of applying 
science.  And those practicing the art are fallible humans who sometime err.  Friendly, 
competent, no-fault review, we know, makes the process more efficient, more effective, and 
beneficial to all involved or effected.  It is the only way to reduce the incidence of tailings 
facilities that we know of.  
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ABSTRACT 

The way in which tailings are managed reflects the history, the regulatory framework and the 
environment of the country and locale of the mine.  In spite of many attempts to find an 
environmentally friendly strategy for tailings management that considers a balanced relationship 
between society, ecosystem, and industry, there is no world-wide agreement on what constitutes 
best available tailings management practices. 

Current and developing best available tailings management practices in Chile offer many 
lessons to mines in other parts of the world. This paper examines the evolution of tailings 
management in Chile, current practices, and recent proposals for best management practices.  It 
examines the development of Chilean tailings management practices as a response to local 
environmental conditions, local tolerance for risk, and the influence of practice elsewhere in the 
world. It includes a review of case histories of Chilean tailings facilities using upstream, 
centerline, and downstream construction methods; the use of cyclone sand/slime separation; 
filtered tailings; water use reduction; and ways to avoid failure in a seismic region. Also 
reviewed are recent proposals for best management practices including dewatering of tailings; 
the use of Independent Tailings Review Boards; and a risk-based approach to tailings facility 
design and operation. 

The paper concludes that the unique demands on the Chilean mining industry have led to more 
responsible tailings management practices that have much to offer practitioners in the rest of the 
world and may lead to the elusive goal of a zero-failure practice. 

Keywords: Tailings, management, environment, water recovery, tailings dewatering, dams. 

1 INTRODUCTION 

Chile has a long, proud history of mining.  Today it has one of the world’s most productive and 
vibrant mining industries.  As its mines have grown larger and larger, so too have the Chilean 
mine tailings facilities.  The topography and climate of Chile varies from flat to high and 
rugged, from arid to wet.  Earthquakes are an ever present reality.  Water is scarce and farmers 
guard what little they have.  Yet in spite of, or maybe because of, these challenges, Chilean 
tailings practice is an outstanding in many areas of tailings management. Chilean tailings hold 
many lessons for other countries facing the challenge of modern mining, extreme climates, and 
demands for safe tailings facilities. 

Chile has had its tailings failures.  But after each failure, the lawmakers, the regulators, the 
consultants, and the industry have moved rapidly and proactively to change and to discard old, 
inappropriate construction and operating methods.  Chile has learnt from tailings practice 
elsewhere, applied foreign methods, and invariably improved on them.   Indeed it may be said 
that Chile is now a world leader in applying the concepts of filtered tailings, sand-slime 
separation, thickening of tailings, and the construction of high, earthquake resilient tailings 
facilities.  

This paper is intended to provide history, background, and detail on Chilean tailings 
management practices to the rest of the world’s tailings profession.  It is hoped that the 
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information in this paper may help others in other jurisdictions to take the bold steps that Chile 
has taken in advancing tailings management and by mutual exchange of experience, opinion, 
and practice, mining everywhere may be made better. 

2 HISTORY OF TAILINGS MANAGEMENT IN CHILE 

2.1 The beginnings of mining on an industrial scale in the early twentieth century  

Chile had an important mining boom in the middle of the 19th century with the mining of high 
grade minerals (copper and silver).  This mining was done mostly by local entrepreneurs (Pinto 
1994).  However, all of the high grade mines had finished operations by the end of the 19th 

century.  The exploitation of minerals of lower grade required new technology and larger 
investment capital (Pinto 1994), neither of which, at the beginning of the 20th century, were 
available in Chile.  It is then that the large foreign companies entered the copper industry as is 
the case of El Teniente with William Braden in 1905. Later the following foreign companies 
began operations: Chile Exploration Company Chuquicamata in 1912 and Andes Copper 
Mining Potrerillos in 1916) (Memoria Chilena, 2015).  The dawn of the 20th century (1901) 
coincides with the invention of the flotation process which allows the separation of the copper 
sulfide minerals from the components that form the original rock.  The emergence of this 
process was key to developments of low grade mines 

The history of tailings management with a large production of tailings starts in Chile at the El 
Teniente Mine, where the industrial mining of copper was started in 1905, by the American 
company Braden Copper Company.  At El Teniente, between 30,000 and 36,000 tonnes per day 
(tpd) of tailings were produced in 1915 (Codelco, 2011).  

With the objective of avoiding damage to agriculture which could be caused by discharging 
tailings to rivers, the El Teniente mine company constructed the Arenas and Marga solid 
material retention impoundments with the tailings in the riverbed of the Coya River (Figure 1).  
These facilities were later swept away by successive flood events in August 1913, November 
1914, January 1915, and June 1960 (Sudzuki, 1964).  The tailings flowed in the Coya River and 
reached the Cachapoal River, which caused the tailings to flow into irrigation channels 
(Sudzuki, 1964).  

The Chilean TSF collapse that has resulted in the greatest loss of human life was the Barahona 
Tailings Dam in 1928 (Figure 1). The tailings dam is located at El Teniente Mine, about 180 km 
away from the epicenter at Talca city. The failure of this tailings dam on December 1st, 1928 
was the first recorded case of liquefaction-induced failure of a tailings dam in Chile.  Failure 
was caused by an 8.2 Richter-scale earthquake in the central zone of Chile.  The tailings dam 
collapsed as a consequence of this earthquake, breached, and the resulting flow of liquefied 
tailings destroyed settlements and facilities located downstream and killed 54 people.  The 
seismic event, known as Talca Earthquake, also caused severe damage and casualties in the 
neighbor provinces of Talca, Curico, Colchagua, and Cachapoal River (Barrera et al., 2015).  
This caused an enormous impact and damage to agriculture, even disabling parts of some 
agricultural crop fields. 

In February 1939, the naturally occurring Cauquenes pond started to be used as a retention 
tailings impoundment. Tailings were transported to the pond in a wooden flume, which flowed 
for 42 km from the concentrator plant at the mountains until it discharged into the pond. At 
Cauquenes Pond, the suspended slurry tailings were classified by cyclones; these mechanical 
devices worked by gravity separating the coarse and fine particles.  Once the water was 
decanted on impoundment, occasionally the pond was emptied discharging water (no water 
reclaim practices was applied), whose waters flowed with the Cachapoal River (Sudzuki, 1964).   

In Chile most copper mines are located in the central and northern Andes Mountains.  Ore 
extraction, milling, processing and tailings dumping operations normally take place around the 
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mine pits.  For example Potrerillos copper mine disposed mine tailings near the process plant in 
the beginning of operation (1920-1938). However, subsequently, copper tailings disposal 
occurred in coastal areas by implementation of off-shore tailings disposal (riverine and marine 
tailings disposal).  This was the case at Potrerillos (1938-1958) and El Salvador (1958-1990) 
copper mines, located in the Third Region of Chile.  El Salvador mine operates at 2,400 – 2,600 
m above sea level (a.s.l.) and is located 120 km east of the coastal city of Chañaral. For 52 years 
(1938-1990) the untreated copper mine tailings (solids, water and chemicals) were routed to the 
Salado River bed (Riverine Tailings Disposal) and disposed directly onto the sandy beach of 
Chañaral Bay and Caleta Palitos located at ocean pacific coast (Off-shore Tailings Disposal).  
This site received 300 and 125 million tons of copper tailings respectively (Figure 1). In March 
1990, as a consequence of an Appeal for Protection, the Chilean Supreme Court ruled against 
the El Salvador Mine and off-shore tailings disposal was banned in Chile (Vergara, 2011). 

2.2 Successes and failures in the management of tailings in the mid-twentieth century 

In the early 20th century, the main advances in Chilean tailings management consisted of tailings 
transportation over long distances (about 50 km), where the use of pipes and reinforced concrete 
canals had been implemented. This served to reduce spills and the use of rivers for tailings 
transport.  However, tailings dam construction – which consisted of upstream dam construction 
designed and performed by mine operators based on experience using the coarse fraction of the 
tailings (tailings sand) – was maintained with little variation until 1965 when the tragedy of El 
Cobre shocked the mining industry and the nation (Barrera et al., 2015).  This tragedy set a 
milestone where it was clear that the technology of the times could no longer be used and it was 
necessary to introduce big changes to improve the safety of tailings impoundments and enable 
the mining industry to continue. 

It is worth noting that at the time, soils mechanics was still in a nascent phase and there were 
very few specialists in Chile.  Only after this event was it clear to the mining industry that the 
construction of impoundments required expertise that exceeded the knowledge of the miners. At 
the end of the 60s, the participation of geotechnical experts in the design of tailings 
impoundment began. Since most geotechnical knowledge at that time was obtained from water 
dams, the first reaction was to design dams that utilized borrow materials and were consistent 
with water dam practice to contain the tailings.  We must remember that the tragedy at El Cobre 
(Barrera et al., 2015) as well as the one at Fort Peck (Davies et al, 2002) discouraged the use of 
sand in the construction of dams. Therefore, it is not surprising that during the 70s several 
embankment dams of the type used in water reservoirs were constructed.  Examples include 
Colihues (83 m high earth embankment dam), El Indio (74 m high earth embankment dam), and 
Los Leones (160 m high rockfill dam) (Barrera et al, 2011).  However, the, the use of dams 
constructed with tailings sands continued in this period with some modifications to their design.  
Examples of tailings sand dams constructed during this period include the El Cobre Tailings 
Impoundment No.4 (El Soldado Mine), the Cauquenes Tailings Impoundment (El Teniente 
Mine), and the Pérez Caldera No. 1 Tailings Impoundment (Los Bronces Mine).  

Analysis of what occurred at El Cobre established the need to modify the construction method 
used for sand dams. This was stated in Supreme Decree No. 86 (1970), where, for the first time 
in Chile, definitions, criteria, and requirements that must be complied with for the construction 
and operation of impoundments were established (Figure 1).  With this regulation the use of 
upstream construction was banned – which is a significant step in tailings management practice 
and is unique to Chile. It is worth noting that this decree only dealt with those impoundments 
whose dams were constructed with tailings sand, excluding dams constructed with borrow 
materials (earth embankment or rockfill dams).  Implicitly it was recognized that the 
impoundments with sand dams presented the greatest risk and possibly were the most common 
types of dams at that time (Barrera et al, 2010). This decree incorporated key geotechnical 
concepts with regards to material strength and the effect of water on the materials.  In addition, 
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it started a new generation of impoundments with sand dams where the sand - in order to be 
used for construction material - needed to have limitations on the permeability, required a 
minimum placement density, and mainly the dam needed a robust base drainage system.  
Examples of impoundments constructed during this period to comply with these requirements 
include: Pérez Caldera No. 2 Tailings Impoundment (El Teniente Mine), Piuquenes Tailings 
Impoundment (Andina Mine), and the expansion of the El Cobre No. 4 Tailings Impoundment 
(El Soldado Mine). 

In this evolutionary process, there is an intermediate case: the dam of the Talabre Impoundment.  
This design was done at the end of the 70s and its construction started in 1983.  This dam is 
constructed with tailings sand but has the following particularities: (i) intermediate inclined 
drain inside the dam; (ii) downstream slope of 2.5:1 (H:V); and (iii) paddock downstream 
construction method with mechanical sand transport and placement (instead of the most 
common hydraulic method) (Barrera et al, 2011). 

2.3 Evolution and development in the late twentieth century 

The decade of the 80s was a period where there were advances made in the study of the 
conditions of tailings sand as a construction material for dams.  The iconic design of this period 
is the dam of the Las Tortolas Tailings Impoundment, a key work for the continuity of the Los 
Bronces Mine which presented the following challenges: (i) mineral transport in a 58 km pipe; 
(ii) process plant in the valley (far from the mine); and (iii) sand dam of 150 m in height located 
40 km from Santiago city.  A cyclone sand dam of this height in the vicinity of Santiago city 
lead to a large effort in studies of sand characterization, design, disposal schemes, and stability-
risks analysis.  This design was the first to apply the finite difference method in a dynamic 
stability analysis. The code used in this occasion (1984) was the DSAGE, which later became 
the FLAC Code. It is also worth noting the design of El Torito (Soldado Mine), which would 
replace the El Cobre No. 4 Tailings Impoundment, in which the dam was made of tailings sand.  

This period marked the wide-spread adoption of cycloned sand dam designs. Cycloned sand 
dams were later observed to have satisfactorily resisted the March 1985 earthquake (Mw=8.0), 
with which they showed that a design that controlled the saturation of the sand in the dam were 
stable during high intensity seismic events.   

At the end of the 80s, a new tendency in design appeared which involved the integral 
management of tailings and waste rock from the mine.  Until that date, the use of mining wastes 
as construction materials and designing waste rock dumps to accommodate tailings 
impoundments was not even considered, much less applied.  During this period, the Romeral 
Tailings Impoundment (Romeral Iron Mine) which had a tailings impoundment at the side of an 
existing waste rock dump and construction of the dam with rejected material from the plant 
(Scognamillo et al, 1999) was constructed. Another project that started in 1989 is the Candelaria 
Tailings Impoundment (Candelaria Mine) where the location of the impoundment and the 
material for the dam are part of the design of the waste rock dump.  This required a thorough 
coordination and alignment to balance the management of mining wastes from different sources: 
mine and plant.  These precedents served - during the second half of the 90s - as the basis for the 
design of the Pampa Pabellon Tailings Impoundment of the Collahuasi Mine (Figure 1).  

In the middle of the 90s, and after the successful behavior of the sand dams during the 
earthquake of March 1985, the design of cycloned sand dams faced the challenge of greater 
heights.  The first case is Quillayes of the Los Pelambres Mine, located in the Andes Mountains, 
with a 175 m final height.  This design incorporated all the innovations introduced to that date 
and incorporated the first studies of the effect of high stress in the behavior of sands and, also, a 
3D dynamic analysis was performed for the first time (Lara et al, 1999; Valenzuela & Barrera, 
2003).  A few years later, this dam was raised to 198 m to extend the useful life of the 
impoundment given the increase in mineral production. As a consequence of the limited 
capacity of the Quillayes Impoundment, the Mauro Impoundment was designed for continuing 
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the operation of the mine (Figure 1).  This impoundment – in operation since 2008 – is located 
60 km from the plant, with a cycloned sand dam with a final maximum height of 248 m, which 
for the first time went beyond the 200 m barrier in a high seismicity region (Alarcón & Barrera, 
2003).  Currently, there are designs for Chilean TSFs that are close to 300 m in ultimate height 
and, from a stability point of view, there are technical tools to evaluate the stability of these 
large dams.  Great progress in knowledge have been made for the use of cycloned tailings sand 
under high pressures.   

At the end of the 90s, the use of highly thickened and paste tailings began.  The thickening of 
tailings had already been applied in some operations starting in the 80s. Nevertheless, the level 
of thickening was less than 50%, with which the hydraulic behavior of the tailings slurry was 
still Newtonian. The Paste Conference developed in Chile (2002) gave a tremendous impetus to 
this new technology and it started to be included as a disposal option.  At the start, this 
technology was timidly accepted by low production operations (Las Cenizas, Delta Plant) and 
later was widely applied as it occurred in the rest of the world.  Nonetheless, there was reticence 
to apply it in large mining operations. Minera Esperanza (currently Minera Centinela), which 
started operations in 2011, took a large step by adopting it for tailings management with a target 
concentration of 69% and a 90,000 tpd production rate (Figure 1).  Recently, the Sierra Gorda 
Mine (located a short distance away from the Esperanza Mine) is applying it but with a lower 
concentration of 63% and a 110,000 tpd production rate. One of the main problems of these high 
thickening operations is the estimate of the tailings beach slope, which has generally been 
overestimated. This has had a significant impact on the accuracy of the estimated cost of the 
dams to retain thickened tailings.  

3 WORLDWIDE TAILINGS PRACTICE AS IT HAS INFLUENCED CHILEAN PRACTICE 

3.1 Implementation of industrial-scale metallurgical processes 

The development of large mining at the start of the 20th century in Chile is associated with the 
appearance of floatation and the arrival of large foreign companies to the copper industry as is 
the case of El Teniente, Chuquicamata, and Potrerillos. The arrival of foreign companies also 
brought the available technology of the time, which in general had been developed in countries 
and zones with no or very low seismicity. Note  that in general, early mining operations had 
relatively low production rates (< 2,000 tpd) and the relatively small amount of produced 
tailings were often stored in piles or low height deposits and, in some cases, be directly 
discharged to courses of water.  This last was not generally common in Chile given that the 
mining industry was in the central and northern zone, where the climate is rather desert-like and 
the courses of water are minor and strongly guarded by farmers. 

In these early operations, it was evident that tailings disposal showed a notorious segregation 
where the coarse fraction was deposited closer to the discharge location and the finer fraction 
was deposited farther away.  In addition to this behavior, the relatively low production rates 
allowed time for the tailings next to the discharge location to reduce their moisture content and 
reach a bearing capacity that allowed for transit over the tailings.  This characteristic was the 
birth of the upstream growth method.  

The separation between the fine fraction (also called slimes) and the coarse fraction (also called 
sand) of the tailings was a significant step in tailings management since it resulted in two 
materials with very different geotechnical properties which could be used in tailings 
management.  The coarse fraction has the consistency of fine sand with a medium permeability, 
low moisture retention, and a relatively high shear strength.  On the other hand, the fine fraction 
is mainly a sandy silt with low permeability, high moisture retention, and medium strength due 
to friction and cohesion that is strongly influenced by the moisture content. It was quickly 
evident that the coarse fraction could be used as a granular material for construction of dams or 
containment structures for complete tailings or the fine fraction at a very low cost (as compared 
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with other solutions with a borrow dam).  Experience showed that these sand dams could be 
constructed over the slimes and thus started the growth method known as upstream method.  
This method was quickly adopted and massively diffused. This method was successful mainly 
because, during the first few years, it was applied in regions with low seismicity (South Africa, 
Canada, USA, among others). Additional characteristics of early mining operations which were 
favorable to the use of the upstream method include: (i) coarser milling and (ii) low production 
rates, which made the construction slower giving more time to the decrease of moisture content 
in the tailings.  
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  Figure 1. Time Line of Tailings Impoundments in Chile. 

In general, the flotation process technology that arrived in Chile at the start of the 20th century 
produced tailings with a solids concentration between 27 and 33% by weight. As there were 
generally no restrictions on water use, the tailings were not thickened and were discharged with 
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this water content in the impoundment.  At first, the environmental differences in Chile were not 
considered, particularly the seismic aspect which would later have tragic consequences.  Early 
examples of this technology are the impoundment of Barahona and Cauquenes of the El 
Teniente Mine and the El Cobre 1 of the El Soldado Mine.  This technology was applied 
without major modifications until 1965 when the El Cobre tragedy - as mentioned above - made 
it necessary to introduce major changes in tailings management to assure the stability of the 
structures.  The period from 1965 to 2000 was mainly dedicated to develop a local technology 
with little influence from external models.  In the case of cycloned sand dams, the barrier of 150 
m in height was surpassed in a seismic zone and served as a basis for the construction to greater 
heights (as it happened at the beginning of 2000).  Also in this period, the design of waste rock 
dams was advanced, introducing the construction of large dams with thick layers and 
compaction only provided by the transit of large mining trucks.  

3.2 Risk considerations on tailings management  

Environmental conditions particular to Chile include: climatic (extremely dry and wet in 
different zones); high seismicity (extreme events of great magnitude and dynamically active 
geomorphology); and variable topography (flat desert terrain and mountain ranges with steep 
topography).  These conditions result in a latent exposure to disasters due to natural hazards 
(earthquakes, tsunamis, floods, volcanic eruptions, etc.).  This background is important to the 
issue of safe tailings management and risk mitigation. 

Management of tailings in Chile during the twentieth century has been carried out under a 
reductionist approach to risk. There has been progress towards a holistic risk approach rather 
than taking what may be called an incipient approach.  That is why it is necessary to clarify the 
difference between environmental risk and potential risk threat as probability of occurrence of 
an unwanted phenomenon (the terms "hazard" and "risk").  This clarification represents an 
overcoming of overly reductionist ideas of risk in which the phenomenon in question is treated 
as if it were an objective property evaluated in probabilistic terms (Sauri, 1995).  The tailings 
management experience in Chile under foreign influence risk management simply based on 
probabilistic calculations did not take into account the multiplicity of factors involved in its 
gestation (environment preservation, society vulnerability, extreme earthquakes, floods, among 
others). 

Under a new approach, risk management under a holistic vision in both design and operation of 
tailings deposits, it is necessary to overcome the dichotomy "natural risk / technological risk" 
and a new concept such as "environmental risk" is proposed.  Environmental risks are defined as 
those (natural) geophysical extreme events and technological accidents characterized by the 
concentrated release of energy and matter that pose an indirect threat to human life and that can 
result in impact significant to people and the environment (Sauri, 1995). 

Finally the holistic approach to risk management in tailings acknowledges and agrees that 
technological risks are caused by major failures or malfunctions of human systems, but also 
often as system failures related to regulatory, economic rationality and social factors.  
Technology is not an autonomous force but is a form of social knowledge that depends on the 
distribution of responsibility and environmental planning between different social groups. 

3.3 Environmental considerations on tailings management  

In Chile, environmental awareness first arose in the 50s and did not reach satisfactory results 
until 1990; it was a slow process with much debate and conflict.  The environmental focus in the 
mining of the 90s involved the confluence of four forces: (i) the return of transnational mining 
companies (these companies that had come to Chile in the 80s incorporated environmental 
management as a key variable in the business, promoting a more sustainable industry); (ii) the 
internationalization of the economy (negotiated free trade agreements included commitments to 
approve environmental quality standards and promote the use of clean technologies to protect 
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the environment); (iii) public awareness about environmental issues (public participation in 
lawsuits as was the Chañaral tailings case, considering the participation of academic and 
scientific community in promoting public policies); and (iv) the country's democratization, 
where during the eighties the Chilean environmental movement was consolidated in the 90s 
achieving political consensus (Folchi, 2010). 

The decade of the 90s was a time of transition for Chile; this is also true in environmental 
matters. Between 1990 and 1999, the CONAMA (National Environmental Commission) was 
created, the Draft Law on Environmental Bases (1992) and Regulation System of Environmental 
Impact Assessment (1997) was prepared and some additional emission standards were 
developed (Folchi, 2010). This clearly marked a major milestone in the management and 
handling of tailings from the mining industry in Chile; the result was a constant process of 
improvement.  But debate is still brewing today, conversations continue regarding the viability 
of continuing with on land tailings disposal or explore submarine tailings disposal. 

With the arrival of the new millennium, water supplies became more critical for mining. In fact, 
all of the northern area in Chile is very arid and sources of water are scarce and mainly located 
in the Andes Mountains.  This limitation of water supply was a great promoter for exploration of 
new options and technologies to reduce the water losses in tailings management.  The thickening 
and paste technologies came from abroad and gained acceptance and quickly gained the 
approval from the authorities and community, which saw a beneficial combination to reduce the 
consumption of water and, in turn, to deposit tailings with lower moisture and therefore greater 
strength (contrary to conventional tailings).  Other technologies that point in the direction of 
reducing the consumption of water are the splitting of sands and slimes, and filtration of tailings. 
Currently there is a wide range of technological options to manage tailings -- the selection of the 
technology to be applied is done with a technical, economic, environmental, and risk analysis, 
which also incorporates the option of water supply from the sea.  This selection always 
considers an important level of thickening although not restricting it to the level of paste. 

4  CURRENT CHILEAN TAILINGS MANAGEMENT PRACTICES 

Currently, many major copper mining projects in extremely dry areas, as in northern of Chile, 
process sulfide ores at high production rates; in some cases over 100,000 tpd. The result is the 
generation of large amounts of tailings that are commonly managed and transported 
hydraulically using fresh water to tailings storage facilities (TSF). 

Considering the extremely dry climate, water scarcity, community demands, and environmental 
constraints in these desert areas, the efficient use of water in mining is being strongly enforced.  
For this reason, water supply is recognized as one of the limiting factors for the development of 
new mining projects and for the expansion of the existing ones in these areas.  New water 
supply alternatives such as seawater (desalinated or not) or water recovery from tailings, 
represent the strategy developed by the mining industry to deal with this growing scarcity 
(Cacciuttolo et al, 2015a). 

The transport and storage of tailings require environmental management.  This residue is 
generally managed and transported hydraulically using water -- this alternative is cheaper than 
bulk transportation by conveyor belts, trains or trucks.  For an environmentally friendly and 
sustainable practice, most of water used for tailings transportation should be recovered for reuse 
in the metallurgical process (Cacciuttolo et al., 2015a). 

Copper production is growing quickly in Chile, and part of the increasing water demand can be 
explained by the expansion of existing mines and new projects.  In addition, there is an 
important increase in mine production rates due to declining copper grades at existing mines. As 
copper grades decline, more ore needs to be processed in order to produce the same amount of 
copper.  The use of water is proportional to the amount of ore that is processed, so it follows that 
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more water is needed to produce the same amount of copper when grades decline. The 
exploitation of large ore deposits with decreasing grades has led to the need to use efficient, 
large equipment for the milling and processing of ore which enables higher production rates, 
which in turn implies an increased water demand for metallurgical process (Cacciuttolo et al, 
2015a). 

The application of tailings dewatering technologies for increasing tailings water recovery is a 
relevant step to reduce water losses (water from fresh or sea water supplies) caused by 
evaporation, infiltration and retention at interstitial voids on TSFs.  Figure 2 shows new designs 
and technologies applied in Chile in order to achieve an environmentally friendly tailings 
management focus on efficiency water use. 

 

Figure 2. Tailings Dewatering Technologies Applied in Chile (Cacciuttolo et al., 2014b). 

4.1 Water Recovery from Tailings with Conventional Technologies (WRCT) 

Currently, Chilean large scale mining in dry climate areas, typically utilize tailings disposal 
schemes that consist of conventional or slightly thickened tailings. Tailings solids weight 
concentrations between 48 and 52% are typical for these operations. Conventional TSFs have 
dams built of cycloned tailings sands (coarse fraction of tailings obtained by hydrocyclones), or 
have a slightly thickened tailings deposit with dams built of borrow material.  Conventional 
tailing dams have very variable water recoveries ranging from 0.36 to 0.70 m3/ton of tailings in 
well operated TSFs. Well operated TSFs are considered to have appropriate tailings distribution 
systems, good control of the pond (volume and location) and adequate seepage recovery.  In 
conventional dams, water decanting at the settling pond is recovered by floating pumps, or 
decant towers, and dam seepage is collected by a drainage system and cut-off trench systems.  
However, a high seasonal evaporation rate can substantially reduce water recovery from the 
pond area, and infiltration from that part of the pond in contact with natural soil can produce 
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water losses.  Examples of this technology are Las Tortolas, Candelaria, Laguna Seca, 
Quillayes, Talabre, and Pampa Pabellon tailings management history cases. 

 

 

 

4.2 Water Recovery from Tailings with Thickening Technologies (WRTT) 

Thickened Tailings Disposal (TTD) technology requires more field experience than 
conventional tailings disposal to evaluate its performance.  In the conventional approach, the 
properties of tailings are fixed by the concentrator plant, whereas in a TTD impoundment, the 
properties of the tailings and their placement are "engineered" to suit the topography of the 
disposal area.  The behavior of tailings in both approaches is entirely different. In conventional 
disposal, tailings segregate as they flow and settle out to a quite flat deposit (tailings beach slope 
< 0.5%), whereas in TTD technology a sloping surface is obtained.  The main difference is that 
in TTD technology tailings are thickened to over 60% before discharge with a homogeneous, 
heavy consistency that results in laminar non-segregating flow from discharge. In this way TTD 
produces water recovery as high as 0.40 – 0.60 m3/ton of tailings range and a self-supporting 
deposit with sloping sides, requiring small dams (Robinsky, 1999).  Examples of this technology 
are Cerro Negro Norte, Esperanza (Centinela), Sierra Gorda, Las Cenizas, and Delta TSFs. 

4.3 Water Recovery from Tailings with Filtering Technologies (WRFT) 

In the last 20 years, many mining projects around the world have applied a tailings disposal 
technology called filtered dry stacked tailings.  This technique produces an unsaturated cake that 
allows storing this material without the need to manage large slurry tailings ponds.  The 
application of this technology has accomplished: (i) an increase of water recovery from tailings 
by reducing water losses to 0.20 – 0.40 m3/ton of tailings range; (ii) reduction of TSF footprint 
(impacted areas); (iii) decrease in the risk of physical instability, as the TSF is a self-supporting 
structures due to compaction (such as dry stacks); and (iv) a better community perception.  The 
improvements of filtering technologies (pressure and vacuum filtering, and dewatering by 
vibrating screens) in recent years has allowed for improvements in operational reliability and the 
development of large capacity filters, reaching 50,000 tpd in some projects (Cacciuttolo et al, 
2014b).  Examples of this technology are La Coipa, El Peñon, El Indio, El Toqui and Mantos 
Blancos tailings management history cases. 

4.4 Water Recovery from Tailings with Hybrid Technologies (WRHT) 

The future trend in Chilean mining will be the complementary supply of seawater and fresh 
water, with the greater supply being from sea water.  Along with this, implementation of 
dewatering tailings technologies depending on the characteristics of the mineral (grain size, 
hardness, specific gravity, chemical composition of tailings, etc.), promote high water recovery 
from tailings by reducing water losses to 0.30 – 0.50 m3/ton of tailings range.  An alternative 
process to obtain filtered tailings consists of the recovery of the coarse fraction of tailings 
(cycloned tailings sand) through two cycloning stages followed by a drainage stage in 
dewatering vibratory screens to reduce tailings moisture and turn it into a paste easy to transport 
to the adjoining dumping facility (Cacciuttolo et al, 2014a). 
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Figure 2.  Hybrid Technology Applied in Chile – Mantos Blancos (Cacciuttolo et al., 2015c) 

4.4.1 Sand Slimes Splitting Technology 

Tailing slimes are very fine materials that retain much water once deposited.  This results in 
higher water losses because of entrapped water in the interstitial voids of the slimes. Also, the 
resulting tailings have a very low permeability of the order of K ~ 10-6 cm/s (Barrera, 1998).  To 
reduce water losses in slimes, it is possible and may be desirable to thicken the slimes before 
depositing them – this approach has become a very attractive method. Thickening of the slimes 
presents some critical issues regarding thickening performance depending on mineralogy of ore, 
and fines content of slimes (clay). Dewatering of tailings sand is much easier as it is a coarse 
material (total tailings coarse fraction) known to drain water once deposited.  The permeability 
of tailings sand is on the order of K ~ 10-4 to 10-3 cm/s (Barrera et al., 2011). 

If total tailings are classified with cyclones, and the sand slimes splitting ratio (sand/slimes) 
obtained is high, such 60/40, the global water recovery of water will be greater than the total 
tailings disposal without cyclone separation, because a larger amount of tailings sand will have 
low amount of fines, implying high tailings sand permeability, resulting in the increase of water 
recovery, supported by a robust drainage and seepage collection system. 

As mentioned above, individual technologies (including classification, transport and disposal of 
tailings, tailings sand and slimes) part of Sand Slime Splitting method, are well understood from 
operational point of view, associated to large tailings production rates, being proven in recent 
decades (Barrera et al., 2011). This is a good indicator, maybe a proof, of the technical 
feasibility and reliable performance of this method in combination mode (Barrera, 2009).  
Examples of this technology are Caserones and Mantos Blancos TSFs. 
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The following table shows Chilean experience on tailings management and water efficiency: 
Table 1. Tailings management methodologies and average water make-up (TSF water losses) 

Tailings 
Management 
Methodology 

Tailings Storage  

Facility Name 

TSF Disposal and Water Management Reference 

Production 
Rate (tpd) 

Solids Content 
Cw (%) 

Average 

Make-up 

(m3/ ton) 

 

WRCT Pampa Pabellón 120,000 52 (TT) 0.70 Wels et al. (2003) 

WRCT Talabre 160,000 55 (TT) 0.64 Wels et al. (2003) 

WRCT Quillayes 115,000 40 (SL) 0.35 Samad (2013)  

WRTT Esperanza  95,000 65 (TT) 0.50 Samad (2013) 

WRTT Cerro Negro Norte 20,000 65 (TT) 0.45 Pino (2013) 

WRCT Laguna Seca 240,000 50 (TT) 0.66 Chambers et al. (2003) 

WRCT Candelaria 75,000 52 (TT) 0.40 Wels et al. (2003) 

WRFT La Coipa 20,000 80 (TT) 0.22 Lara et al. (2012) 

WRFT Peñón 3,000 84 (TT) 0.25 Lara et al. (2012) 

WRHT Mantos Blancos 12,000 82 (SL & CS) 0.28 Lara et al. (2012) 

WRHT Caserones 90,000 60 (SL & CS) 0.37  Barrera (2009) 

WRTT Las Cenizas 2,500 65 (TT) 0.39 Flores (2011) 

WRTT Delta 2,000 60 (TT) 0.48 Diez (2011) 

Note: The following terms mean: 

TT: Total Tailings, SL: Slimes (fine fraction of total tailings) and CS: Cycloned Sand (coarse fraction of total tailings). 

5 LESSONS LEARNT THAT MAY GUIDE OTHERS 

More efficient and economical tailings preparation and disposal techniques are being introduced 
at Chilean mine sites. Some of these systems achieve greater efficiency and economy by 
removing excess water from the tailings at the processing plant before transport.  This 
maximizes the recovery of water and process chemicals for re-use and minimizes the discharge 
of contaminants, thereby reducing the risk of seepage or release to surface waters. 

It is important to mention the following tailings management practices that have been developed 
in Chile: 

 Feasibility of building cycloned tailings sand dams using appropriate technology. 

 Tailings management integrated with waste rock management (ensuring that co disposal of 
tailings and waste rock is not generating acid mine drainage). 

 Implementation of tailings disposal technologies to reduce water losses. 

 Integrated approach to site selection and technology (considering technical, economic, 
environmental and risk issues). 

 Use of seawater for tailings transportation (in dry climates with freshwater shortages). 
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 Application of highly thickened tailings technology. 

The traditional design approach is based on a design life for the facility and long-term physical 
stability, together with a design “factor of safety”.  While the design life of a tailings storage 
facility can be reasonably well defined, its design life after closure is more contentious, with the 
implications that this is in perpetuity.  The use of a design factor of safety implies that providing 
this is achieved, uncertainties can be ignored. The high level of uncertainty that is often 
associated with TSFs requires a high factor of safety to ensure an acceptably low probability of 
failure. This approach can lead to an inefficient design on large time scale (DITR, 2007).  

On the other hand, tailings management considering a future view based on the principles of 
sustainable development and with a compelling business approach, needs to focus on driving the 
design, operation, closure and rehabilitation of tailings storage facilities towards: 

 Filtering, thickened and paste tailings disposal, to reduce water use and seepage, and to 
produce a more stable tailings deposit in the long-term;  

 Implementation of tailings management strategies and technologies that provides physical, 
chemical and hydrological stability of TSFs for the operation, closure and post closure 
stages, considering not only technical, economic and risk aspects but also 
environmental, social and health issues;   

 Tailings landforms aligned with natural landscapes and community expectations;  

 Reduction of tailings volume production, recycling and reuse (metallurgical tech 
advances); 

 The precautionary approach with more rigorous studies (baseline with adequate time-space 
scale) and relevant ecosystem impact assessment when considering proposals for Deep 
Sea Tailings Disposal (DSTP); 

 Adequate use of territory, carry out a strategic environmental territory planning which 
includes: social, economic, and a long term politics; 

 Independent Tailings Review Boards those are active during operation, closure and post 
closure. 

 

The principles of leading practice tailings management are underpinned by a risk-based 
approach to planning, design, construction, operation, closure and rehabilitation of tailings 
storage facilities.  In taking this approach, plans need to be tailored to manage a tailings storage 
facility effectively over its full life, with sufficient detail to manage the potential risks within 
acceptable limits. A risk-based design approach provides a framework for managing the 
uncertainty and change associated with tailings storage facilities and has a number of benefits 
(DITR, 2007), including:  

 Improved quantification of the magnitude and costs of exposure to hazard; 

 Provision of a defensible argument for the adoption of the optimum strategies;  

 Identification and elimination of low risk hazards; 

 Highlighted significant risks that need to be reduced by appropriate treatment measures. 

The attractiveness of reducing the costs of tailings management in the short-term must be 
carefully weighed against the possibility of increasing environmental and social costs at closure 
and beyond. This requires a robust and flexible risk-assessment model and associated cost-
effectiveness analysis to aid the decision-making process throughout the mine life cycle (DITR, 
2007).  Public health and safety risks and broad social and environmental impacts need to be 
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considered, including situations where contaminants could be released to the environment over 
the long-term. 

6 OPPORTUNITIES FOR IMPROVEMENT IN CHILE AND WORLDWIDE 

There are many challenges that must be overcome in Chile and worldwide to achieve a safe 
tailings management state-of-the-art outcome.  Traditional tailings disposal methods create 
environmental problems as they can: (i) take up large surface areas;  (ii) be highly visible; (iii) 
entrain and possibly store large volumes of water; (iv) seep unwanted water into the ground; (v) 
release TSF drainage into surface streams; and (vi) cause dust problems.  

Avoiding these issues, and their associated risks, requires a commitment to rigorous planning 
and application of leading practices over the full mine life cycle.  Such outcomes also require 
foresight and recognition that tailings facilities can incur environmental and social costs in the 
long-term if leading practice principles are not heeded.  TSFs must meet operator, public health 
and safety, community, and environmental protection objectives.  These objectives can only be 
met if TSFs are designed, operated, closed and rehabilitated to a level of risk that is acceptable 
to stakeholders for the full operating life of the facility and beyond.  A systematic approach to 
effective tailings management is therefore advocated.  Management strategies need to be risk-
based and account for the viewpoints and expectations of the communities in which companies 
operate (DITR, 2007).  The main tailings-related risks to people and the environment can be 
characterized for the operational and closure phases. The principal objective of a TSF is for 
tailings solids and any stored water to remain contained.  

The risk-based approach applied to tailings management must have sufficient flexibility to allow 
changing circumstances to be managed.  These changes could involve routine and anticipated 
TSF raises, unforeseen expansions, or bringing on-line completely new facilities and/or new 
disposal methodologies (DITR, 2007).  

The definition of value according to the theory of value is: any action or proceeding to be 
conducted that leads to realize a certain goal.  Under this view and having defined a spatial-
temporal scale, the evolution of tailings management in Chile during the twentieth century has 
made progress on technical and economic aspects, with recent significant environmental 
progress over the past two decades.  This undoubtedly is valuable, and efforts are recognized for 
managing tailings controlled and physically stable.  They are still pending issues in the pursuit 
of an integrated or holistic management of tailings management, which requires an 
interdisciplinary approach involving professionals who can support the physical, geochemical 
and hydrological stability of tailings deposits, with measures and techniques for the stages of 
design, operation and closure.  Hard work and dedication has been carried out in technical, 
economic, risk, environmental and social studies, showing that this has led to better decisions 
recently, which reduce the negative environmental impact, allowing anticipating potential 
damage and to mitigate or eliminate adverse effects. 

For this reason, it is important to perform further studies for unknown natural sites, such as the 
bottom of the ocean, and so have enough information to make responsible decisions and long 
term vision. Impacts and adverse effects on the human population and the environment, still not 
fully understood and internalized are reflected in the case of Chañaral described above.  Thus it 
seems unreasonable to make a decision to place the tailings in the ocean without knowing for 
certain the consequences or effects.  An important and not lesser aspect is also respect of the 
agreements signed by Chile regarding the handling of waste in the ocean protocols - Protocol 
and London Convention (IMO, 1996), which were backed by national authorities at 
international meetings looking for a friendly management of wastes in the ocean.  Chilean 
experiences described in this article represent a contribution, which must be considered for 
regulators to use a precautionary approach, more rigorous and relevant socio-environmental 
assessment when considering they are faced with considering proposals for DSTP in waters of 
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their jurisdiction.  Considering this, a decision with socio-environmental approach must be taken 
by the authority in order to permits with clear restrictions/limitations or banned DSTP technique 
in Chile. 

It is important to develop and implement a closure and post-closure plan that provides physical, 
chemical and hydrological stability.  An interdisciplinary dam safety review of abandoned 
tailings dams should be urgently carried out and physical-hydrological-geochemical 
stabilization solutions should be implemented to prevent potential future tailings collapses and 
deaths from these facilities.  This requires Independent Tailings Review Boards, periodic 
inspection, monitoring plans, and on land planning of the tailings deposits during operation and 
after closing, in order to control the behavior of the tailings over time, to protect the 
environment, people’s health, and wellness of cultures’ livelihood (Cacciuttolo & Tabra, 
2015b). 

7 CONCLUSION 

This paper has surveyed the history of tailings management in Chile.  This is a story of over one 
hundred years as the profession advanced from simple methods through failures, reform, 
adoption of improved approaches, and ultimately the implementation of the newest and best 
procedures.  The ability of Chile to now construct high tailings facilities that resist earthquakes, 
require less water use, and are better integrated with the environment is a testament to Chile’s 
professionals, its politicians and regulators, and its public.  

Chilean tailings practice has never stood still.  It has been fast to adopt better practices from 
abroad, it has been fast to learn from failures.  It has been quick to innovate and use better 
methods.  Its public and regulators have been proactive and positive in banning unsuitable 
approaches, passing appropriate laws, and implementing reasonable regulations that have both 
prompted the mining industry to innovate and that have led to protection of the environment. 

The story told in this paper attests to the fact that an environmental mining focus can result in 
responsible mining.  A society and new generation of critic professionals that are dynamic and 
open to change can advance and can continue to the benefit of society and road to a sustainable 
mining.  A philosophy of continuous learning, of adaptation of the best practice wherever it 
originates, and a boldness to act are the hallmarks of Chilean tailings practice.  We submit that 
the story of tailings management in Chile holds lessons for other places.  For there is no doubt 
that Chilean practicioners have experience to share on tailings management, but there are still 
pending social and environmental issues, and lack of development of TSFs closure. Chilean 
tailings management practices will continue to evolve, the world will continue to contribute and 
continue to be able to learn from what is done there.   
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International tailings failures and best available technology 
Jeremy Boswell and John Sobkowicz 
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ABSTRACT 

Recent events in western Canada within the last year have focused our attention as geotechnical 
engineers within the mining industry:  

 A plunging oil price against a backdrop of already depressed mining commodity
prices has applied pressure to the process of tailings and geotechnical design. 

 We witnessed one of the largest tailings failures worldwide ever (in terms of volume),
after which the Expert Panel who were appointed to investigate the failure 
concluded that the “dominant contribution to the failure resides in the design.” 

This is perhaps an important time for us to pause and reflect on our work in tailings engineering, 
with a somewhat broader international perspective, and to ponder a few questions: 

1. What were some of the salient tailings failures around the world over the past 50
years? 

2. What are the leading mechanisms of failure for tailings facilities?

3. In response to the call for the adoption of Best Available Technology, how do we
define Best Available Technology (BAT) for the tailings industry? 

4. What foundational principles might point us to BAT?

5. What tailings technologies should we be considering more closely, and how could
these technologies be applied to reduce our exposure to risk? 

6. What changes could be made to introduce and advance best available technology in
all aspects of tailings engineering?  

In this paper the authors offer their insights in reply to the questions posed above. 

Keywords: Risk, geotechnical, mechanisms, principles, design, regulation 

1 INTRODUCTION 

For those of us who have worked in the tailings industry for some time, it is disturbing to note 
history repeating itself. Catastrophic flow failures appear to follow one another around the 
world. Every year, there is a tailings failure somewhere. Every decade, there is loss of life. The 
situation just repeats itself - the community outrage, the environmental devastation, the media 
outcry, the tumbling of share prices, the legal investigations, the tightening of regulations, the 
publishing of technical papers and the distillation of the likely causes. Until a generation has 
passed. Then it all happens once again. 

Are we missing something? Are we condemned to merely watch history repeat itself, despite our 
best efforts as engineers? Why does our increasing knowledge, wealth of experience and 
advancing technology not equip us better to avoid these catastrophes? Is there a pattern? Could 
we make drastic changes to the way in which mining waste is managed such that a repetition of 
failure is avoided completely? What could we do? 

In this paper the authors have selected a number of high profile international failures worldwide 
for consideration, as background. They summarize the primary mechanisms of failure as 
reported by many authors, and then consider the concepts of best available practice, and best 
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available technology. They suggest a number of key principles which are foundational in the 
journey towards best available technology, and make a number of recommendations. 

2 SALIENT TAILINGS FAILURES OVER THE PAST 50 YEARS 

The list of failures described in brief below was selected for one or more reasons listed below: 

 Severity of consequences, including loss of life and environmental damage. 

 High profile and visibility. 

 Ground-breaking contribution potential for avoiding future failure. 

2.1 El Cobre, Chile, 1965 

On the 28th of March 1965, an earthquake of magnitude 7.5 on the Richter scale caused the 
failure of two copper tailings dams built by the upstream method in El Cobre, Chile. A total of 
2.4 million cubic metres traveled up to 12 km downstream, destroying the mining camp of El 
Cobre and causing over 300 fatalities. Of the two dams which failed, one dated back to 
construction in 1930, and was lying dormant. The second dam had been commenced in 1963 
(Cabrera, 2011). The epicentre of the earthquake was 60km from the tailings failure site. 

The sketch below from Blight & Fourie (2003) shows a pre-failure embankment slope angle of 
22 degrees flattened to no more than 3.5 degrees post failure on the El Cobre old dam. The 
natural ground slope was only 3 degrees.  

 

Figure 1. Pre-and post- failure profiles of EI Cobre old dam (from Blight & Fourie [2003]) 

As a result of the El Cobre failure, in 1970 the Chilean authorities intervened by issuing a decree 
(Decree No. 86) which imposed far reaching effects on Chilean tailings practice. Among the 
many changes were abolition of the upstream construction method for tailings dams, and 
requirements to apply the laws of soil mechanics to tailings dam construction (Cabrera, 2011). 

2.2 Stava, Italy, 1985 

On July 19th, 1985 the upper compartment of a fluorite tailings facility in the Stava Valley, Italy, 
operated by Prealpi Mineraia failed onto the lower compartment, which, too, collapsed, as 
reported by Tosatti (2003). The liquefied tailings moved downhill at a velocity approaching 90 
km/h, causing many fatalities and destroying trees, buildings and everything in its path, until it 
reached the Avisio River. Few of those hit by this wave of destruction survived. Along its path, 
the flow failure tragically took the lives of 268 people and completely destroyed 3 hotels, 53 
homes, 6 industrial buildings and 8 bridges. Approximately 180,000 cubic metres of material 
poured out of the dams. A further 40,000 to 50,000 cubic metres of the flow failure was 
generated from erosion, buildings demolished by the flow and hundreds of uprooted trees. The 
July 19th 1985 disaster in the Stava valley was the most tragic of its kind. With its toll of 268 
lives lost and 155 million Euros in damage, it was one of the worst tailings failures in history. 

The ministerial Commission of Inquiry and the experts appointed by the Law Court of Trento 
ascertained that "the settlement system as a whole constituted a continuous threat looming over 
the valley. The system collapsed because it was designed, built and managed in such a way as 
not to provide the security margins that society expects of constructions liable to threaten the 
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existence of entire communities. The upper bank was bound to collapse as a result of the 
slightest alteration to its precarious balance". 

 

Figure 2. Aerial view of the dams at Stava before failure (ref Foundation Stava 1985’ 
http://www.stava1985.it/) 

According to the subsequent inquiries, the collapse was caused by the chronic instability of the 
dams, especially in the upper one, which were below the minimum factor of safety required to 
avoid collapses. The upper basin measured 34 metres in height and was built at an angle of 40 
degrees as an upstream tailings dam, on natural ground whose slope was approximately 25 
percent. 

The Commission further found “the decision to enlarge the bank according to the upstream 
method, which was the quickest and most inexpensive, but also the most dangerous”. 

The subsequent trial ended in June 1992 when 10 people were convicted of “multiple 
manslaughter and culpable catastrophe”, and the parties involved were found liable to liquidate 
the damages, including the mine owners and autonomous province of Trento.  

Tosatti (2003) reported further: “Besides the actions and omissions considered relevant from a 
criminal point of view, the Stava Valley disaster was also caused by behaviour transcending the 
legal dimension. For instance, there were decisions by the licensed companies and public bodies 
entrusted with safeguarding the territory and the safety of the people which favoured economic 
profits instead.” 

No more than 20 years after the failure at El Cobre, another catastrophic failure had claimed 
hundreds of lives. One of the primary contributors to the failure was the continued reliance on 
the upstream construction method. Except this time, not even an earthquake was required to 
trigger the failure. 

2.3 Merriespruit, South Africa, 1994 

On the night of 22 February 1994 a 31 m high tailings dam upslope of Merriespruit, a suburb of 
the town Virginia, failed with disastrous consequences (Wagener et al, 1997). The dam failed a 
few hours after 30 to 50 mm of rain fell in approximately 30 minutes during a late afternoon 
thunderstorm. The failure resulted in some 600 000 m3 of liquid tailings flowing through the 
town, taking the lives of 17 people and causing wide-spread devastation of property and 
environmental damage. 

Static liquefaction during undrained loading of the Merriespruit tailings contributed 
substantially to the catastrophic flow slide that occurred in February 1994 (Fourie et al, 2001). 
Why previous incidents of slope failure or overtopping of gold tailings dams in South Africa did 
not also result in catastrophic flow-slide failures was that much of the Merriespruit tailings were 
in an intrinsically unstable state in situ prior to the failure. The underlying cause was the same 
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reason that the failure was triggered: poor management of the tailings impoundment and 
particularly poor control of the tailings pond. 

The Merriespruit disaster provided an impetus for both the South African mining industry and 
the state to take a more responsible and serious approach to disposal of tailings (Wagener et al, 
1997). A fundamental re-assessment of the philosophies for design, management and operation 
of tailings dams was initiated in South Africa. The mining industry began to carry out 
independent self-audits, viewing tailings dams and associated problems far more seriously than 
in the past. In 1995, work started to draft an obligatory Code of Practice for the design, 
operation management, rehabilitation and closure of tailings dams.  It was published in 1998 as 
SABS 0286: Code of practice for mine residue. 

 

Figure 3. Merriespruit tailings failure (www.infomine.com)                   

 
 

Figure 4. Merriespruit progression of failure (Blight & Fourie, 2000) 

In comparison with other catastrophic tailings failures, the tailings volume released at 
Merriespruit was relatively small (600 000 m3). However, there were many grievous human 
errors that contributed further to the severity and consequences of the failure: 

 The design decision to locate the recycle water dam upstream of the tailings facility, 
thus disallowing the gravity flow of supernatant and precipitation from the 
impoundment to the recycle water dam. 

 The planning decision to allow the construction of a mine village immediately 
downstream of the tailings facility in the early planning stages of the mine. 

 The operational decision to combine the upper and lower compartments of the facility 
years before the failure, by accelerating the rate of rise of the lower compartment. 
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This contributed to the poor state of consolidation of the tailings in the vicinity of 
the failure. 

 Allowance of “emergency” discharge from time to time from a bypass tailings 
delivery line into the impoundment without commensurate management of the 
inactive compartment. 

 Attempts at junior operator level to solve the growing problem without 
communicating with management, about deteriorating pond location, slope stability 
and seepage, which actions could have mobilized timely interventions. 

 The emergency decision in the evening of February 22nd to not evacuate the village 
once awareness of the incipient overtopping failure was raised. 

 In the face of a low commodity price, decisions to cut expenditure on operations, 
surveillance and review functions designed to assure dam safety. 

2.4 Los Frailes 1998 

On 25 April 1998, a holding dam burst at the Los Frailes mine, near Aznalcóllar, Seville 
Province, releasing over 5 million cubic metres of mine tailings (Wikipedia 2015b). The acidic 
tailings, which contained dangerous levels of several heavy metals, quickly reached the nearby 
River Agrio, and then flowed into the River Guadiamar, travelling about 40 km along these 
waterways. The Guadiamar is the main water source for the Doñana National Park, a UNESCO 
World Heritage Site and one of the largest national parks in Europe. The cleanup operation took 
three years, at an estimated cost of €240 million.  

Jon Engels in the Tailings Info website (http://www.tailings.info/casestudies/losfrailes.htm) 
reports as follows on the cause – a foundation failure: 

The 25-m-high dam rested on roughly 4 m of river-terrace alluvium underlain by 70 m of blue 
marl. At a depth of approximately 10 m into the marl, overstressing of the marl beyond its peak 
strength by construction-induced pore pressures allowed the dam, alluvium, and shallow marl to 
slide along a near-horizontal bedding plane to the east (Eptisa, 1998). This resulted in 
liquefaction of the pyrite tailings, which in turn increased the loading on the dam as the 
foundation resistance was decreasing. These processes accounted for the 60 m horizontal 
displacement of the dam, which is considered unusually high. Other factors like earthquakes, 
blasting, acidic drainage, and seepage of groundwater were ruled out as contributors to the dam 
failure. 

 

 

Figure 5. Los Frailes tailings failure (Ref http://en.wikipedia.org/wiki/Dam_failure) 
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The failure provoked unprecedented public outrage and international media coverage of the 
widespread environmental devastation. Recent media reports in 2015 continued to bemoan the 
failure to completely restore the damage to the ecological environment. 

3 PRIMARY MECHANISMS OF FAILURE 

3.1 Deficiencies in failure reporting 

The number of tailings failures worldwide is substantially underreported. One could ponder the 
reasons. These might include an aversion to the obvious risks: litigation, reputational harm, 
commercial and criminal liability and business risk. One challenge might be in definition. What 
exactly constitutes a tailings failure? Most failures are not the result of a single cause. There are 
many different interpretations of what the causes or mechanisms were for an individual failure. 
Hindsight may be useful, but it is not an exact science. There are many papers claiming to 
summarize all tailings failures. According to Boswell (2015) all are incomplete, and should be 
read with caution. Most lists of tailings failures may be examined while asking the question: 
Which known failures have been omitted, and why?  

There are many website lists. Some of the more useful links include: 

 http://www.tailings.info/casestudies 

 http://www.infomine.com/library/publications/docs/ 

 http://www.wise-uranium.org 

 http://en.wikipedia.org/wiki/Dam_failure 

Let us consider a few papers: 

Rico et al, (2007) review European tailings incidents and place them in a worldwide context. 
They include considerations of country of location, dam height and causes of failure. 

Azam & Li (2010) review causes of failure over the past 100 years, showing a peak in failures in 
the decades of the 60s, 70s and 80s. 

USCOLD (1994) analysed tailings failures across the world and provided a quite reliable 
summary, at the time. 

3.2 Mechanisms of failure 

Blight and Fourie (2003) considered many of the published papers at the time and concluded 
that: 

Of the known causes of failures or breaches, the most likely to occur, in order, were: 

 Slope instability  

 Earthquake  

 Overtopping 

 Foundation and seepage failures 

 Structural failures, which included foundation shear, piping failure or piping through 
the dam wall, inward collapse of a decant tower or decant outfall. 

However, interestingly, in reviewing the failures at Bafokeng, Saaiplaas and Merriespruit, 
Blight (2000) pointed out that these failures were not the sole result of unknown geotechnical 
factors or design faults (as listed above).  All three were largely the result of poor operation, 
lack of proper management and cost saving pressures applied by the mines involved to the 
contractor operating the tailings impoundments.  The fact that the same contractor was involved 
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in all three of the quoted failures, points up Winston Churchill's observation that all we learn 
from history is that we do not learn from history. Something more, something better, needs to be 
done to avoid repetition of failure. 

4 BEST AVAILABLE TECHNOLOGY: DEFINITION FOR TAILINGS 

4.1 An environmental term borrowed 

As far as can be established, the origin of the term best available technology (BAT) can be 
traced to the environmental industry. Best available technology (or just BAT, Wikipedia, 2015a) 
is a term applied with regulations on limiting pollutant discharges with regard to the abatement 
strategy. Similar terms are best available techniques, best practicable means or best practicable 
environmental option. The term constitutes a moving target on practices, since developing 
societal values and advancing techniques may change what is currently regarded as "reasonably 
achievable", "best practicable" and "best available". 

A literal understanding will connect it with a "spare no expense" doctrine which prescribes the 
acquisition of the best state of the art technology available, without regard for traditional cost-
benefit analysis. In practical use, the cost aspect is also taken into account. 

4.2 Best Applicable Practice or Best Available Technology 

Before considering best available technology (BAT), it is perhaps worthwhile to first consider 
what BAT is not. In this paper, it is suggested that many interventions, strategies, programs and 
ideas are not actually BAT at all, but are rather better defined as Best Applicable Practice, or 
BAP. 

Risk or hazard may be defined as the product of probability of failure (or likelihood) and the 
consequence of failure (or severity). What is needed in the tailings industry is a reduction in 
both the probability and the consequence of failure. It is suggested that, in broad terms, BAP is 
best focused on the probability of failure, while BAT may be substantially more effective in 
reducing the consequences of failure 

Table 1 below, contextualizes some well-known concepts into the debate regarding BAT: 
Table 1. BAP vs. BAT 

  Best Applicable Practice   Best Available Technology 

        

  "Doing things right"   "Doing right things" 

  Focus on reducing probability   Focus on reducing consequences 

        

  
 

    

  Management and Engineering Practices   In-Pit disposal 

  Planning and Design   Elimination of water 

  Construction   Limitation of pond size 

  Operations and Surveillance   Limitation of dam heights and volumes 

  Independent review   Deposition methods 

  Guidelines and protocols   Chemical technologies 

  Regulations and administration   Bright light technologies 

  
Safety, Health, Environment, Quality, 
Risk   

Not building dams with imponderable 
risk 

        

 
4.3 BAT in the Mount Polley Report 

 
63



It is perhaps pertinent to consider the content, conclusions and recommendations in the Mount 
Polley Report of January 30, 2015.  The Expert Review Panel examined the historical risk 
profile of other tailings dams in BC and concluded that to avoid risk in the future requires the 
adoption of Best Applicable Practices (BAP) and the migration to Best Available Technology 
(BAT). Examples of Best Available Practices call for improvements of corporate design 
responsibilities, and adoption of independent tailings dam review boards. Examples of Best 
Available Technology include filtered, unsaturated, compacted tailings and a reduction in the 
use of water covers in a closure setting. 

The Panel made seven recommendations (of which owing to interests of brevity and relevance 
to this paper only the first four are repeated below) to improve practice and reduce the potential 
for future failures. Recognizing that the path to zero failures involves a combination of best 
available technology (BAT) and best applicable practices (BAP), the Panel recommended the 
following (inter alia): 

1. To implement BAT using a phased approach: 

a. For existing tailings impoundments. Rely on best practices for the remaining 
active life. 

b. For new tailings facilities. BAT should be actively encouraged for new 
tailings facilities at existing and proposed mines. 

c. For closure. BAT principles should be applied to closure of active 
impoundments so that they are progressively removed from the inventory 
by attrition. 

2. To improve corporate governance: 

Corporations proposing to operate a tailings storage facility (TSF) should be required 
to be a member of the Mining Association of Canada (MAC) or be obliged to commit 
to an equivalent program for tailings management, including the audit function. 

3. To expand corporate design commitments: 

Future permit applications for a new TSF should be based on a bankable feasibility 
that would have considered all technical, environmental, social and economic aspects 
of the project in sufficient detail to support an investment decision, which might have 
an accuracy of +/- 10-15%. More explicitly it should contain the following: 

a. A detailed evaluation of all potential failure modes and a management scheme 
for all residual risk. 

b. Detailed cost/benefit analyses of BAT tailings and closure options so that 
economic effects can be understood, recognizing that the results of the 
cost/benefit analyses should not supersede BAT safety considerations. 

c. A detailed declaration of Quantitative Performance Objectives (QPOs). 

4. To enhance validation of safety and regulation of all phases of a TSF: 

Increase utilization of Independent Tailings Review Boards. 

The full Final Report, Appendices, and Supporting Information can be found at 
https://www.mountpolleyreviewpanel.ca/final-report. 

4.4 Specific for purpose 

One of the authors of this paper canvassed recent opinion in the international tailings industry 
(Anderson, 2015, Gowan, 2015, Hyndman, 2015, Johndrow, 2015, Cooper, 2015 and Wates, 
2015), and concluded that for BAT to be most effective, it should: 
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 Be fit for purpose. (This was an almost unanimously held view). 

 Take account of the site conditions - climate, geology and terrain. 

 Consider the receiving environment (environmental, social and economic impact). 

 Target in-pit disposal wherever possible. 

 Avoid the storage of water in tailings dams. 

 Recognize that cost is a significant factor. 

5 BAT: FOUNDATIONAL PRINCIPLES FOR TAILINGS 

5.1 Introduction 

The Mount Polley expert panel report gave one example of BAT as applied to tailings 
structures, but the panel did not intend to suggest there was only one preferred BAT or to 
advocate filtered, unsaturated, compacted tailings in preference to other possible BATs.  In the 
authors’ opinion, there are a number of potential BATs that should be considered and used as 
applicable to each site, depending on site conditions and type of tailings.  These are listed as 
general principles below and discussed in greater detail in the following sections. 

1. Reduce or, if possible, eliminate water from the tailings prior to or during disposal. 

2. Avoid storage of water within tailings facilities. 

3. Minimize pond size / optimize pond location. 

4. Avoid inherent failure modes. 

5. Design for / use inherently stable structures and/or enhance the stability of structures. 

6. Deposit stabilized tailings. 

7. Reduce risk by compartmentalization. 

8. Avoid the risk of cascading failures. 

9. Pursue in-pit or underground disposal. 

10. Approach very high or extreme consequence/risk with extreme caution. 

5.2 Reduce or eliminate water from the tailings prior to or during deposition 

Since the largest impact on the consequences of a tailings dam failure is the fluidity of the pond 
contents, it makes sense, to the extent possible, to remove water from the tailings prior to or 
during deposition.  While filtered tailings, as recommended by the Mount Polley expert panel, is 
one example, there are other potential technologies (filtering is included in this list for 
completeness): 

1. Filtered tailings – in addition to traditional filtering methods, such as a filter press, 
interesting progress is being made with in-line filtration methods (that is, filtration 
through the conveyance pipeline wall just prior to discharge / deposition; Zhang et 
al, 2009). 

2. Traditional (in-tank) or in-line flocculation to increase the solids content and the 
strength of the tailings (which may necessitate the move to positive displacement 
rather than centrifugal pumping, or even to belt or truck conveyance; 
Jeeravipoolvarn et al, 2009). 

3. Compaction of tailings during or after placement (e.g., “track-packing” of cells and 
beaches) to improve density and reduce liquefaction potential. 

 
65



4. Use of additives to reduce fluidity and improve strength after deposition – one 
interesting technology that falls into this category, which has been investigated for 
oil sand tailings, is the Soane ATA process (Moore et al, 2014). 

The list of available treatment technologies for reducing or eliminating water from tailings is 
long, as was discovered during a “tailings technology roadmap” exercise in the oil sand industry 
(Sobkowicz, 2012).  Some of the technologies are proven in a mining or wastewater treatment 
setting, but many are unproven and still in a research or development phase.  The difficulties 
associated with bringing evolving technologies to fruition are discussed in Sobkowicz (2013) 
and in Sobkowicz, Boswell and Gidley (2014). 

Removal of water from tailings is of course a noble idea, but can be extremely difficult 
especially in the presence of high clay content (oil sands and diamond fine tailings). 

5.3 Avoid the storage of water within tailings facilities 

There is no doubt that the consequence of the Mount Polley failure was exacerbated by the 
amount of water being stored in the tailings pond.  Closely tied to the previous point, to avoid a 
failure resulting in a destructive outflow, the design should provide for holding a minimum 
amount of water on the deposit and the facility, and for rapid drainage of rainfall and run-on 
water during and after a storm (Blight and Fourie, 2003).  The extent to which this can be 
accomplished depends in part on the type of tailings pond (closed perimeter, or side hill / open 
sided) and the efforts made, in the latter case, to direct surface water flows away from the pond. 

In many facilities, there is a need for re-cycle water, which is returned to the plant for reuse in 
the extraction process.  Re-cycle water ponds often have extended lives, operating for decades.  
In keeping with the principle espoused in this section, it is desirable to design re-cycle water 
ponds that are separate from tailings storage facilities, in which the dams are designed to water 
dam standards.  Water accumulating in tailings facilities should be transferred to the re-cycle 
water pond as quickly as possible. 

Another important issue in this category is the accumulation of water within a mine over time – 
the so-called water inventory.  If this is allowed to happen (for whatever reason – regulatory, 
cost, by choice, etc.), the ability to find “safe” storage locations will decrease with time and the 
likelihood of a Mount Polley-type failure consequence will increase.  Alternatives to storing 
water should be found early in the mine life.  The wastewaters associated with the mining 
process (or with collection of surface water or groundwater from the mine) will likely need 
some treatment before they are suitable for discharge to the surface environment or to deep 
aquifers, for re-use in the mine, or for use in adjacent industrial facilities.  Both the treatment of 
wastewater and the method of discharge / disposal will benefit from the use of BAT, e.g., the 
latest technologies for de-salinization or the removal of harmful organic chemicals, and 
similarly to the geotechnical world, use of the latest technologies for monitoring the impact of 
wastewater disposal (on both surface water and ground water). 

5.4 Minimize pond size / optimize pond location 

The consequence of run-out of fluid tailings or water if there is a dam failure (all other things 
being equal) can be reduced by: 

1. Keeping the size of any pond with fluid content as small as possible – this could 
apply to pond area and volume and/or to dam height above surrounding natural 
ground. 

2. Locating any pond with fluid content below ground (i.e., in-pit) or in locations where 
dam failure consequences would be mitigated by the surrounding ground (e.g., no 
adjacent or nearby streams or lakes), structures, or land use restrictions (e.g., no 
inherent threat to life, environment, infrastructure, etc.). 
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There is often a temptation, in open cast mining operations, to minimize mining costs by placing 
solid waste in-pit, which is a short haul for the mine trucks.  However, this cost saving must be 
balanced against the very real needs of tailings disposal, wherein some in-pit space must be 
preserved for deposits that will either in the short or long term be weaker and more prone to 
causing damage if located in out-of-pit, above natural ground ponds.  The needs of safety must 
be respected.  Judicious placement of solid waste in out of pit dumps may also act to mitigate 
some potential dam failure modes, as discussed in item 2 above. 

Often not recognized as a failure mode is the poor performance of liquid or very weak deposits 
in a closure landscape – problems such as flow out or excessive settlement of unconsolidated 
materials decades after the end of mining.  While minimizing pond size and optimal siting 
(during mining) can help to mitigate these long-term problems, more specific technologies to 
allow early capping, increase consolidation rate or stabilize deposits are also helpful.  Closure 
costs can be astonishingly high when implementing BATs to mitigate these issues. 

The following discussion, taken from Blight and Fourie (2003), only serves to emphasize the 
many mistakes that have been made in the past regarding locating or “siting” tailings ponds: 

“Many waste deposits whether of hydraulic fill tailings, ‘dry’ mine waste or municipal solid 
waste are sited in positions that invite the occurrence of disasters.  Examples are the Jupille, 
Aberfan and Quintette Marmot waste dumps, and the El Cobre, Mochikoshi, Stava and 
Merriespruit tailings impoundments, all of which were sited on hillsides or hill crests above 
villages; the Bafokeng tailings impoundment, sited 200m from an unprotected mine shaft; and 
the Istanbul municipal solid waste dump sited on the crest of a very steep slope.  These are 
obviously unacceptable sites for structures of this type.  In all likelihood, most of these sites 
were chosen for reasons of cost saving, or to use land that was regarded as waste land, 
unsuitable for any other use. 

Examples of "waste land" that is still often used for waste disposal, but should never be so used 
are: 

1. Steep hillsides or the crests of hills above steep hillsides. 

2. Water-logged swampy areas, or areas crossed by streams. 

3. Areas below the 500 year flood level. 

4. Under-mined areas. 

5. Areas crossed by usually dry valleys that could convey raging torrents in 
exceptionally wet weather. 

Side-hill dumps are often opted for because the top of a ridge may be easily accessible, and 
dumping can proceed by building out a horizontal platform using edge-tipping with gravity to 
transport the waste down the hill, over the "wasteland".  This was the reason for the choice of 
the Istanbul site and several others like it, as well as the Quintette Marmot site.  The Durban 
Bulbul landfill was sited in a steep-sided valley. This caused seepage from the hillside to be 
directed towards the waste body in addition to providing a steep base for the landfill to rest on. 

Siting of waste deposits in swampy areas has been the root cause of many failures (e.g. Blight 
1997).  In 1970 a tailings dam collapsed into underground workings in Zambia, trapping and 
killing 89 miners in the workings, and this was also the cause of the failure at Inez, Kentucky in 
2000.  The Bafokeng tailings dam was sited with one of its outer dykes on the bank of a dry 
valley, and it was the presence of this valley, carrying water after rain, that caused the 42 km 
long flow of the escaped tailings.” 

5.5 Avoid inherent failure modes 
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To start this section, it is worthwhile reviewing some very wise comments from Blight and 
Fourie (2003), who noted that waste deposits are among the most difficult of geotechnical 
structures to design, manage and operate.  There are a number of reasons for this: 

1. Most tailings impoundments, mine waste dumps or landfills, have an operational life 
of 30 to 50 years or more. 

2. During their operational life, they are continually under construction, and will 
experience several complete turnovers of design, supervisory and operating staff. 

3. Most of them have to be designed and commissioned before the material they are 
intended to store has been produced. 

4. In most cases the characteristics of the waste will change with time, as the geology of 
the ore body varies and metallurgical or extraction processes are changed. 

5. Many of them will eventually be constructed to heights, or will extend laterally to 
extents not envisaged when they were planned. 

6. In mining operations, waste disposal is at the tail end of the process, and is a source of 
cost, not revenue. Waste disposal is therefore low on the list of priorities, both in 
terms of capital and running expenditure, and in terms of the quality of operating 
staff assigned to waste disposal. 

7. At the end of the operating life, the waste deposit is still there, and has to be closed, 
rehabilitated, maintained and monitored for periods often thought of in terms of 
decades or centuries, but in reality, in perpetuity. There is no walkaway solution to 
closure. For example, in Johannesburg, tailings dams and mine waste dumps 
operated by companies that ceased to exist before the end of the 19th century, are 
still causing pollution and nuisance at the start of the 21st. 

For all of the reasons listed above, it is critically important to avoid the inherent failure modes 
listed in Section 3.2 of this paper (slope instability, failure under earthquake loads, overtopping, 
foundation and seepage failures, and structural failures).  BAPs exist for undertaking 
engineering design and controlling construction, to prevent these failure modes, and in many 
jurisdictions there are regulations or guidelines for implementing dam safety management 
systems and auditing both the design and performance of dams and related structures. 

So, how does the use of BAT also help to avoid inherent failure modes?  The geotechnical 
design of tailings facilities requires reliable information on the properties of the ground on 
which the facility will be built and of the construction materials themselves.  The design will 
also, in many cases, be carried out using the “observational approach”, which allows the design 
engineer to cost effectively control the risks associated with the unknowns of the 
aforementioned properties.  These all employ the geotechnical engineer’s stock in trade – 
drilling, sampling, laboratory testing, installation of instrumentation, monitoring, collection of 
performance data, and data evaluation.  In all of these areas, the use of BAT, or in some cases 
what might be called “most appropriate technology”, will greatly enhance the probability of 
avoiding failure.  A few examples will perhaps best illustrate the point: 

1. To optimize costs in a site investigation, a geotechnical engineer may elect to use a 
combination of drilling and in situ testing techniques to gather information.  These 
might include CPT testing and sonic drilling to gather general ground data, triple 
tube coring for undisturbed sampling of stiff to hard soils, or a variety of custom 
designed samplers for soft soils.  In situ testing might include vane shear for 
undrained strength, pressure-meter tests for stiffness and strength, or several 
different kinds of in situ stress measurement methods.  The selection of the BAT 
will depend on the ground conditions in each site and the type of information 
required for design.  Success at this stage will depend strongly on the engineer’s 
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understanding of the local geology, particularly in cases of complex geology, such 
as soils that have been glacially deposited or modified. 

2. Careful logging of core, an often under-appreciated task, may make the difference 
between understanding or completely missing ground conditions.  Geological 
logging techniques are not sufficient; specific geotechnical techniques that allow 
identification of small but controlling weaknesses in the ground must be employed.  
This might be assisted by special geophysical logging methods as well, but the 
primary “technology” must be a well-trained, experienced eye. 

3. The selection of laboratory testing methods to determine soil properties is equally 
difficult and important.  While standard testing for soil classification, stress history 
and compaction properties will commonly be performed, the application of more 
specialized laboratory testing techniques will be a technology choice that can make 
all the difference in the design to prevent failure.  This will include recognizing the 
testing techniques needed for very soft soils, stiff fissured soils, or soils containing 
inherent weak zones.  It will also include knowing the appropriate stress conditions 
to use for each test.  Special technologies such as large strain consolidation testing, 
consolidation tests driven by imposed hydraulic gradients, staged triaxial testing or 
triaxial testing under unusual imposed stresses, and direct simple shear tests, all 
have an important place in certain types of problems. 

4. The installation of geotechnical instruments is a constantly evolving field, as new 
techniques are developed to meet unusual ground conditions.  Installation to depths 
greater than 100 m, with high in situ pressures and/or temperatures, can be 
extremely challenging and require custom technologies.  Appropriate methods of 
installing piezometers to obtain quick and reliable measurements are still under 
debate in the geotechnical community, particularly in low permeability soils. 

5. Relatively new instruments for monitoring ground movements, such as “SAAs” 
(shape accelerometers) and fibre optics, hold great promise for an improved 
understanding of ground behaviour.  These are coupled with new data logging and 
data transmission technologies that allow near real time feedback of the 
performance of tailings structures, which provides much better control in preventing 
failures during construction or under various operating scenarios. 

6. Software, which allows improved and faster data assessment, is also important in 
preventing failures.  Field data can now be grouped and plotted quickly and geo-
referenced.  The software can automatically provide an alarm when data goes 
beyond certain limits, such as exceeding a total amount or rate of movement, or rate 
of flow, or increase in pore pressure.  These new technologies all allow the engineer 
to evaluate data faster and with a better comprehension of the actual structure 
performance. 

It should be clear from this discussion that the geotechnical engineer’s work flow, from site 
investigation and laboratory testing, to design and then monitoring during and after 
construction, is firmly focussed on preventing failure and in the process is intimately tied to the 
use of BAT for the tools employed to do so. 

5.6 Design for / use inherently stable structures or enhance the internal stability of structures 

 
This item relates mainly to the method selected for constructing a tailings dyke.  Construction 
by a centerline or downstream method results (ideally) in a dam structure with a controlled 
density and strength, and an optimally located and constructed seepage collection system.  
Construction using an upstream method can potentially introduce weak and/or liquefiable zones 
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into the dam structure and also make seepage collection more difficult.  It is in dams constructed 
by an upstream method that the use of BAT can prove the most helpful: 

1. In terms of seepage collection, deep trenching techniques have proven quite useful in 
installing drainage systems (pipe, fabric and gravel chimney) on the downstream 
slope of a tailings dam, and in some cases even on the upstream slope and/or beach 
(which are subsequently drained to the downstream side of the dam; (DeWind, 
2010). 

2. Likewise, where drainage of seepage water to the dyke toe is problematic (very flat 
downstream slopes, adjacent dumps, etc.), drainage pipes have been discharged to 
“blind” gravel boxes, in which at a later time vertical wells are installed and seepage 
water is pumped out (Pollock et al, 2014). 

3. Despite best efforts in even well-designed dams constructed by the upstream method, 
at some point in its life, the tailings pond has too much water, beaches are too short, 
and potentially liquefiable material is deposited in zones that will eventually end up 
as part of the dam structure.  Technologies that allow these zones to be 
economically identified are worth their weight in gold - the CPT has become such a 
tool in recent years, along with appropriate interpretation of results (Robertson, 
2009, 2010).  In addition, technologies such as blast densification, which allow 
relatively cost efficient densification of large volumes of potentially liquefiable soil, 
are also critical to the safety of these structures. 

5.7 Deposit stabilized tailings 

In some cases, it is possible to stabilize tailings by adding a chemical in-line, which will 
improve strength and stiffness without necessarily changing water content, once the tailings 
have come to rest in the deposit.  One such technology, considered for use in oil sand and gold 
tailings, is Particlear™, (Godbille, 2014; Moore, 2014).  This additive works by forming a 
network of nano-sized silica particles within the water phase of the tailings, which immobilizes 
the solid particles and of itself imparts both strength and stiffness to the tailings. 

5.8 Reduce risk by compartmentalization 

Storing fluid tailings in smaller “compartments” can reduce the consequences of failure.  That is, 
dividing what might be one large tailings pond into smaller compartments by the use of internal 
berms, reduces the amount of fluid available for run out during a dam failure.  Better still, as 
discussed in Section 5.4, locating these small fluid storage ponds below ground and in non-
adjacent areas, surrounded by wide zones of other solid waste, reduces even further the potential 
consequences of any dam failure. 

This approach is discussed in detail in “De-Licensing of Oil Sands Tailings Dams, Technical 
Guidance Document” (Oil Sands Tailings Dam Committee, 2014), wherein a risk-based 
approach is used to assess both the consequence and likelihood of failure of former tailings 
dams to demonstrate that any remaining fluid containment is stable in a closure landscape.  The 
methods for assessing this technology are described in detail in this document. 

5.9 Avoid the risk of cascading failures 

At some mines, tailings ponds are built in a progressive fashion, adjacent to one another and 
located either uphill or downhill from the previous pond.  There are obvious issues related to 
cascading failures with this type of arrangement, which should be assiduously avoided. 

While BAT might be used to monitor the performance and stability of such structures, the pond 
arrangement makes them inherently vulnerable to magnifying the consequences of failure 
compared to a single structure (see discussion in Section 5.11).  The point here is that there is no 
BAT that makes this type of arrangement acceptable. 
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5.10 Pursue underground disposal 

Further to Section 5.4, if underground storage is available, it should be considered either for 
fluid tailings or better still for stabilized tailings.  This is not an option at many mines, but might 
be for some. The advancement and increased use of tailings backfill technology as a reliable and 
established technology over the past decades is most gratifying, with many conferences and 
papers devoted to the topic. One of the short courses at this conference covers this topic, and it 
is not traversed here in any more detail. Careful thought however, should also be given to the 
impact on surface tailings management, of the introduction of backfill operations (Boswell, 
1990). 

Furthermore, at some mines, it may be acceptable to dispose of wastewater in deep aquifers.  
This is a subject worthy of its own paper, and as such will only be mentioned in passing here. 

5.11 Approach very high or extreme consequence/risk with extreme caution 

While there is a lot of science, there is even more of an art in the practice of geotechnical 
engineering.  You can believe you have done everything right in terms of site investigation, in 
situ and laboratory testing, design, construction control and performance monitoring, and 
perhaps you have!  But no matter how conscientious you believe you have been, it only takes 
one serious failure to drive home the learning that there are large uncertainties involved in 
geotechnical engineering and mistakes can lead to disastrous consequences. 

Mature geotechnical engineers develop a very sensitive nose for risk and learn to be very 
cautious in their practice – the higher the consequence of failure, the more cautious one needs to 
be.  This paper has discussed some of the BAPs and BATs in the geotechnical engineer’s kit bag 
– a cautious engineer will remember all of them and use them frequently. 

One tool that has not yet been discussed is the evaluation of risk, varying from simple lists of 
risk, to Failure Modes and Effects Analyses, to full-blown risk assessments.  This tool really 
belongs in the BAP category, but in applying the tool, it is important to keep in mind the BATs 
that will help to define ground conditions, failure modes, consequences of failure, suitable 
monitoring methods, and effective prevention and mitigation measures, (most of these have been 
described in previous sections). 

There is a school of thought that suggests that structures with extremely high (i.e., 
“imponderable”) consequences of failure should simply be avoided – that no low level of 
probability can reduce the risk to an acceptable level. Robertson (2011) suggested that the 
maximum height of hydraulic fill structures worldwide has been doubling every third of a 
century, and that contained waste volumes have increased tenfold over the same period. He 
argues that the increase in potential risk for the largest dams has increased 20 fold per 1/3 
century. Caldwell and McPhail (2009) report anecdotal evidence in the platinum industry in the 
1970s which limited maximum tailings dam height to 30 metres, after which a new facility was 
commissioned each time.  

5.12 BAT - Conclusions 

It is clear from the discussion in this section that both short and long-term issues need to be 
considered when designing and constructing tailings facilities to prevent the often severe 
consequences of tailings dam failure.  The use of BAT may help the engineer in the site 
investigation, design, construction and performance monitoring tasks.  They may also be used to 
directly improve the performance of tailings as discussed herein. 

However, BAT should never be employed as a band aid to delay necessary expenditures to the 
end of mining or beyond (closure) – the “I’ll pay you Tuesday for a hamburger today” approach.  
The tailings dam designer does not want to follow the example of Wally in one famous Dilbert 
cartoon: “I narrowed down the options to an alternative that costs too much and another that 
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won’t work….next week I plan to think about the option of using technology that isn’t available 
yet”, (originally published on 4 August 2007). 

The prudent geotechnical engineer will keep in tune with the latest technological developments 
in the field and with how they are being applied, and will give careful consideration to how they 
can be employed to improve the characteristics of the tailings deposits being developed. 

As Ugo Betti once said, “There is no forgiveness in nature”.  We should be relentless in our 
determination to define and understand the “known unknowns”, and to discover and be prepared 
for, as much as is possible through good practice, the “unknown unknowns” in our field of 
endeavor.  Even the slightest lapse in our attention may otherwise prove disastrous.  This 
requires a well-integrated approach by all parties to the undertaking – the regulator, 
stakeholders, company senior management, engineers, constructors and those monitoring and 
evaluating tailings performance.  As noted in Sobkowicz, Boswell and Gidley (2014), the 
solutions are not just or even mostly technical, but are also governmental (regulatory), social 
and managerial. 

6 RECOMMENDATIONS – CHANGE NEEDED 

What conclusions may be drawn from our consideration of this topic and what recommendations 
for real change should we make? 

6.1 We should not be building tailings facilities with imponderable consequences 

If the consequences of a catastrophic failure would repeat a Stava or an El Cobre, then no matter 
how small the probabilities of actual failure are, the design should be completely revisited. 

6.2 Employ a formal process for evaluating designs to reduce risk 

In much the same way that a value engineering process is applied to an engineering design, to 
improve the cost benefit, so we should employ a much more formal process for evaluating 
tailings designs to fundamentally reduce risk. 

While processes such as Failure Modes and Effects Analysis (FMEA) are useful, they cannot be 
allowed to merely develop a register of risks and mitigation measures for an existing design. 
The risk reduction requirements should address all aspects from early scoping through 
technology selection, to closure. 

6.3 Implement systems that proactively inform of risk 

In line with the recommendations from the Mount Polley report (and an insistence that business 
as usual is no longer acceptable) and the current revision of the MAC guidelines, we should be 
instituting management systems that proactively inform senior management and boards of 
directors of high risks or escalating levels of risk. 

6.4 Make provision for innovation 

Innovation is what leverages the world of technology to solve our world problems. Any 
consideration of BAT should therefore make active provision for the innovation, improvement 
and step change that technology affords. Reference is made to the paper by Sobkowicz et al 
(2014) in which a call is made for a Social Roadmap: ingenuity in the way our social 
organization as an industry must be realigned to facilitate collaboration in tailings technology 
which really produces results instead of spinning wheels for decades. 

6.4.1 Entrench consideration of BAT in all planning guidelines 

All new projects and those facing substantial expansion should be obliged to consider and report 
on the potential for incorporation of BAT into the tailings design, and BAP in the construction, 
management and operation of the facility.  We are not suggesting a prescriptive approach, in that 
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specific BATs or BAPs are designated, but rather that a process for appropriate consideration of 
applicable BATs and BAPs is put in place. 

6.5 Select technologies that reduce long term risk 

Much as we would hope for as engineers, there is still no one silver bullet or panacea technology 
which will solve all problems. 

Instead our approach should be to ask ourselves for each project: 

 What are the critical risks? 

 How can they be controlled? 

 What technologies should be selected accordingly? 
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ABSTRACT 

Tailings planning requires integration of managerial, geotechnical, hydrological, 
hydrogeological, mining, and process engineering disciplines. It is an important activity for all 
mineral processing operations but is critically important to high-throughput mining operations 
that produce large tailings volumes. The large volumes mean that deposition and water 
management conditions can change rapidly over short durations and lead to adverse production 
outcomes or failure.  

Both the Canadian oil sands and Chilean copper mining industries contain multiple examples of 
high-throughput mining operations. They provide useful case studies to identify leading 
practices in tailings planning and management. Copper and oil sands mining differ in their 
history, labor costs, tailings composition, regulatory requirements, risk tolerance, and climate. 
However, there remain opportunities for both industries to learn from each other. 

Different approaches to design, operation, water management and regulation provide 
opportunities to develop a leading practice approach to tailings planning. Examples of these 
practices include the separation of long and short-range planning activities, the use of 
probabilistic as opposed to deterministic mass balance models, a focus on the management of 
slimes (or fluid tailings) as a distinct tailings stream, and the integration of consolidation into 
volumetric tailings planning.  

1 INTRODUCTION 

Oil sands mines have been operating commercially and producing tailings in Canada since the 
late 1960s. As of 2013, there were approximately 976 million cubic meters of fluid tailings 
contained within oil sands tailings ponds (AESRD, 2015).  By comparison, copper mines in 
Chile have been operating at a commercial scale since the beginning of the 20th century.  The 
industry produces approximately 1.4 million tonnes of copper tailings per day (Ministry of 
Mining, 2015). They are the largest source of the 183 identified tailings deposits in the country 
(Ministry of Mining, 2014). For both countries, the large volume of tailings and large number of 
tailings storage facilities make the sustainable management of tailings an important issue for 
government and for the social license of operators. 

Tailings planning is a complex, multi-disciplinary field that requires integration of managerial, 
geotechnical, hydrological, hydrogeological, mining, and process engineering components. It is 
an important activity for all mineral processing operations; inextricably linked to regulatory 
compliance and the ability to continue production activities at the mine.   

Effective tailings plans are critically important to high-throughput mining operations that 
produce large tailings volumes.  Large areas and high rates of rise mean that the poor 
management of deposition or water can rapidly lead to adverse production outcomes (with 
implications for cost) or the loss of containment.  In the Canadian oil sands, this has been 
evidenced by the inability of operators to achieve Directive 074 fines capture targets, in part 
because of the large areas, large volumes and complexity of managing fines drying activities 
(Healing, 2014).  A loss of containment can occur for multiple reasons, including failure to 
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adequately manage tailings and impounded water during operations (Azam, 2010).  Arguably, 
the risks associated with the mismanagement of tailings and water increase for larger dams or 
operations with a high rate of rise.    

2 INDUSTRY COMPARISON 

Table 1 provides a comparison of tailings production rates and containment structure 
construction methods and materials for high-throughput mining operations in the Canadian 
minable oil sands and Chilean copper industry.  

Table 1: Industry Comparison of High-Throughput Mining Operations 
Example 
Project 

Primary 
Resource 

Tailings 
Production 
Rate 

Containment Structure  
Construction Method and  
Materials 

Reference 

Collahuasi 
Mine 

Copper 165,000 tpd Downstream Construction  
Rockfill Dam 

 

Horizon 
Mine 

Oil Sands 100,000 tpd Downstream Construction 
Overburden Dam 

Canadian Natural, 
2012 

Mildred 
Lake Mine 

Oil Sands 330,000 tpd Upstream Construction  
Coarse Sand Cells 

Syncrude, 2012 

Millennium 
Mine 

Oil Sands 330,000 tpd Upstream Construction  
Coarse Sand Cells 

Suncor, 2012 

Minera  
Escondida 

Copper 200,000 tpd Downstream Construction  
Earthfill Dam 

BHP Billiton, 2014 

Minera Los 
Pelambres 

Copper 205,000 tpd Downstream Construction  
Cyclone Tailings Sand Dam 

Antofagasta  
Minerals, 2015 

Muskeg 
River Mine 

Oil Sands 200,000 tpd Upstream Construction  
Coarse Sand Cells 

Shell, 2012 

 
Table 2 summarizes some key site and tailings planning characteristics comparing the Canadian 
minable oil sands with Chilean copper mines.  The summary is not intended to be a 
comprehensive summary of all sites and it is expected that there will be some exceptions within 
both industries.  Rather, the comparison is based on the authors’ industry experience, coupled 
with interviews and published references, where available. 

Table 2: Industry Comparison of Current Key Tailings Planning Trends  
Characteristic Canadian Oil Sands Chilean Copper 
Climate Humid continental climate 

with severe winters, no dry 
season, warm summers and strong 
seasonality; boreal moist forest 
biome (ClimaTemps, 2015B). 

Mid-latitude desert/ arid cool 
climate; warm, temperate desert 
biome (ClimaTemps, 2015A). 

Key regulatory 
drivers 

Focus on the management of fluid 
tailings volumes and reclamation 
of fluid fine tailings (AER, 2009 
and AESRD, 2015) 

Previously focused on satisfying 
seismic stability requirements. DS 
No. 248 provides a more holistic 
focus on general requirements for 
approval of design, construction, 
operation, and closure of tailings 
deposits (Ministry of Mining, 2006). 

Management 
structure 

Mining, processing, dyke design 
(geotechnical), tailings planning, 
surface and ground water managed 
by separate functional 
group/departments within 
operators 

Mining, processing, dam design 
(geotechnical), tailings planning and 
water management managed as 
separate functions by operators  

Typical tailings Whole tailings (WT), coarse sand Whole tailings and slimes (which 
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streams tailings (CST), froth treatment 
tailings (FTT), flotation tailings 
(FT), thickened tailings (TT), 
composite tailings (CT), non-
segregating tailings (NST), and 
fluid fine tailings (FFT) (Oil Sands 
Tailings Roadmap, 2012) 

segregates during deposition), Coarse 
cyclone sand tailings used in dam 
construction 

Tailings planning 
resources 

Largely in-house with limited 
assistance from consultants 

Largely contract work to consultants  

Tailings planning 
software 

Muck3D is industry leading 
software utilized by almost all 
mining operations (Minebridge, 
2015) 

Consultant and operator specific.  
Includes GoldTail, Muck3D, Rift, 
and Civil3D. (Cooper, 2015) 

Approach to 
short-term 
planning 

Developed and executed by in-
house planners, engineers, and site 
personnel, usually carried out on 
site. 

Periodically updated by consultants  

Approach to long-
term planning 

Developed by in-house engineers, 
with support from consultants.  
Can be carried out as part of or 
independent of dyke/facility 
design. 

Primarily developed by consultants, 
coupled with facility design  

Planning 
operational 
interface 

Short-range planners develop 
plans to fit into long-range plan, 
provide direction to operators with 
regards to discharge locations and 
durations 

Operators work from plans provided 
by consultants who make periodic 
visits and provide operational 
support at some sites  

Mass balance 
modelling 

Typically deterministic using 
Excel spreadsheets.  Probabilistic 
models currently being considered 
by some operators. 

Typically deterministic using Excel 
spreadsheets.  

Water balance 
modelling 

Varies between operators, both 
deterministic and probabilistic 

Varies between operators, both 
deterministic and probabilistic  

Consideration of 
consolidation in 
tailings planning 

Measured and modelled separate 
to planning activities (COSIA, 
2012).  Often simplified using 
spreadsheets for volumetric inputs 
to tailings planning. 

GoldTail tailings modeling software 
incorporates consolidation (Eldridge, 
2007).  Also incorporated separately 
as part of facility design. 

3 DISCUSSION 

Some of the key differences and similarities between the two industries are discussed in the 
following sections. 

3.1 Separation of long-range and short-range tailings planning activities 

In the oil sands industry, long-range tailings planning is largely performed in-house by 
experienced engineers and planners working in coordination with short-range planners. 
Consultants tend to be used to supplement in-house resources on a project or as required basis. 
The recent downturn in the oil price has reduced expansion projects within the oil sands, 
reducing the reliance on external resources.  The use of in-house personnel aids in maintaining 
confidentiality and retaining the internal knowledge base of companies. 

Short-range tailings planning in the oil sands is almost exclusively performed by in-house 
personnel. Short-range planners are located on-site to monitor pond levels and beach lengths and 
prepare and execute weekly, monthly, and quarterly deposition plans.  
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Oil sands operators must demonstrate that sufficient monitoring, measurement, and 
sampling are performed to accurately measure and report on fines from the oil sands feed. 
On an annual basis, operators perform beach surveys (using LiDAR), pond surveys (using 
SONAR and CT-09) to measure pond and mudline elevations, and CPT programs to 
measure strength of tailings deposits. These annual measurements are performed to meet 
regulatory requirements, reconcile tailings mass balance models, and confirm that current 
beach and pond elevations and locations are in compliance with long-range tailings plans 
(AER, 2009). 

Similarly, in the copper industry, operators are required to submit quarterly reports that 
summarize instrumentation and testing data such as pore pressure measurements from 
piezometers, tailings dam and beach surveys, and compaction results from sand dam 
construction. In addition, operators are required to submit monthly production rates and 
report any general dam safety issues. 
In the copper mining industry, long-range tailings plans are typically developed by external 
consultants based on the long-range mine plan produced by the operator. The use of external 
consultants to prepare and review long-term plans means that the methods and software used are 
likely to reflect leading practices from multiple industries. 

The short-range tailings operations are performed by on-site personnel, and consultants visit, as 
required by the site, to confirm that the tailings operations are adhering to the long-range tailings 
plan. Short-range tailings plans are not typically developed in the same way as the oil sands.  
The lack of in-house tailings planning personnel provides potential cost savings over training 
and maintaining a dedicated planning team.   

There is little indication that the lack of short-range planners in the copper mining industry 
increases the likelihood of operations deviating from the long-range plan. However, operations 
do deviate from the long-range plan for reasons such as plant and pipeline maintenance, 
deviation from construction schedule, change in ore and resulting tailings used for construction, 
and weather. Short-range planners used in the oil sands are beneficial in making adjustments to 
operations to re-align with long-range plans. 

The rigorous approach to short-range planning in the oil sands may be a reflection of the way 
the oil and gas industry views risk. Tailings management practices in the oil sands are often 
more rigorous than the broader mining industry, evidenced by staffing levels, tailings research 
and development expenditure, and operational freeboard that accommodates the probable 
maximum precipitation (Anstey, 2014).  It is possible that this approach to risk management is 
influenced by the close relationship between oil sands miners and the downstream consumer 
(conventional mining companies do not typically sell directly to the consumer) as well as 
incidents such as the Piper Alpha accident (Pate-Cornell, 1993). 

3.2 Management of Water and Fluid Tailings (Slimes) 

In the Canadian oil sands, planning activities distinguish between different tailings streams.  
This is particularly the case for fluid tailings streams, driven by the low density and long 
settlement time of this material as well as the regulatory requirements to monitor and reduce the 
volume of fluid fine tailings (FFT). Dredging FFT and mature fine tailings (MFT) to spike in 
other tailings streams, add to thickeners, or apply atmospheric drying techniques are all common 
technologies utilized to reduce the volume of FFT and move towards reclamation. Tailings 
planners calculate the capture of fines in tailings beaches, measure beach length and slope, and 
perform periodic surveys to identify pond and mudline elevation to monitor FFT volume and 
satisfy regulatory requirements. 

Muck3D, a volumetric planning software code used extensively in the oil sands, allows for the 
division of tailings ponds into fluid tailings and “clear water zones”, tracking and reporting these 
volumes separately. 
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In Chile, there are no regulatory controls for the reduction of fines. There are no specific tailings 
deposit trafficability strength requirements for tailings storage facilities, as in the oil sands. 
However, due to the scarcity of water in the arid climate of northern Chile and because water is 
crucial to the long-term sustainability of the copper mining industry, tailings treatment 
technologies that maximize water recovery without increasing power consumption benefit both 
capital and operating costs. 

GoldTail, a volumetric planning software code developed by Golder Associates in South 
America, allows users to plan the location and volume of the pond and adjusts tailings 
deposition automatically to achieve these pond outcomes.  The focus of the software is around 
the management of water for tailings storage facilities.  This reflects the importance of water 
resources to mines in the arid climates of South America. 

It is apparent that the material properties, climate and regulatory framework are key drivers in 
the development and use of tailings planning tools. 

3.3 Use of probabilistic as opposed to deterministic mass balance models 

A deterministic model is a mathematical model in which every variable has an assumed value 
such that, given the same initial conditions, the output will be the same.  In a probabilistic or 
stochastic model, variables are not represented by unique values but probability distributions. 
There is uncertainty associated with several of the parameters that influence tailings planning 
including tailings production rates, material behavior (slurry density, beach slope, and 
consolidation) and climate (for oil sands).   A probabilistic tailings mass balance model allows 
users to input a probabilistic distribution or stochastic data set for key parameters that will 
influence the outcome of the model.  The model produces an output that reflects the probability 
of the input parameters. 

Probabilistic water balance models are commonly used in both the oil sands and Chilean copper 
mining industries, implemented using software such as GoldSim (GoldSim, 2007).  The use of 
probabilistic models for water balance reflects the high degree of importance of water to both 
industries and the uncertainty associated with some of the key parameters influencing its 
management.   

By comparison, probabilistic mass balance models are far less common.  A tailings probabilistic 
mass balance model seeks to incorporate all of the mass balance inputs (mineral, bitumen and 
water in the case of the oil sands).  The model can reflect the uncertainty associated with key 
inputs that may otherwise be treated deterministically, such as production rate, bitumen 
recovery, fines capture, and consolidation. 

Water and tailings are typically managed by separate groups within oil sands operators.  This 
results in the need to transfer data between the models maintained by the two groups. 
Deterministic modelling is an attractive option as it simplifies the transfer of key inputs between 
groups. In the author’s experience in developing and reviewing tailings mass balance models for 
three oil sands operations since 2011, deterministic mass balance models are preferred by 
operators. 

The Tailings Management Framework for the Mineable Athabasca Oil Sands (AESRD, 2015) 
requires operators to define and maintain fluid tailings volumes within an approved operating 
envelope.  Given the uncertainties associated with fluid tailings performance, a probabilistic 
mass balance model would assist operators to define and justify an achievable FFT volume 
profile.  Indeed, the author is aware of at least one oil sands operator that is considering the 
implementation of a probabilistic mass balance model.   

Probabilistic mass balance modelling may also be useful in the Chilean copper mining context 
when assessing the sand to slimes split. Insufficient sand can compromise the containment 
freeboard and impact the stability due to steeper dam slopes. High fines content in the sand dam 
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can reduce wall density and increase moisture content in the dam with consequent risks for 
stability and liquefaction.  

 
3.4 Integration of consolidation into volumetric tailings planning 

Consolidation of tailings can have a substantial impact on tailings deposition planning and 
tailings storage facility (TSF) closure design (Errazuriz, 2014). The consolidation of a tailings 
deposit can influence stored densities, construction scheduling and surface drainage. Tailings 
planning is used to direct operations towards the creation of a landform that satisfies the ultimate 
storage requirements and minimizes the amount of material re-handling required at closure. 
Failure to adequately account for consolidation can substantially increase closure costs or result 
in an ultimate landform that does not satisfy the closure criteria.  

Incorporating consolidation into tailings deposition modelling enables the user to more 
accurately predict the pond and mudline elevations and water and fluid tailings volumes. In the 
author’s experience, deterministic tailings mass balance models sometimes incorporate 
simplified consolidation inputs by assuming that the tailings achieves a particular density within 
a given period of time.  These calculations may or may not be supported by more sophisticated 
consolidation models.  The simplified consolidation inputs are used to predict the volume of 
tailings, which is then used as an input to deposition modelling. The validity of tailings plans 
produced using this method is limited by the ability to calculate consolidation at discrete time 
increments and assign different stored densities to different elements within the tailings planning 
model.   

Although more commonly used in the Chilean copper mining industry, GoldTail allows the 
integration of consolidation directly into the tailings planning model (Eldridge, 2007). Densities 
are tracked within the deposit as deposition progress. The performance and planning of fine oil 
sands tailings deposits are particularly sensitive to consolidation, water release and the 
consequent change in stored density.  There exists an opportunity to incorporate consolidation 
directly into the tailings planning software used in the oil sands.   

4 CONCLUSIONS 

The conclusions made from the comparison of the two industries are presented below: 

 The material properties, climate, and regulatory framework are key drivers in the 
development and use of tailings planning tools and mass balance models.  

 The approach to long-range and short-range tailings planning differs significantly 
between oil sands and copper mining.  Currently, this includes differences in 
software, the use of consultants as opposed to in-house resources and the integration 
of short-range planning with operations.  There are strengths to the approaches used 
by both industries that may be worthy of broader consideration or application.  In 
particular, the use of short-range planners to keep operations in line with the long-
range plan and adjust to changes in conditions on site may have benefits for mines 
with high tailings throughputs. Similarly, the use of consultants for tailings planning 
may have cost advantages and allow companies to adjust to fluctuations in 
workload. 

 The current regulatory framework in Alberta emphasizes the importance of fluid 
tailings management.  Adopting a probabilistic tailings mass balance model may 
provide benefits to oil sands operators in defining and justifying a realistic FFT 
volume profile to satisfy the regulations. 

 There exists an opportunity to incorporate consolidation modelling directly into the 
tailings planning software used in the oil sands as is currently done in copper 
mining. Accurate prediction of consolidation and implementation into tailings plans 
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would allow for more reliable prediction of pond and mudline volumes and 
elevations and improve confidence in closure planning.  

Leading practices in tailings planning are expected to change as technology and computing 
power advance.  Ultimately, it is possible that future tailings planning software will integrate 
both consolidation modelling and probabilistic water and mass balance inputs and outputs.   
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ABSTRACT 

The benefits of combining tailings and mine waste in a relatively homogenous manner, in which 
tailings just fill the voids between the waste rock particles while the waste rock maintains particle-
to-particle contact, has been the subject of study over the course of several years. Such a 
combination of materials could be used for a closure cover or as a singular large-scale facility to 
store both mine waste products. The possible benefits of this combination of materials include the 
creation of a deposit with the footprint smaller than two dedicated facilities, the shear strength of 
waste rock, the permeability of tailings, low oxygen diffusion rates, and theoretically a decreased 
potential to develop and emit acid rock drainage. If properly combined and placed, such a 
landform may be constructible with steep stacking angles, and it may exhibit a low potential for 
liquefaction. The authors briefly discuss previous work by others and provide information 
regarding some recently completed advances in this methodology. 

1 INTRODUCTION 
There are many challenges in typical mining operations, mine waste management being one such 
challenge. Mine waste storage facilities require stable long-term physical and geochemical 
containment in a manner that is acceptable based on appropriate regulatory requirements and that 
demonstrates good stewardship practices. 

As current and planned mining operations are becoming larger and larger, alternative methods of 
mine waste management need to evolve to keep stride with increasingly demanding mine plans. 
Several mine waste management practices are currently successfully employed, including 
conventional tailings storage facilities that receive conventional slurried tailings. Such facilities, 
if designed, constructed and operated correctly, will serve the industry well into the future in the 
appropriate environments. The same can be said for the storage of waste rock in dedicated 
facilities, or when allocated to form portions of the impounding embankments for a conventional 
tailings storage facility (TSF). If acid rock drainage (ARD) is anticipated either from the tailings 
or the waste rock, there can be additional challenges, especially when developing closure plans 
that must function into perpetuity. One way ARD can be mitigated is to prevent oxygen from 
coming into contact with the ARD-prone mine waste reducing oxidation potential. One example 
that can be used to achieve this goal is a “wet cover” either for waste rock (i.e., placed in a pit 
lake) or tailings (i.e., a water cover). In certain environments those applications can be very 
successfully designed and constructed. Another potential application that can prevent oxygen 
from entering into waste rock is to combine tailings and waste rock, where the voids between 
waste rock particles are just filled with tailings thereby effectively saturating the combined mass 
and reducing air-infiltration potential. 

The potential advantages offered by a well-blended mixture of tailings and waste rock, where the 
tailings just fills the voids between waste rock particles, includes: 

• Reduced footprint 
• Shear strength like waste rock 
• Permeability like tailings 
• Low oxygen diffusion rates 
• Reduced ARD potential 
• Improved permitting timeline 
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• Better public acceptance 
• Improved closure opportunities 
• Improved Access to Tailings Surface: Reduced Perpetual Liability of Tailings 

Impoundment 

1.1 Background: Unsolved Problems in Mine Waste Management 
Most recent studies of tailings and waste rock mixtures justify their research as part of the ongoing 
search for practical solutions to the environmental challenges caused by tailings and waste rock 
disposal. The problem is significant, given that the “global cost for environmental liability 
associated with ARD is estimated to be in the order of $100 billion” (Wilson, 2008). Ideally, waste 
rock and tailings could be placed so that they weather into perpetuity with a release of potentially 
harmful constituents into the environmental at a rate no greater than they would have if they had 
not been excavated. While this seemingly utopian goal may be quite challenging to reach, if not 
altogether infeasible, there are no demonstrated designs for “dry” closure of mine waste that 
provide perpetual environmental stabilization of metal and ARD release without perpetual 
management and/or treatment of captured effluent. 

1.1.1 General Discussion of Waste Rock 
The term “waste rock” is often applied to a broad range of materials and can have a broad range 
of characteristics. For example, waste rock from a coal mining operation may consist 
predominately of shale. Hard rock mining may produce hard, durable waste rock. Mine 
overburden is often also termed waste rock. The characteristics of waste rock are quite important 
to the design of combined tailings and waste rock; however for brevity their behavior will not be 
expounded upon to any great detail herein. 

1.1.2 Tailings 
Tailings can exhibit a wide range of characteristics depending on the nature of the host rock from 
which it was derived, and the process it is subjected to during minerals recovery. Tailings can be 
sandy or clayey, coarse or fine-grained, dilute, thickened or prepared into a filter cake. For 
example, tailings from kimberlite operations are vastly different than tailings from phosphatic 
clay operations. The behavior of tailings is quite important to the study of combined tailings and 
waste rock. However, such characteristics are commonly presented by others and will not be 
repeated herein for the sake of brevity. 

Environmental risks from tailings fall into two broad categories: Structural failure of 
impoundments, which may include short-term catastrophic impoundment failures and the 
associated risks to life and property but also the long-term erosional loss from dams; and chemical 
releases, where constituents present in the original pore water, with or without solutes added by 
the oxidation of sulfide minerals, leaching from the tailings by meteoric water percolation and 
degrading receiving waters. As the comments below indicate, the physical and chemical 
characteristics are tightly interrelated, and the recurring themes are reclamation, impoundment 
stability, and the dilemma of long-term management. 

1.1.3 Chemical Stabilization of Mine Waste 
Chemical stability in tailings with residual sulfide minerals is best managed by maintaining near 
saturation. Because oxygen has very low mobility in water (i.e., in water, oxygen has ~1/30th the 
volumetric concentration and 1/10,000th the diffusivity relative to air), there is essentially no 
sulfide mineral oxidation in water-saturated tailings. As a result, “in many cases a water cover 
must be maintained over tailings to ensure they do not ‘turn acid’” (Wickland and Wilson, 2005). 
Unfortunately, the design options for chemical and physical stability in tailings can be in direct 
opposition: “Geotechnical stability competes directly with geochemical stability in that the 
prevention and control of sulphide oxidation requires full saturation while maximizing shear 
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strength requires full drainage” (Wilson 2008). Challenges the closure of ARD-prone tailings 
exhibit includes: 

a. “In humid climates with positive water balances, ensuring an adequate supply of water to 
maintain a sufficient depth of water is not a concern, but the risk of overtopping during 
severe storm events is a very serious threat. Water covers that have been used in semi-
arid such as Portugal and Spain are proving to be unsustainable following closure since 
an excessively large water sheds must be available to replenish water losses due to high 
evaporation.” (Wilson et al., 2010) 

b. “Waste rock facilities created by end dumping develop an internal structure associated 
with segregation producing coarse and fine layers with a high permeability rubble layer 
at the base (Wilson, 1995; Herasymiuk, 1996; Wilson et al, 2000; Fala et al, 2003)”. “The 
combination of unsaturated soil conditions and the interbedded structure [in waste rock] 
creates ideal conditions for weathering of the waste rock through geochemical and 
biological pathways. Sulphide oxidation and acid generation often begins during the 
construction of waste rock dumps and results in long-term acid drainage.” 

In response, environmental management options for sulfide bearing waste rock often focus on 
reducing oxygen, water, or both. 

Closure covers have been shown to reduce, but not eliminate, water and oxygen transport into 
waste rock. Excavated rock begins oxidizing as soon as it is exposed to the environment, and after 
that oxidation, products are either stored in the waste rock matrix or flushed out by precipitation 
infiltration. Covers that reduce percolation rates produce an approximately proportional reduction 
in discharge load. Examples would include low conductivity layers or store-and-release vegetated 
caps. A limitation is that covers of natural material, such as vegetated store and release surface 
layers, typically achieve only a slight reduction in oxygen transport, so that pollutants accumulate 
in the pile and are leached out over a longer period of time. This experience led Ward Wilson to 
conclude that “in general, cover systems have been shown to be most successful for the 
reclamation of tailings and least successful for the closure of waste rock dumps” (Wilson 2008). 

2 CONCEPTUAL OVERVIEW OF BLENDING TAILINGS AND WASTE ROCK 
The goal of blending tailings and waste rock is to create a material that has the high strength of 
waste rock and the hydraulic characteristics of tailings. In this mixture, tailings in the void space 
between rock particles is considered to reduce the opportunity for oxygen flow (and ARD), while 
the coarse waste rock skeleton is relied upon to provide shear strength for mechanical stability 
(Khalili et al., 2010). 

Effective oxygen diffusivity in porous media decreases steeply with increasing moisture content, 
so that media with greater than ~85 percent saturation is a very effective barrier to oxygen 
diffusion (refer to Figure 1 below from the GARD Guide, [INAP 2009]). Thus the desired 
hydraulic characteristics of well-blended tailings and waste rock include low hydraulic 
conductivity, reducing flushing rates of solutes due to meteoric infiltration or long-term 
draindown; and high values for moisture retention and high air entry pressure, both of which 
encourage high water saturation long-term (Wickland et al., 2006; Khalili et al., 2010; Wilson 
2008). These are conditions typical of fine tailings. 
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Figure 1. Relationship Between Degree of Saturation and Oxygen Diffusion for Porous Media, (INAP, 
2009, Used With Permission) 

Ideally, the blended tailings and waste rock philosophy is based on an optimal ratio of coarse 
waste rock to fine tailings, which is the ratio where tailings just fill the voids of the waste rock, 
that the blended material has compressibility and shear strength similar to waste rock, hydraulic 
conductivity and moisture retention characteristics of tailings, and higher density (and lower voids 
ratio) than either end member. (Wickland et al. 2005; Longo and Wilson, 2007). 

A more recent study was conducted to assess, more specifically, the cyclic failure of blended 
tailings and waste rock materials by measuring cyclic shear response in undrained conditions for 
waste rock blended with tailings to just fill the rock voids (see Wijewickreme et al., 2010). Results 
indicate no strain-softening or loss of shear strength, suggesting that the material is unlikely to 
experience flow failure under undrained cyclic loading. Thus, in this particular case, a blended 
tailings and waste rock mixture would be much less prone to structural failure during and after 
earthquake loading than tailings alone. 

Wickland et al. (2006) developed approximate mixing guidance indicating that blends of materials 
with mixing ratios greater than approximately 5:1 (waste rock:tailings mass) will contain air 
because the volume of tailings slurry is less than the volume of voids in the waste rock. This 5:1 
mixture that just fills the waste rock void space also corresponds to the point of maximum density 
in these tests. 

Table 1. Typical Values of Porosity 

Parameter Conv. Slurried Tailings Compacted/ Filtered 
Tailings Waste Rock 

Particle SG 2.65 2.65 2.65 
Dry Density (t/m3) 1.0 – 1.4 1.4 – 1.8 1.4 – 2.0 
Void Ratio 0.8 – 1.5 0.5 – 0.8 0.5 – 0.8 
Porosity, pct 50 – 60 35 – 45 35 – 50 

Porosity: ratio of volume of voids to total volume (times 100%) 
Void ratio: ratio of volume of voids to volume of solids 

An example of the effects of the varying the mixing ratio is provided in Figure 2. 
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Figure 2. Example of the Effects of Varying the Coarse-to-Fine Ratio 

3 LABORATORY TESTS OF BLENDED MATERIALS 
There are several types of geotechnical and geochemical tests that should be carried out when 
assessing the properties and parameters associated with blended tailings and waste rock, 
depending on the stage of design being completed. For geotechnical design, such tests may include 
procedures to quantify hydraulic continuity (permeability), compaction, compressibility, shear 
strength and liquefaction susceptibility. 

For a recently completed project, demonstration tests were carried out using mine tailings and a 
temporary “stand-in” material to represent waste rock. In this case, the waste rock was represented 
by decorative marble landscaping gravel, which is commonly available in many lawn and garden 
stores. This type of marble is fairly uniformly graded, whereas waste rock is more typically 
broadly graded. For these tests, the marble gravel was subject to crushing in an LA abrasion 
machine (which is similar to a small ball mill) until a fairly broadly-graded material resulted. The 
tailings and “waste rock” were subject to a series of tests, including compaction testing using both 
the standard and modified Proctor tests. The results of those tests are shown in Figure 3 and 4. 

 

Figure 3. Results of Compaction Tests Using Standard and Modified Proctor Methods 
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The same test results may by reconfigured to relate tailings solids content to saturation, as shown 
in Figure 4. 

 

Figure 4. Comparison of Tailings Solids Content to Saturation from Standard and Modified Proctor Tests 

For the sake of brevity, the remaining test results are not provided in this paper. 

4 PRACTICAL BLENDING CONSIDERATIONS 
A review of co-disposal options (see Leduc et al. 2004, as cited in Wickland et al., 2006) identifies 
the following options for blending: 

• Injection of tailings into a waste rock pile, 
• Placing tailings in trenches within a waste rock pile, 
• Combined tipping at the dump faces, 
• Dumping waste rock along with tailings in an impoundment, 
• Placing waste rock and tailings in the same depression, 
• Pumped slurry of comingled waste (mainly used in coal applications), and 
• Active mixing of waste rock and tailings immediately prior to disposal. 

Only the last two of these appear to be viable technologies for producing blended tailings and 
waste rock mixtures that are homogeneous enough to consistently meet the design requirements 
for moisture retention and strength. 

Pumped co-disposal was identified early as a means of creating an ideal ratio of rock to tailings 
so that during hydraulic deposition the coarse particles settle out in a “just-touching” configuration 
and that fine particles “just fill” the void space between the larger coarse particles (Williams, 
1998; Morris and Williams, 2000b). In practice, these examples above (e.g., for coal mine waste) 
are limited, and “typically use mixture designs with lower than ideal mixture ratios [i.e., less 
coarse rock] at low solids contents to prevent plugging and wear on piping and pumps” (Williams, 
1998). Also, “the largest size that can be pumped is... typically around 10 cm diameter” (Wickland 
et al., 2006). In contrast, a more optimistic paper on blended tailings and mine waste alleviates 
the concern over particle segregation, noting that the use of tailings thickened to the consistency 
of paste moves through a pipeline as a plug flow (Longo and Wilson, 2007). 

In the Active Mixing approach the two constituents are mechanically blended at the point of 
deposition to produce a design mixture, as is done in design of concrete. A small-scale example 
of this is the blending of waste rock and tailings using a concrete mixer truck for the 5.5 m tall 
column test study (Wickland and Wilson, 2005). An important comment from that work is that 
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there is a lack of means of making mixtures of this type in a large-scale. Wickland et al. (2006) 
conclude that although active mixing has been proven to produce mixtures with beneficial 
properties, it is expected that the effort required would make this method cost-prohibitive in a 
mining context. Thus a means of mixing these materials at the rates they are produced at a mine 
is needed in order to advance this application. 

5 STATIC MIXING DEVICE 
As part of a recently completed project, blended tailings and waste rock was studied as a waste 
management option. If such a blend could be achieved, challenges brought on by steep terrain 
could potentially be overcome, as the available terrain was too steep to reasonably construct a 
conventional TSF, and tailings production throughput was thought to be too great for the use of 
filtering technology. As others have found, conventional mixing apparatuses (such as 
agglomerators, flow-through ball mills, pug mills, continuous cement mixers) do not exist in a 
scale large enough to accommodate the mine waste produced at most large-scale mining 
operations. Given this challenge, the use of a non-mechanized, static mixing device was 
investigated. In general, there are two types of static mixers: Channel mixers and pipeline mixers. 
Both types of mixing devices include element that disrupt the flow of materials as they flow 
through the mixer. For the current assessment, the channel-type static mixing device is being 
pursued. 

Paterson and Cooke of Golden, Colorado was approached to help develop a laboratory-scale 
device. The device was constructed in order to conduct proof-of-principle testing. The device is 
shown in Figure 5. 

 

Figure 5. Photograph of Laboratory-Scale Static Mixing Device 

Shown in Figure 5 is the static mixing device. The materials being tested in the first tests are 
concrete sand and pea gravel. Initially the materials were placed into the device at a ratio of about 
1:1 (pea gravel to sand), but later at a ratio of about 4:1 to better mimic mixing ratios desired in 
blends of waste rock and tailings. The tests offered encouraging results, which may be observed 
in Figure 6. 
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Figure 6: Static Mixing Device Showing Mixing of Materials 

The results of the tests using pea gravel and concrete sand were considered successful to 
homogenously blend two different materials, and a second series of tests was conducted using 
tailings slurry and pea gravel, the results of which can be seen in Figure 7. 

 

Figure 7. Results of Tests Using Tailings Slurry and Pea Gravel 

The results shown in Figure 7 were achieved using a more continuous feed of tailings and pea 
gravel, the means of which are shown in Figure 8. 
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Figure 8. Static Mixing Device with Continuous Feed 

The demonstrations of the static mixing device offer encouragement. The device repeatedly 
demonstrated that dissimilar materials could be blended into a relatively homogeneous mixture, 
indicating that this application may offer a solution for mixing materials on a larger scale. Knight 
Piésold is now perusing projects where a field-scale device could be developed to further provide 
a proof-of-principle, but at larger scales. 
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Design and operation of a thickened tailings disposal (TTD) 
Ricardo Valdebenito 

SNC-Lavalin 

ABSTRACT 

The TTD technology consists in creating a self-supporting deposit by a tailings dewatering 
process. Firstly, the slurry is subjected to a thickening process that increases the concentration of 
solids so as to get a non-Newtonian flow; the paste is then deposited in thin layers at low energy. 
This technology is being increasingly used, mainly because of its environmental advantages of 
reducing potential seepage and elimination of conventional ponds. Also, this technology 
increases the seismic stability and resistance to liquefaction as compared to conventional dams. 

This paper presents the operational results of the first iron ore project in the world using the 
TTD method for a production of 20,000 tpd. This project is located in the Atacama Desert, Chile 
in a seismic zone.  The rheological and geotechnical test results and analysis demonstrate that 
the application of the TTD Technology is valid and it has environmental benefits. 

From those results, the design parameters that define the main systems are achieved: thickeners 
system, 7 km slurry pipeline in a laminar flow condition and disposal system reaching a non-
segregation condition. Also, the dynamic stability analysis shows that this deposit is able to 
withstand seismic activity greater than 8.9 in the Richter scale as the one occurred in Chile on 
February 27, 2010.  Summary of the results obtained during the actual operation are: 

• Solids concentration in the range of 70-73%, with a water make-up over 90% 
• Thickened tailings pumping rate 500 m3/hr under laminar flow 
• Tailings slope between 4.5 to 5.5%. 

These results are concurrent with those used in the detail engineering that successfully validates 
the methodology applied. 

Key Words: Mining processes; water recovery; slurry rheology; mining waste; paste; seismic 
stability.   

1 INTRODUCTION 

SNC-Lavalin developed the first project in Chile using TTD technology for an EPC iron ore 
mine facility in Chile. The project considered a thickening processing plant of iron ore 
concentrate to be thickened to a non-segregating condition and then pumped to final disposal in 
the tailings dam. This document describes the main design features to illustrate the applicability 
of the TTD method. 

2 DESCRIPTION OF TTD FACILITIES 

The process begins with the reception and transportation of the tailings from the concentrator to 
the thickening plant’s thickening equipment. To help the settling process, anionic flocculant is 
added at an adequate dosing rate. The flocculant solution is prepared at the flocculants plant 
which may be of the compact type. The base solution is diluted 10 times by water injection in a 
static mixer before being fed to the thickeners.  

The thickened tailings are discharged from the thickeners by a centrifugal pump. Positive 
displacement piston pumps will transfer the tailings to the dam. Tailings are deposited through a 
network of spigots which ensure optimal download speed and drying area. Once deposited, 
tailings are dried by evaporation where they reach their shrinkage limit, which is the point where 
tailings acquire self-supporting properties. 
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Figure 1contains the thickening plant flow diagram. 

 
Figure 1. Thickened tailings plant flow diagram  

3 DESIGN 

In general, the TTD design has the following benefits where the environmental advantages are 
noticeable over other methods of tailings disposal:  

• Increased water recovery due to high level of thickening. 
• Water is recovered in the settling equipment before it reaches the dam, thus 

eliminating the need of a settlement pond and all related recovery system.  
• Increased safety and stability of the deposit due to: lower water content, lower 

segregation and higher strength of tailings particles. 
• Substantial reduction of pollution from particulate matter from wind erosion. 
• Lower closure costs through “early” site rehabilitation activities. Post-closure 

measures required are minimal due to inexistence of infiltration of the deposit. 
• This type of design is generally well perceived by the regulating authorities and 

communities near the project due to the reduced risk of infiltration, less pollution 
from wind erosion, increased safety of the deposit and ease of closure plans 
implementation. 

3.1 Rheological and Geotechnical Characterization of Tailings 

Samples from drilling campaigns and subsequent concentration processes from greenfield 
projects, or tailings samples of existing plants (brownfield) are characterized by a combination 
of geotechnical and rheological tests including particle size, specific gravity, USCS 
classification, yield stress, viscosity, slope deposition, static and cyclic triaxial, Bender element; 
shrinkage limit by evaporation, consolidation and permeability. Some of these are conventional 
geotechnical tests, and others such as yield stress, slope deposition, viscosity and shrinkage limit 
are specific tests. 

Yield stress testing is conducted to determine the yield stress associated with a condition of zero 
static inertia of the material. A rheometer Haake VT 550 model was used with a vane type FL 
10 sensor for measuring the yield stress in the samples tested in the laboratory of SNC-Lavalin 
Chile. 

1. Feed box
2. Thickener
3. Thickened tailings discharge pump
4. Positive displacement pump
5. Thickened tailings deposit
6. Compact flocculant plant
7. Static mixer
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Viscosity testing provides shear stress values associated to a specific shear rate, whereby a 
specific rheogram is generated for each sample. By applying the Bingham model equation used 
for thickened tailings, the yield stress and viscosity values associated to the material are 
obtained: 

τ = τ0+ηγ         (1) 
Where η is the viscosity (Pa • s), τ is the shear stress (Pa); τ0 corresponds to the yield stress in 
(Pa) and γ the shear rate, measured in (1/s). 

The beach slope is estimated for different solids concentrations in a laboratory trough where a 
simulation of tailings discharge is performed to obtain a similar slope of deposition to that of a 
real case. This procedure is performed according to the methodology outlined by Professor Eli 
Robinsky for determining the concentration range of solids and associated depositional slope, in 
order for the tailings to be discharged in non-segregating conditions.        

Bender Element testing is performed on modified triaxial equipment (Robertson et al., 1995). 
The modification consists in adding a "bender element" to measure the velocity of shear waves 
in samples prepared at different void ratios. 

Shrinkage Limit is the maximum evaporation of soil moisture, under which, variations of the 
water content of the material do not cause changes in volume. 

Consolidation tests are performed to determine the consolidation by geostatic efforts at 50 m 
deep and correct density in situ. Additionally, an estimate of the permeability versus depth up to 
50 m high tailings is performed. 

Table 1 and Table 2 show the results of the characterization of representative samples of iron 
tailings from magnetic concentration processes. 

Table 1. Typical geotechnical characterization iron ore tailings sample 
Parameter Unit Sample 
Liquid limit - 18 
Plastic Limit - - 
   Plasticity Index - NP 
USCS Classification - ML 
Cp to shrinkage limit % 83,0 
Moisture at shrinkage limit 

 d d l l i  d  
 

% 20,5 
Density at shrinkage  limit 

i  
t/m³ 1,96 

Friction angle Ф ° 36 
Cohesion C t/m² 0 
Bender element (Vs) m/s 106 

 
Table 2. Particle size and specific gravity iron ore tailings sample 

Parameter Unit Sample 
P80 μm 210 
d50 μm 23 
Gs - 3,29 

 
The results of yield stress and beach slope are shown in Figure 2 and Figure 3. 
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3.2 Design parameters 

Simulation of Deposit Filling and simulation and design parameters determination 

The location and morphology of the deposit are the most important factors that determine the 
design of a TTD system. Once a location with suitable topography is found, simulations of 
deposit filling are performed in order to dispose of the tailings production during the lifetime of 
the project. The concentration of solids at tailings shrinkage limit plus the estimated slope are 
used to determine the final capacity of the tailing dam. 

To determine if the slope angle can be achieved, the graph of slope beach versus solids 
concentration is reviewed. Likewise, the solids concentration determines the associated yield 
stress.  As such, the range of beach slope associated with a range of solids concentration and 
yield stress (see Figure 2 and Figure 3) can be established. This determines the final design of 
equipment and facilities (see Table 3). 

Table 3. Project Design Parameters 
Parameter Unit Value Parameter Unit Value 
P80 µm 168 Factor K (*) Lb-

i / i 2 
279 

d50 µm 23 Yield Stress unshared  Pa 150 
Gs - 3.27 Yield Stress sheared 

i l 
Pa 73 

γL t/m3 1.98 Viscosity nominal Pas 0.06 
pH - 8.2 Plant Utilization  % 95 
Cp feed  

Thickeners % 
4.4 

Design Factor % 
15 

Cp discharge 
Thickeners % 

71-74 
Beach slope % 

3.5±1 
Cp discharge 

nominal % 73 
Cp at shrinkage  limit 

contracción % 83,1 
Design output t/d 20.184    
        Unitary Design 

A  D i i i  
 

m2/t/d 0,1245 Type of flocculants - Anioni
  

3.2.1  Design Unit Area, K Factor and Flocculants Dosage 

The unitary design area and K factor, type and dosage of flocculants are determined by the 
vendor of the thickening equipment based on laboratory tests performed on the same samples 
previously characterized. Through these tests, the supplier is able to confirm if the target 
concentration of solids can be achieved with the proposed thickening equipment.    
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Figure 2. Laboratory beach slope 
 

Figure 3. Yield stress 
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4 CONFIRMATION OF DESIGN PARAMETERS – PILOT TESTS 

4.1  Pumping Loop 

The aim of the pumping loop is validate the theoretical formulas used for estimating head loss 
during paste transport. This evaluation is recommended when pumping thickened paste through 
lengthy pipelines. To this effect, frictional losses in test benches were compared with those 
estimated in theory, shown in Table 4 are compared. 

Commonly, the test bench consists of a tank for initial storage and recirculation of paste. The 
tank output is connected to either to a centrifugal or to a positive displacement pump, as selected 
by the project. The pressures and flows at different points of the pipeline are measured by 
gauges and at least one magnetic flow meter along the loop. The installation allows empirical 
estimates of head loss at different sections, both for singularities and pipe sections which may be 
horizontal or sloped. 

Table 4. Theoretical formulation for Non Newtonian fluid frictional losses 

 Non 
Newtonian 
Fluid 

Rheological Model γηττ ⋅+= y  

Laminar Flow losses 
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g
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Table 5. Theoretical formulation for Newtonian fluid frictional losses 

Newtonian 
Fluid 

Rheological Model  γµτ ⋅=  

Turbulent Flow losses 

L
gD

vff ⋅
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Singularities losses eqs L
gD
vf

2

2

=Λ  

 

4.1.1 Pump Loop Sizing 

A bench testing simulation of the pumping system and tailings transport requires an escalation 
model capable of simulating real conditions in the test loop.  The Reynolds number is used for 
Viscose Stress (Re2) as dimensionless quantity and actual pumping patterns to be matched in 
the test bench. 

 

25,0))1(2(09,1 −⋅⋅⋅⋅⋅= SDgFV LL
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Where V correspond to the runoff velocity, ρ the specific density of the fluid, the yield stress τy, 
D the pipe diameter and K a constant characteristic of the fluid. 

 
4.1.2 Loss Estimate at Test Bench 

Loss is estimated with the Bernoulli equation: where λf is the sum of the frictional losses and 
unique pipe system.  Since z1 and z2 are equal, as are v1 and v2, energy losses corresponding 
to: 

γγ
λ 21 PP

f −=         (6) 

Gauges installed through the test bench allow estimating energy loss during paste transport to 
compare with the theoretical estimate.  

 
4.1.3 Pump Loop Measurements 

The results of some measurements at pump loop are illustrated in Figure 4 and Figure 5. It can 
be observed that the frictional losses are well represented by the theoretical formulation in Table 
4, as the loss measured in the test bench are consistent with those predicted through the 
formulas. The theoretical formulation used shows a conservative criteria, as in this case, the 
curves of theoretical losses are always higher than those measured in the loop. 

 
Figure 4. Head loss comparision 

 
Figure 5. Singularity head loss 

4.2 Beach Slope 

Pilot testing of tailings deposition are conducted to validate the results obtained in the laboratory 
trough. The performance of this test is recommended in such cases where tailings present a 
significant coarse fraction (greater than 2 mm particles). The field test configuration creates a 
half cone deposit from a high point. It has been observed that tailings discharge via a spigot is 
performed in series, similar to a streamline. The streamline can flow up, down, expand or 
reduce, but is essentially a two-dimensional flow.  To obtain reliable results, a trough as shown 
in Figure 6 is used. This considers a large tank with a vertical agitator to prevent segregation of 
the tailings particles. It is also used to simulate the shear action by the thickeners’ discharge 
centrifugal pumps. The walls of the trough are high enough to prevent overflow. This also 
reduces the time required to have a steady-state flow on a sloping bed. It is important to have the 
fluid agitated before being discharged into the trough, to prevent segregation of the tailings 
particles. 
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The approximate thickness of a tailings layer is calculated through a static stability formula as 
shown in Formula No. 7.  Where: t is the thickness of the layer of tailings, f vertical pressure 
caused by the tailings, p the f component acting in the direction of the slope (Pa) and s the shear 
strength of the tailings at steady state (Pa).  For steady state, gravity in the direction of the slope 
cannot exceed the shear resistance of the fluid. Thus, the thickness of tongue may be calculated 
as follows: 

)(
0

θρ
τ
sen

t
p

=            (7) 

Where: τ0 is the yield stress, ρp the paste density and θ the beach angle in the trough. 

 
1. GEOTECHNICAL DESIGN -  SEISMIC RESISTANCE 

The TTD deposit geotechnical design includes the following general activities: 

• Geotechnical characterization and determination of static and dynamic strength 
parameters of the materials performed through laboratory tests. 

• Definition of civil and hydraulic dam structures, site conditions, geotechnical and 
process design criteria, as well as the nominal production, growth rate and life of the 
project. 
Analysis of the deposit stability limit equilibrium method for static and pseudo-static 
condition, through codes applied to cross sections of the wall and deposit. Safety factors 
obtained in both cases shall conform to the minimum standards required by Chilean law. 
It shall be noted that this analysis does not consider the water content in the tailings 
mass, as settlement ponds or a permanent hydrostatic head are inexistent.  

• Analysis of stress and strain in the tailing dam. This analysis allows estimating the 
containment wall displacement in the event of seismic activity, and also the total or 
partial seismic stability of the facilities in case of dynamic stress. Deformations are 
evaluated by Newmark Method (1965), Sarma Method (1975) and Makdisi&Seed 
Simplified Method (1978).  

• Analysis of the dam dynamic stability and liquefaction potential. This analysis allows 
determining stress-strain field, identifying plasticized areas and identifying areas prone 
to liquefaction. The dynamic behavior of the dam to repetitive dynamic stress is 
obtained from the study of seismic risk studies. This analysis uses the finite difference 
numerical model.  

Disposed thickened tailings

Pilot trough

Tank

Agitator

Figure 6. Pilot Trough Test Figure 7. Beach Slope Static Stability 
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Additionally, this project included the review of the seismic risk study derived from the 
earthquake produced on February 27, 2010 in Chile. This study focused on the following 
specific issues: 

a. Assess the seismic risk to a new level, associated with a mean return period of 10,000 
years (corresponding to a probability of exceedance of about 1% in 100 years). This risk 
level is especially interesting as it is recommended by the CIGB-ICOLD (1995) as the 
maximum level for safety evaluation of a dam, which admits a certain degree of 
damage, but ensures that the tailings content is not spilled. Table 6 shows the maximum 
acceleration in accordance with the seismic level. 

b. Generation of new spectral forms associated to more conservative amplification 
conditions than in the study conducted during basic engineering. This was advised based 
on the information available from the February 27 earthquake, which shows that in 
general, the spectrum exceeded spectral forms of Chilean standards. At the same time, 
the spectrum was complemented in this report to include the Chilean Seismic Zones 
Type I and III, in addition to the Type II which was considered in the basic engineering 
report (soil classification per Chilean Standard NCh433 .Of96). 

c. Generation of new synthetic registers compatible with the new spectral forms mentioned 
above for use in the dynamic analysis to be performed by the project. 

Table 6. Maximum design accelerations according to seismic level (probabilistical analysis) 

 

5 START-UP 

The start-up contemplates the equipment operation 24 hours a day, seven days a week. SNC-
Lavalin professional team onsite is available to facilitate tracking and registration of the project 
operating parameters. This allows to monitor the tailings rheological variables in order to have 
further control over the equipment operating parameters and ensure that the project design 
criteria is met. It also contributes to the early detection of deviations and probable causes.  

5.1 Thickening 

During the start-up stage the particle size distribution of the tailing at the feeding of the 
thickeners was verified. The results are shown in Figure 8. 

 

Seismic Level  Exceedance 
Probability  

Return Period 
(Years)  

Peak ground acceleration 
(g) 

Service 50% in 50 years 72 0.32 
Design 10% in 50 years 475 0.49 
Maximum 

Probable 
10% in 100 years 949 0.56 

Maximum 
Credible 

≈ 1% in 100 
years 

10,000 0.81 
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Figure 8. Particle size distribution 

The figure show that the particle size distribution of tailings feed is finer than that considered in 
the design. This is explained by the difficulty of adjusting to the design curves both of the 
crushing and grinding stages at the concentrator plant.  When comparing the limits set for both 
thickeners, it can be observed that these are similar, showing that there is no segregation in the 
thickeners feed. Considering the finest particle (25 microns) size measured, the passing 
percentage remained between 55% and 65%, approximately.  Under this particle size 
distribution, the following results as shown in Table 7 and Table 8 were obtained during the 
start-up stage.   

Table 7. Thickener N°1 operation parameters 
 Feed Thickener Thickened tailings pumping 

 Cp Clear 
Water head Torque Flow 

PDP Cp YS Estimate 
weight 

 

Pass 
#500 

P80 

 % m % m³/h % Pa t/h % µm 
Average 4.8 3.4 28.7 113.8 68.5 112.9 147.5 59.7 52.5 
Max 7.0 5.4 50.3 233.0 71.7 165.4 312.1 66.4 58.5 
Min 1.5 2.5 16.4 0.0 64.5 65.3 0.0 55.4 44.8 
          Std. Dev. 

 
1.6 0.6 7.8 48.1 1.7 24.9 63.4 2.6 3.5 

 
Table 8. Thickener N°2 operation parameters 

 Feed Thickener Thickened tailings pumping 

 Cp Clear 
Water head 

  

Torque Flow 
PDP Cp YS Estimate 

weight 
 

Pass 
#500 

P80 

 % m % m³/h % Pa t/h % µm 
Average 5.3 3.4 23,8 100.2 67.6 99.9 152.4 59.2 52.7 
Max 7.0 5.6 40,8 233.0 70.4 160.7 345.5 63.1 59.5 
Min 3.3 2.5 11,2 0.0 63.6 57.4 0.0 53.1 45.4 
          Std. Dev. 1.0 0.8 6,3 55.5 1.7 23.6 84.7 2.3 3.3 

 

As shown in tables, the average solids concentration achieved by thickener N°1 is 68.5% with 
yield stress of 112 Pa; for thickener N°2, the average solids concentration was 67.6% with yield 
stress 99.9 Pa. The average particle size of the material is P80 59.2 microns with a passing 
percentage at # 500 of 59.2%. Rheology behavior is shown in Figure 9 and Figure 10. 
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In both graphs, the relation between yield stress and solids concentration can be observed with 
similar curves for both thickeners. For solids concentration of 70%, the yield stress achieved in 
the discharge into the deposit ranges from 135 to 140 Pa.  Although there were moments when 
the thickener torque exceeded an average 40%, graphs show that it is possible to obtain solids 
concentrations of 70% with a torque between 30 to 35%.  The dosage of flocculants for start-up 
period was 86.8 g / t (see Table 9) which was estimated based on the discharge tonnage, as such, 
it is for reference purpose only. However, this confirms what was observed onsite regarding 
high flocculant consumption at the thickening plant. This is explained by the undersize of the 
feed particle which requires a greater amount of flocculants to decant. 

Table 9. Flocculants preparation parameters 
 
 

Flow (m³/h )l Estimate Dosage (g/t) Estimate Concentration  (g/l) 
Average 3.5 86.8 3.1 
Max 6 235.5 6.8 
Min 0 24.4 0 
Std. Dev. 1.2 46.2 1.3 

 

5.2 Transport 

The thickened tailings pumping and transport system was designed to pump the tailings in two 
stages, in accordance with the deposit growth: SP1 and SP2, this last one being more demanding 
due to greater loss generated by the level difference between them. 

Table 10. Pumping system main characteristics 

  Max Flow Min Flow 
Item Unit SP1 SP2 SP1 SP2 

Pumps quantity - 2 Operating+ 1 Stand By 2 Operating + 1 Stand By 
Flow each pump m3/h 284 247 
Discharge Pressure kPa 6,925 11,727 6,886 11,674 
Output Power  each pump kW 595 1,007 514 871 

 

Due to the finer particle size in the average achieved of 68% of solids concentration 
(approximately), a higher yield stress (120 Pa) than originally designed was obtained for the first 
stage of deposition (SP1). However, since the system was designed to work under additional 
demanding conditions of SP2, there was no problem for transporting thickened tailings with 
such characteristics. Even the fine particles with high values of yield stress were more favorable 
to avoid particle settling in pipes with reduced pump flows.   
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6.3. Deposit 

The values of solids concentration and yield stress achieved in the thickened tailings, along with 
the proper handling of spigots, allowed for adequate tailings deposition in regular layers without 
the presence of water.  It was evident at first that the beach slope was higher than originally 
estimated in the design (3.5%), mainly due to the finer particle size delivered by the 
concentrator. Towards the end of start-up period, the beach slope achieved by the tailings was 
determined onsite, based on topographic profiles in line with the first 3 spigots deposition of line 
1, corresponding to the material accumulated for two months. These profiles were compared to 
the topography of the project and topography of the deposit prior to the start of the operation.  
Spigots 2, 3 and 4 were selected to perform the surveying work, since this area of the deposit 
remained unaltered, unlike other sectors where excavations for borrow material left heaps which 
altered the natural slope of the terrain. 

The SNC-Lavalin experience both in laboratory, pilot plants and at industrial level indicates that 
upon deposition of thickened tailings on a surface, three zones with special slopes are presented. 
A first zone is near the point of deposition, where the initial accumulation of the material occurs 
before starting to flow. In a second intermediate zone, the material flows towards the slope 
characteristic of the deposit. While in the third zone for the final extension of deposition, 
achieved slopes are lower. This same phenomenon can be distinguished in the deposition 
profiles. 

Table 11. Slopes Characteristics 

 Slope at center (%) 

Spigot 2 5.5 
Spigot 3 4.9 
Spigot 4 5.1 
Average 5.2 

 

Although there are local variations in the slope at different points of the deposit, and since 
tailings conditions and deposition are not the same throughout the operation, the value obtained 
(5.2%) represents an average of such variations during the two months of operation considered. 

6 CONCLUSIONS 

Through the various stages of design, the predicted design performance and operation of a TTD 
tailings dam is corroborated.  Being the first time an iron tailings project uses this technology 
with tonnage of 20,000 tpd at flow rates of 500 m3 / hr in laminar flow in lengths of over 8 km, 
which exceeds the quantities used so far, the results are considered satisfactory. 
The need to develop deposits of this type becomes evident requiring an integral approach, where 
energy deposition, tailings rheology for transport purposes and thickening for water recovery are 
considered as in integral part of design and determined through theoretical and empirical 
procedures based on Eli Robinski’s studies and methodology. 

During the start-up phase it was not possible to bring the operation to the design parameters of 
the project, due to the inability to adjust to the design particle size distribution curve at the stage 
crushing and grinding stages. Despite this situation, the design was able to absorb this variation 
and perform satisfactorily. The main consequences were steeper slopes at the deposit, lower 
water recovery and poor water quality. Still, the thickening system was able to work with solids 
concentrations of 68% with a yield stress greater than 100 Pa. The safety factors applied to the 
first stage of deposition were sufficient to mitigate the impact of these values. 
In the long term, steeper deposition will result in less capacity in the dam, so it is advisable to 
adjust to the original particle size distribution curve of the project. However, the deposit has 
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been capable of storing the tailings in optimal conditions, without any lagoons or segregation 
and proper drying and consolidation, in accordance with the principles of the TTD method. 
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ABSTRACT 

This paper presents the results of a thickened tailings (TT) geotechnical and hydrogeological 
characterization program conducted in the fall of 2013 at the Canadian Malartic Mine (CMM). 
CMM is a gold mine located in the Abitibi region in the province of Quebec and has been 
operating since May 2011. 

The characterization program included both field and laboratory tests. The field program 
consisted of cone penetration tests and a drilling program conducted in the tailings storage 
facility (TSF). The data were interpreted to determine select in situ tailings geotechnical 
properties, assess their liquefaction susceptibility, determine the hydraulic conductivity of the 
tailings stack and locate the water table in the TSF.  

Tailings samples collected at several locations were tested in laboratory. Index tests were 
performed as well as cyclic simple shear and large strain consolidation tests. TT samples were 
also taken in the field along the deposition path to evaluate whether there is active segregation 
of the particles during the deposition at their current solids content. 

The results will be compared to the initial parameters and will provide updated geotechnical and 
hydrogeological properties of the TT being deposited at CMM as part of the update of the TSF 
design features. 

Key Words: large strain consolidation, cyclic simple shear, shrinkage limit, inclusion. 

1 INTRODUCTION 

The Canadian Malartic Mine (CMM) is located near the town of Malartic, Quebec in the 
southern part of the Abitibi gold belt. As of 2014, it was the largest open pit gold mine in 
Canada. The mine started its operation in May 2011, and is currently processing 55,000 metric 
tons per day (tpd) of ore. In June 2014, a partnership between Yamana Gold Ltd. (50%) and 
Agnico-Eagle Mines Ltd. (50%) purchased CMM from Osisko Corporation Ltd. CMM is 
currently developing an extension project extending the life of mine by seven years to the end of 
2028. The extension project will increase the amount of waste (tailings and waste rock) to be 
managed over the life of mine to approximately one billion tons from the 509 million tons 
originally planned.  

The design of the CMM tailings storage facility (TSF) was inspired by the management 
strategies of several operating mines, in particular the thickened tailings disposal facility at Kidd 
Creek Metsite (Kidd Creek) in Timmins, Ontario (Kam et al. 2009). Kidd Creek has produced 
thickened tailings since 1973 in climatic conditions similar to CMM. The CMM TSF was 
developed over an abandoned tailings facility and used some of the existing dikes as start-up 
confining structures. 

Initial design criteria allowed development of the TSF with TT at 68% solids content (by 
weight), target establish by client team, and central discharge points. Tailings parameters, 
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including those related to field characteristics and deposition angles were derived from Kidd 
Creek observation data while others were based on results from laboratory testing made on a 
single tailings sample obtained from the metallurgical testing. The design approach adopted the 
observational method of Peck (1969) allowing for adjustments based on field performance and 
continuous monitoring.  

In September 2013, the TSF reached a development stage where sufficient thickness of the 
CMM tailings was available to allow an in situ tailings characterization campaign to be 
conducted. The main purpose of the tailings characterization was to update the in situ TT 
properties. The operational reality of the CMM and adjustments in the process in the first years 
of production resulted in tailings behaving differently than anticipated and with different solids 
content than the design criteria. The observations and updated properties were to be used in the 
design adjustments based on field performance. This same process of data collection and design 
update will be performed throughout the life of the TSF, up to its final height (as high as 70 m 
above ground surface).  

This paper presents the main results of the 2013 characterization campaign and compares 
updated geotechnical tailings and design parameters of the TSF to its initial parameters.  

2 CANADIAN MALARTIC MINE TSF CONFIGURATION 

Figure 1 shows an aerial view of the CMM TSF as of July 2015. The current TSF footprint is 
2.7 km2 and will accommodate the storage of 183 Mt of tailings as per the initially permitted 
project.  

Figure 1. View of the Canadian Malartic Mine in 2015, looking west. 

In September 2013, the TSF active deposition area was organized in seven deposition cells 
confined by perimeter berms or internal roads. All CMM berms and roads are permeable. The 
perimeter TSF berms are raised by the upstream method at an overall 10H:1V slope, while the 
internal roads, sometimes referred to as inclusions, are raised vertically. Two to three raises of 2 
m in height are constructed every year using waste rock.  
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3 2013 TAILINGS CHARACTERIZATION PROGRAM 

As mentioned, the 2013 tailings characterization program consisted of field and laboratory tests. 
The field program included cone penetration tests (CPTs), sampling from drill holes 
(subsequently converted to observation wells), and surface tailings sample collection. The 
locations of the CPTs, drill holes and surface samples are presented in Figure 2. 

3.1 Cone penetration tests (CPTs) 

CPTs with recording of porewater pressure and including dissipation tests were conducted 
through the tailings stack at various locations to gather information at depth and at different 
distances from the perimeter and internal berms.  

Figure 2. Plan view of the TSF as of September 2013 – CPTs, drill holes and surface sampling locations 

Three platforms, shown in red on Figure 3, were built on top of the tailings surface, to provide 
access to the interior of three different cells. The platforms, built with waste rock, penetrated the 
tailings to a depth of approximately 2 to 2.5 m. Each axis (platform), aimed at studying a 
particular condition: the effect of having a former low permeability confinement structure called 
Dike 5 as a start-up confinement berm; the effect an internal road (inclusion 7) could have on 
saturation and consolidation; and finally, the effect of an internal road (inclusion) built on top of 
a former low permeability dike (West dike). Two CPTs were conducted along the platform to 
obtain profiles along particular axis: one CPT was pushed at approximately 5 m off the main 
structure (dike, raise or berm) and the second one was pushed 15 m to 25 m further away, 
towards the center of the cell.  

Figure 3 provides a schematic cross section view along the studied axes with the measured cone 
tip resistance (qc) and sleeve friction (fs) profiles for each CPT. The reader should note that for 
all of the investigated axes, old tailings were present under the CMM tailings. The 2013 tailings 
characterization and interpretation focused on CMM tailings. 

3.2 Boreholes and observation wells 

Two boreholes with split spoon sampling were drilled trough the CMM tailings. The boreholes 
were converted into monitoring wells primarily for measuring of the hydraulic conductivity of 
the tailings stack and locating the water table within the TSF. One of the boreholes was 
conducted at the Dike 5 axis location, while the second one was conducted at the north-eastern 
limit of the TSF (location is outside of the area shown in Figure 2). Samples were collected at 
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different depths to assess the variation in grain size distribution of the tailings. Hydraulic 
conductivity tests were also conducted in each well. 

 

Figure 3. CPT investigation axes a) Dike 5 location b) West dike location and c) inclusion 7 location 

3.3 Surface sample collection 

Tailings samples were collected in situ at the surface of the TSF. Samples were taken along a 
deposition path in two different cells to evaluate if segregation of the tailings was present. This 
aspect was of a particular interest as tailings were deposited in the TSF at around 60% solids 
content (by weight) compared to the initial design solids content of 68%. The two cells were in 
two different operating conditions: the cell located at the north-west of the TSF was left without 
tailings deposition for five to six months prior to sampling while the cell in the south-east corner 
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of the TSF was actively filled during the sampling. Nine samples were taken manually at surface 
as indicated in Figure 2. 

3.4 Laboratory program 

Common index laboratory tests were systematically conducted on all tailings samples including 
water content, grain size, Atterberg limits, and specific gravity. 

More specific laboratory tests were also conducted on selected tailings samples. These 
laboratory tests included self-weight consolidation, large strain consolidation (hydraulic 
conductivity was also measured at different consolidation stages), direct shear and cyclic simple 
shear, soil water characteristic curve and shrinkage limit.  

4 RESULTS AND OBSERVATIONS 

Results from the field investigation and laboratory testing were compiled during the winter of 
2014. The most important findings and observations are presented in this section. 

4.1 Grain size distribution and water content 

The CMM tailings consist of silt particles, are non-plastic (ASTM D-4318) and have a specific 
gravity of 2.74 (ASTM D-854). These properties are similar to those found for hard rock tailings 
from metal mine in this region of Quebec (Bussière, 2007). Figure 4 shows the particle size 
distribution (ASTM D-422) of all tested samples. The CMM tailings contain over 70% particles 
finer than 0.075 mm. The tailings, even at a solids content of 60%, do not seem to generate 
segregation following the deposition. No significant trend could be observed horizontally 
(following a deposition path) nor vertically (in the boreholes), except that most surface samples 
are slightly coarser than the others. Grain size distribution of tailings was then considered fairly 
uniform for the whole TSF. However, 2013 grain size distribution data suggests some grain size 
variability, as shown with the curves presented in Figure 4. The uniformity of the tailings mass 
will need to be reassessed and confirmed in a consistent manner over time. The grain size curve 
obtained in 2008 with the metallurgic sample show a grain size similar to the range obtained in 
2013.  

Figure 4. Grain size curves of the 2013 characterization campaign- surface, borehole, end of pipe, 
mix compound samples  
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Samples collected at the surface of the TSF showed that the in situ water content (ASTM D-
4959) of the tailings is relatively uniform with values varying from 26% to 31%. Those values 
were similar for the cells with recent deposition and those where tailings were at rest for five to 
six months. 

4.2 Water table in the impoundment 

The water table measured in the standpipe piezometer near Dike 5 (Figure 3) was located 1.6 m 
below surface. Along with the standpipe water level measurement, CPTs conducted near Dike 5 
seem to show a drawdown from the center of the cell towards Dike 5. A drawdown was also 
interpreted near internal road, at West Dike, based on CPTs conducted from the platform. At the 
internal road (inclusion 7), the water table was interpreted to be at surface. In conclusion, based 
on this limited information, the water table seems to remain very close to surface in all cells 
investigated.  

4.3 Tailings in situ state 

CPT results show that the CMM tailings are generally in a loose state as the tip resistance and 
sleeve friction are relatively low. The tailings consolidation state seems to be locally influenced 
by the presence of the permeable internal roads (inclusions) or perimeter berms. The CPTs 
performed 5 m away from those structures indicated the presence of denser tailings than those 
observed at the CPTs performed 20 m to 30 m away from those structures. A denser state was 
deduced from higher tip resistance and sleeve friction presented in Figure 3, assuming that the 
CMM tailings have a fairly uniform grain size distribution which seems to be the case as 
discussed in Section 4.1. 

However, the above observation was made considering CPT profiles at Dike 5 and West dike 
axes but was not as evident at the location of the inclusion 7 axis. Permeable berms (inclusions) 
could increase the drainage of the surrounding material (James et al. 2013) and thus increase the 
consolidation state of this material. However, the presence of discontinuities in the drainage path 
might be the reason why this effect was not observed perpendicular to inclusion 7. 

The impact of the draining inclusions or permeable berms on tailings behaviour is currently 
difficult to quantify. More instrumentation and analysis will be necessary in the coming years to 
be able to conclude if a positive (draining) effect is present. 
4.4 Consolidation and hydraulic conductivity 

Self-weight Consolidation Tests 

Self-weight consolidation testing was conducted under single and double drained conditions to 
determine the settling rate, volume of excess water (supernatant) expected to be released and an 
estimate of the dry density of the TT at the end of the self-weight consolidation. The test was 
carried out using a graduated cylinder with a diameter of 630 mm filled with tailings to a height 
of 300 mm. Prior to testing, the sample was prepared at 60% solids content (by weight). During 
the test, the location of water-tailings interface was measured, and the increase in the tailings 
density due to self-weight consolidation calculated.  

Self-weight consolidation was completed within three hours of the double drained test with an 
average dry density increase from 960 kg/m3 at the initial stage to a final dry density for the 
consolidated layer of 1340 kg/m3. The single drained self-weight consolidation was slightly 
slower than the double drained, as it was completed within approximately five hours. The 
variation of dry density was from 950 kg/m3 to 1270 kg/m3 at the end of the test.  

Similar self-weight consolidation tests were conducted on the CMM tailings (Demers-Bonin, M. 
2013), with an initial solids content of 68% and laboratory tests presented similar results. The 
results of the three self-weight consolidation tests are shown in Figure 5. 
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Figure 5. Self-weight consolidation laboratory test results 

Large Strain Consolidation Tests  

Large strain consolidation tests along with hydraulic conductivity tests were carried out using 
large strain Trautwein cell consolidometers and described in van Zyl et al. (2014). Prior to load 
application, the TT were deposited in order to achieve conditions similar to those obtained at the 
end of the self-weight consolidation, with an initial water content of 36% (73% solids content by 
weight). The consolidation tests were conducted for a stress range similar to the stresses 
anticipated in the field until the end of the TSF life.  

Hydraulic conductivity of the tailings at various void ratios was directly measured during the 
large strain consolidation tests. A constant hydraulic gradient was applied to the sample during 
the hydraulic conductivity tests (i.e. constant head tests). The results of the two tests performed 
are presented in Table 1. 

Table 1. Large strain consolidation laboratory results 

Sample 
Effective  

Stress 
(kPa) 

Void 
ratio 

Dry density 
(kg/m³) 

Hydraulic 
conductivity 

(m/s) 

Compressi
on Index 

Cc 

Consolidation 
coefficient Cv 

(m²/s) 

Water 
Content 

(%) 

A  
(mix of 
surface 

samples) 

0 1.01 1 370 - - - 37.2 
7 0.78 1 540 1.4 x 10-7 - 8.9 x 10-7 - 

15 0.76 1 560 1.4 x 10-7 0.05 1.3 x 10-5 - 
70 0.71 1 600 1.1 x 10-7 0.07 2.4 x 10-5 - 

140 0.69 1 620 1.0 x 10-7 0.07 5.6 x 10-5 - 
370 0.66 1 650 1.0 x 10-7 0.06 1.5 x 10-4 - 
650 0.63 1 680 8.1 x 10-8 0.13 1.2 x 10-4 24.1 

B 
(End of 

pipe 
sample) 

0 0.95 1 400 - - - 35.8 
7 0.74 1 570 6.5 x 10-8 - 4.2 x 10-7 - 

15 0.73 1 580 6.9 x 10-8 0.04 7.7 x 10-6 - 
70 0.68 1 630 5.6 x 10-8 0.07 1.1 x 10-5 - 

140 0.66 1 650 5.2 x 10-8 0.08 2.7 x 10-5 - 
300 0.63 1 680 4.8 x 10-8 0.09 4.2 x 10-5 - 
650 0.60 1 720 4.0 x 10-8 0.10 7.1 x 10-5 23.4 

Hydraulic conductivity decreases and consolidation coefficient increases when the confinement 
pressure increases and the void ratio decreases. Overall, large strain consolidation results 
indicate an important gain in consolidation with increase of confinement pressure. This 
conclusion could not however be confirmed with CPT data. 
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Laboratory measurement values as well as derived compressibility and hydraulic conductivity 
parameters were used to develop material parameters A, B, C, D and Z defining the following 
consolidation relationship (see. e.g. Abu-Hejleh and Znidaricic, 1994, 1996).  

 
e = A(’+Z)-B and k = CeD  
 

In the above relationship, e denotes the void ratio, ’stands for the effective stress and k is the 
hydraulic conductivity functionally dependant on void ratio. Material parameters determined for 
tested samples are shown in Table 2. 

Table 2. Selected compressibility and hydraulic conductivity parameters 

Sample Compressibility parameters Hydraulic conductivity parameters 
A (1/kPa) B(-) Z (kPa) C (m/sec) D(-) 

A 0.854 -0.0550 0.0001 1.411 X 10-7 2.376 
B 0.908 -0.0568 0.0001 3.043 X 10-7 2.832 

The effective stress in the TSF at the time of the investigation was assumed to be very low 
(about 150 kPa) at the base of the CMM tailings stack. Based on the large strain consolidation 
test conducted, the associated void ratio varies between 0.91 (1 kPa) to 0.65 (150 kPa), using the 
constitutive equation presented above. The hydraulic conductivities for the same range of 
effective stresses vary between 2x10-7 m/s to 1x10-8 m/s.  

The hydraulic conductivities obtained with dissipation tests and in situ tests (1x10-7 m/s and 
1x10-9 m/s) seems to provide the same order of magnitude (superior limit) as those obtained in 
laboratory and inferred from the CPT results, as shown in Figure 6. The same observation was 
made on tailings, old tailings and natural soils.  

Figure 6. Hydraulic conductivity measured in situ, in laboratory and inferred from CPT results 

4.5 Soil-water characteristic curve and shrinkage limit 

Drying process was simulated in the laboratory (ASTM D-6836) to determine the soil water 
characteristic curve using a pressure cell and a pressure plate for the lower suctions (under 1500 

In situ test- Dike 5 well 
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kPa). The higher suction points were obtained using saturated salt solutions in desiccators and 
suction was verified using a chilled mirror hygrometer. The tests in pressure cell and pressure 
plate were conducted using saturated sample. The sample for the pressure cell was prepared by 
pushing the steel ring into the tailings previously slurried and allowed to settle. The void ratio of 
this specimen at the start of the test was 0.81.  

The results shown on Figure 7 establish that the air entry value of the tailings is in the vicinity of 
65 kPa. The shrinking limit was estimated to be at 22%.  

Figure 7. Soil Water Characteristic Curve 

4.6 Direct shear 

Direct shear tests were conducted in laboratory (ASTM D-3080) and the results are presented in 
Table 3. 

Table 3. Summary of direct shear laboratory test 

Void ratio 
Normal 
stress 
 (kPa) 

Shear  
Resistance  

(kPa) 
Void ratio 

Normal 
stress  
(kPa) 

Shear  
Resistance  

(kPa) 
Sample 1 Sample 2 

0.58 160 135 0.56 160 134 
0.55 325 271 0.52 325 274 
0.52 485 390 0.53 485 385 

These values were used to calculate the friction angle of the CMM tailings. The calculations 
resulted in a relatively high friction angle of about 39 degrees. According to Bussière’s (2007) 
historical summary of different authors, internal friction angles for hard rock tailings from metal 
mines are in the range of 30 to 42 degrees. The CMM tailings would be in the high end of this 
range. However, it is important to mention that the void ratio used in the testing was relatively 
low (e=0.52 to 0.58) compared to the one obtained in the large strain consolidation test (e=0.61 
to 0.68) for similar effective stresses. The results of the direct shear are thus to be used prudently 
and more characterization will be done in the future. 

4.7 Cyclic shear strength and post-cyclic strength 

Cyclic simple shear tests were conducted on the CMM tailings using equipment manufactured 
by GDS instruments (ASTM D-6528). The soil specimens were 70 mm in diameter and 25 mm 
in height after consolidation. The samples were consolidated, prior to loading at confining 
pressures of 200 kPa and 400 kPa to simulate the approximate pressures in the CMM tailings at 
the bottom of the TSF after the deposition up to 1/3 and 2/3 of the final TSF height. The 
summary of the cyclic simple shear tests is presented in Table 4 below.  
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The samples were reconstituted in laboratory to be consistent with the tailings deposition 
method in the field. The reconstitution involved preparing the tailings to a water content of 36% 
prior to consolidation. This water content represents the approximate water content measured 
after self-weight consolidation and corresponding to approximately 73% solids content (by 
weight).  

After consolidation, the samples were subjected to a sinusoidal shear stress of constant 
amplitude with a frequency of 0.1 Hz. The cyclic shear stress was applied to a value of shear 
strain of 5%. Upon completion of the cyclic loading, each specimen was sheared monotonically 
at a constant strain rate of 5% per hour to measure the post-cyclic shear strength. 

Table 4. Summary of Cyclic Simple Shear Testing 

Test ID eo σ'vc  (kPa) ec 
CSR = 
cyc/σ'vc 

Ncyc-

=3.75% p-c /σ'vc 

400 kPa; 0.08 CSR 1.16 400 0.66 0.08 55 0.10 
400 kPa; 0.10 CSR 1.25 400 0.71 0.10 13 0.06 
400 kPa; 0.12 CSR 1.32 400 0.70 0.12 9 0.08 
200 kPa; 0.10 CSR 1.03 200 0.68 0.10 14 0.06 

Notes:   eo : Initial void ratio 
ec : Void ratio after consolidation and before shearing 
cyc : Cyclic shear strain 
p-c : Post-cyclic shear stress at 20% shear strain.  

The cyclic shear resistance of the CMM tailings was defined by the shear stress applied to reach 
a strain of 3.75%. Figure 8 below represents the number of cycles needed to reach a strain of 
3.75% in relation to the cyclic shear resistance ratio (cyc/’vc). Idriss and Boulanger (2008) 
suggest that an earthquake magnitude can be represented in laboratory by a certain number of 
uniform cycles. In the Abitibi region, Earthquakes Canada deaggregation studies proposed to 
use a magnitude of 6 for a return period of 1:2475 years. Therefore, based on laboratory results, 
the cyclic resistance ratio (CRR) of the CMM tailings would be around 0.13 in the tested 
conditions. 

Figure 8. Cyclic resistance of the CM tailings 

The normalised post-cyclic strength (p-c/’vc) was defined as the strength observed at a strain of 
20%. In this condition, the normalised post-cyclic strength measured was between 0.06 and 
0.10. 

4.8 Other observations from field data and tests 

Several other observations were made during the field campaign. Some of these are presented 
below as they are thought to be complementary to the previously presented results.  

4.8.1 Desiccation 
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The degree of desiccation, based on observation, is considered low and the desiccation cracks 
were considered shallow. At other mine sites, desiccation can be quite rapid and lead to 
significant strength gain of the tailings stack (Theriault et al. 2003). However, currently at this 
site, no significant desiccation cracks were observed and the moisture content at surface still 
remains higher than the shrinkage limit.  

4.8.2 Frozen tailings 

Frozen tailings (1-2 m in thickness) were encountered in three of the six CPTs. They were 
intercepted up to approximately 3 to 6 m below the surface. Although the frozen layers of 
tailings were not observed in the boreholes, based on the ability to advance the CPT through the 
tailings indicates that the encountered material is likely frozen tailings, rather than a distinct ice 
layer. The CPT response to frozen tailings was distinguished by higher tip resistance and pore 
pressure, with lower sleeve friction.. Temperature was also measured by the CPTs showing 
values close to 0 °C.  

It is difficult at the present time to establish the impact of the frozen tailings on performance as 
the layers do not seem to be either homogeneous or continuous. Based on some observations at 
other sites in the same region, it is expected the frozen layers will thaw with time.  

4.9 Summary comparison between some tailings properties 

Table 5 below presents a comparison between some design tailings properties and the ones 
updated with results from the 2013 field and laboratory campaign.  

Table 5. Tailings parameters– Design and 2013 data 
Parameters Design 2013 field and laboratory campaign 
% passing 75 um 86% 73 to 95% 
Specific gravity 2.71 2.74 
Relation between saturation 
ratio, void ratio, hydraulic 
conductivity 

k=4.9 X 10-8 m/s (e=0.73)  
k=1.3 X 10-8 m/s (e=0.58)  

e = 0.908(’+0.0001)-0.0568  
k = 3.0 x 10-7 e2.8 m/s  

Tailings dry density 1.5 t/m3 (estimated) 1.4 to 1.72 t/m3 

(0.95 ≤ e ≤ 0.6) 1 

Consolidation parameters Cc=0.05 
Cv=0.03 cm2/s 

Cc=0.05 to 0.13 
Cv= 8.9x10-3 to 1.2 cm²/s  
(0.63 ≤ e ≤ 1.01) 1 

Air entry value 40 kPa (e=0.8) 65 kPa (e= 0.6) 
1. Based on large strain consolidation tests results of Sample A 

5 CONCLUSION  

To better understand current performance of the CMM TSF and establish tailings parameters 
based on field data, a tailings characterization program was conducted in 2013, two years 
following the start of operations. It consisted of borehole and CPT investigations conducted in 
different areas of the TSF. Also, laboratory tests were performed on tailings samples, including 
self-weight consolidation, large strain consolidation (hydraulic conductivity was also measured 
at different consolidation stages), cyclic simple shear, soil water characteristic curve, shrinkage 
limit and direct shear. The results of those tests have been presented and discussed. Overall, the 
properties obtained as a result of the characterization campaign were generally consistent with 
parameters employed in the initial phase of TSF design, but more information was acquired to 
improve numerical models.  

At this stage, the in situ data collected provide a good understanding of the current TSF 
behaviour. The tailings deposition started recently (May 2011) in the TSF. Future dam raises 
will be strongly influenced by the engineering properties of the tailings produced by the mill, the 
depth of the phreatic surface and the consolidation of the tailings stack. The consolidation of the 
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tailings will govern the strength of the material, and ultimately the stability of the overall 
impoundment. The tailings field conditions and performance of the TSF must frequently be re-
evaluated to adjust the design. Therefore, ongoing instrumentation data collection, field 
observations, frequent tailings characterization and regular design updates during the TSF 
evolution are key for its successful operation.  
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Filter-pressed tailings facility design, construction, and operating 
guidelines 

Jack A Caldwell 
Colleen Crystal 

Robertson GeoConsultants, Vancouver, Canada 

ABSTRACT 

Filter-pressed tailings facilities have been designed, constructed, and operated since the late 
1980 when Greens Creek, Alaska first adopted the method.  Currently more and more mining 
companies are considering filter-pressed tailings management as a way to reduce water 
consumption and possibly reduce the risk of failure of the tailings facility.  This paper describes 
guidelines for decision making in support of the design, construction, and operation of filter-
pressed tailings facilities.  The guidelines are based on recent projects on which the authors have 
worked.  The paper emphasizes the need to characterise the site, establish realistic tailings 
properties, take into account site-specific climate and seismicity, and the possible need to amend 
tailings to achieve moisture contents that facilitate compaction and strength gain of the tailings. 
The paper discusses alternate stack geometries that may be required to facilitate construction, 
achieve moisture control, manage surface water, and limit seepage and groundwater impact.   
Finally the paper proposes a risk assessment approach to guide selection of tolerable risks that 
are inevitably involved in all tailings operations—and pursue the goal of a zero-failure 
operation.  

1 INTRODUCTION 

Since the expert report on the failure of Mount Polley stated that the safest tailings facility is one 
with no water on or in the tailings, much attention has turned to filter press tailings facilities.   
This paper follows on one we wrote on a similar topic some years ago, Caldwell (2013).  In this 
paper we write about the many observations and ideas about filter press tailings stacks that have 
come our way in the past two years.  

What we write is based on case histories that we are involved with, our reading of what many 
others write about the topic, and intensive discussions and arguments with our tailings 
colleagues.  The views are our own, and we are responsible for them.  But nothing we write here 
should be taken as advice, for every tailings sack is different and nothing is of general 
applicability. 

 

Figure 1. Placing filter pressed tailings at the Greens Creek facility.  This stack has been in successful 
operation since the late 1980s. 
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2 THE FILTER PRESS SYSTEM 

The filter pressed tailings stack is but part of a bigger system which may include: 

 The grinding circuit 
 The filter press units 
 The conveyance systems 
 The stacker pad 
 The mine backfill system. 

The grind of the tailings is determined by the need to reduce the ore to a size or gradation that 
yields optimum metal recovery.  The best gradation for the tailings stack plays little to no part in 
the selection of the grind.  A coarse grind that would be best for tailings placement may yield 
too little metal recovery.  Conversely, a very fine grind may yield greater metal recovery, but 
cost too much to justify the energy of grinding and filter pressing. 

The more expensive the filter press plant, the more water it is likely able to squeeze out.  We 
know of plants that can get the tailings down to fourteen percent moisture content.  But this cost 
money.  And may not be optimum for the mine backfilling system. 

At mines where filter pressing is done, a certain percentage of the tailings may be returned 
underground as backfill.  This commonly involves reslurrying the tailings, adding cement, 
pumping underground, and placing in worked-out stopes.  Too dry a filter cake from the filter 
press plant, and the slurry plant and cement addition units may be compromised.  Some plants 
we know of like to receive the tailings at no less than nineteen percent moisture content.  This is 
too wet for convenient placement at the tailings stack. 

The issue arises because the demand of the underground backfilling system varies erratically.  
Interruption of placement may occur frequently and unscheduled.  Thus the pressure is on the 
filter plant operators to always have a nineteen percent moisture content tailings ready to switch 
from delivery to the stack to delivery to the backfilling system.   

Conventionally, the tailings destined for the stack is conveyed to a stacker pad by a conveyer.  
At the stack it is dumped into piles from which it is placed into trucks for delivery to the tailings 
facility.   In wet climates, it may be good to have a roof over the stacker pad to avoid rain onto 
the tailings.  Yet some believe the effect of rain onto the tailings at the stacker pad is a minor 
factor in tailings moisture control, and many stacker pads do not have roofs.   

 

Figure 2. The roof over the stacker pad of the Marlin Mine, Guatemala filter press tailings facility. 
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If there is room, it is best to have a large stacker pad area.  Thus if the tailings are delivered to 
the stacker pad wet, they may be spread and allowed to drain and dry before being put in trucks 
and taken to the tailings facility itself.  

3 MOISTURE CONDITIONING 

If the tailings are above optimum compaction moisture content, it may be necessary to condition 
them before compaction.  The tailings need to be dried somehow.  Options include: 

 Stockpiling in a non-placement area and allowing them to drain and dry  
 Repeated ploughing and disking 
 Addition of lime 
 Addition of cement. 

Stockpiling may be suitable where there is a dry and a wet season.  Tailings produced in the wet 
season may be stockpiled and allow to dry during the dry season.  This involves double handling 
and the need for a large stockpile area.   

At sites where rain is intermittent or even torrential, it may be possible to arrange the workday 
so that just before the storm, the upper surface of the tailings is compacted with a smooth-drum 
roller.  This prevents precipitation entering the tailings, and instead induces it to runoff.  The 
upper surface of the tailings should be inclined to expedite runoff while limiting erosion by the 
runoff..   

Then when the storm is passed, go back and disk or plough the tailings to reduce moisture 
content.  

Lime or cement may be added in amounts from a 0.5 to 1.5 percent.  The lime or cement 
changes the optimum compaction moisture content, thereby facilitating compaction.  In time the 
lime or cement may also contribute to an increase in the cured strength of the tailings. 

 

Figure 3. Filter pressed tailings in place and being disked to reduce moisture content. 

4 PORE PRESSURE MANAGEMENT 

If in spite of the best efforts, the tailings are placed too wet, excess pore pressures may develop.   
Is it suspected this is happening, it is advisable to push a few cone penetrometer tests (CPT).  
This rapidly establishes the presence of excess pore pressures.  If the pore pressures are too 
high, you may have to install wick drains to expedite pore pressure dissipation.  Alternatively 
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slow down tailings placement and allow the pressures to dissipate naturally.  The old rule of a 
rate of rise of no more than two meters a year is a good one---albeit seldom attainable. 

If development of excess pore pressures is a persistent issue, it may be advisable to place layers 
of waste rock every few meters rise of the tailings.  The tailings are generally far less permeable 
than the rock.  The presence of layers of permeable, unsaturated rock provides a great system to 
expedite natural pore pressure dissipation.   

In addition, the rock may add some to the overall strength of the tailings and enable the stack to 
be constructed to steeper inclinations.   

5 COLD WEATHER CONSTRAINTS 

Greens Creek where for some thirty years there has been a successful filter pressed tailings 
facility is in the south panhandle of Alaska.  It is not hot there, nor too cold.  It is generally wet.  
Snow is generally not an issue. 

There are many mines, however, in very cold and very wet climates.  There are mines where 
there is a lot of snow that persists for long periods of the winter.  Such sites are not good 
locations for filter pressed tailings facilities.  You just cannot fight the snow and the rain and the 
wet tailings.  Avoid consideration of filter pressing at such sites. 

6 ACID GENERATING TAILINGS 

Conventional wisdom is that acid generating tailings should be deposited underwater -- Wilson 
(2015).  And at closure the tailings facility should be arranged to keep the tailings wet in the 
long term. 

The fight rages whether it is practical or reasonable to close a wet tailings facility and keep a 
pond over the tailings in perpetuity.  This is not the place to resolve the issue.  There are many 
operating mines where acid generating tailings are being placed beneath water and are planned 
to stay that way past closure. 

The issue we address is if a new filter press stack of acid generating tailings is feasible.  In our 
opinion the answer is of course yes.  The issues are really no different from those faced by heap 
leach pad operators.  Place a basal liner.  Construct a low infiltration cover.  Compact the 
tailings so they are low permeability and do not pass water.  Place the tailings dry so that their 
post-closure transient seepage is small.  And at the worst, provide for perpetual capture and 
treatment of the seepage.   

7 STACK GEOMETRY 

The geometry of the filter pressed tailings stack is determined by the topography of the site.  We 
distinguish these basic stack geometric shapes: 

 Pyramid that may have a nearly square base of may have an elongated base.  The 
ground on which the pyramid is constructed should preferably be flat or inclined at a 
gently slope. 

 Sidehill where the stack is placed against the hillside and rises from a valley floor 
subtended by the hillsides.   

 Valley Fill where the stack fills the valley extending from one adjacent hillside to the 
other.   

The primary advantage of a pyramid is that it receives only directly incident precipitation.  Thus 
it produces least contact water that may need to be treated.  Sidehill stacks involve uphill 
diversion channels.  If the overall stack is high, it may be necessary to construct a series of 
uphill diversion channels as the tailings elevation rises.   Regardless of the number of such 
sidehill channels there is always some additional uphill area contributing excess water to the 
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contact water system. And there is always the fact that the sidehill channels are sized for a 
limited precipitation event---when it rains more, the channel overflows and excess water comes 
down onto the tailings working surface.   

A true valley fill has to be able to deal with the upgradient runoff.  This may be diverted or may 
be allowed to come on down to the tailings working surface.  From there the excess water may 
be pumped off.  Depending on the water quality, the excess water may be discharged or treated.   

The pyramid is disadvantaged by the limitation of lesser volume (capacity) per footprint area 
than the other two basic layouts.  In addition, the pyramid has a larger exterior perimeter surface 
that ultimately has to be covered at closure.   Yet at closure, there is no doubt but that the 
pyramid represents the most stable geomorphic form:  as many old pyramids and earth mounds 
from Egypt, to Chaokia, to central and south America attest, earth mounds may remain stable 
for more than 1,000 years.  

 

Figure 4. The Chaokia earth mound in Illinois.  It has stood stable for over 1,000 years. 

8 MINE WASTE ROCK 

At most mines there is waste rock to be managed.  The waste rock may be beneficially used in 
construction of the tailings stack.  Specifically the waste rock may be used to construct starter 
perimeter berms.  The more waste rock available, the larger the berm can be and hence the 
greater contribution it may make to overall stack stability.   

As the tailings rise, perimeter berms of waste rock may be placed before placing a subsequent 
rise of the tailings.  Use of the waste rock to construct perimeter outer slopes aids greatly in 
limiting erosion of the silty, sand tailings, and provide a good base for a subsequent soil cover.   
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Figure 5. The Escobal Tailings Stack.  In the foreground is the perimeter embankment made of waste rock 
that is covered soon after placement with topsoil and vegetated.   

 

Figure 6. The outer face of the Escobal Tailings Stack.  Here the tailings rise above the waste rock that is 
partially covered with soil and to the left already supporting vegetation. 

9 CASE HISTORY 1 

Martin et al (2015) describe the evaluation of alternative designs for the El Toqui, Chile tailings 
facility.  They conclude that the filter press tailings can be used to construct a twenty-five meter 
high embankment behind which thickened tailings may be placed.  This is an innovative and 
cost-effective approach.   
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Figure 7. The layout of the propose El Toqui tailings facility.  

 

10 CASE HISTORY 2 

Although the Rosemont Copper mine proposed for Tucson, Arizona is controversial and delayed 
at present, they have mounted an extensive public relations campaign to promote the benefits of 
filter press tailings and the reduction of water use associated therewith.  Their YouTube video is 
worth watching. 

 

Figure 8. The Rosemont Copper filter press tailings facility would use a standard approach involving 
perimeter rock buttresses.  See Newman 2010.   

11 RISK ASSESSMENT 

A standard risk assessment involves the following: 

 Definition of the system. 
 Identification of hazards. 
 Quantification of probabilities. 
 Definition of consequences. 
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 Quantification of risks. 
 Establishment of risk tolerance. 
 Ranking of risks. 
 Identification of risk avoidance strategies. 

Some risks to be considered in compiling a filter press tailings stack risk assessment are: 

 The stability of slopes proximal to the stack and hence the issue of landslides. 
 Erosion by large precipitation events. 
 Flooding of the tailings placement surface by large storms. 
 Failure to achieve design tailings moisture contents and the consequential development 

of excess pore pressures. 
 Excessive seepage to groundwater. 
 Earthquake and seismic stabilty.   

A typical filter press risk register should include sections on: design; construction; operation; 
stack performance; closure; and post closure.   The most significant risks associated with 
operation involve placement of tailings that are wetter than that required for optimum 
compaction.  Tailings should not be placed at a moisture content where excess pore pressure 
could develop—and if it does, drains to relieve such pressure should be installed.   

A second major issue to be managed as part of operation is control of the runoff water that if not 
rapidly removed could form a pool of contact water towards the backside of the upper surface of 
tailings being placed.  The upper surface of the tailings should be placed at an inclination to 
grade to a central area of the surface. Precipitation runoff will flow to the low area.  Such water 
must be immediately pumped back to the plant for treatment.  In no case must a pool of water be 
allowed to develop or stand on the surface of the tailings placement area.   

The risks associated with a pool include development of a phreatic line in the body of the 
tailings that could induce slope failure and the possibility of the pool overtopping the perimeter 
berms and hence the flow of water and tailings to the environment.   

In general the risk associated with filter press tailings stacks are tolerable as part of responsible 
mining.  In particular, we believe that of all tailings facility types, the long-term, post-closure 
performance of a filter press stack is vastly superior and the long-term risks small. 

12 CONCLUSIONS 

Filter press tailings facilities have been in successful operation for nearly thirty years.  More and 
more mines are using or considering the approach.  There are limitations include scale and 
climate.  But the filter press manufacturers, the design engineers, and the mine operators are 
rising to the challenges and we can expect more advance to come.   
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Figure 9. The Greens Creek filter press tailings stack showing the outer slope on which vegetation  
has established naturally. 
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Dewatered tailings disposal – a cost effective  
alternative to wet disposal 

M.J. Gowan 
Golder Associates Pty Ltd, Brisbane, Australia  

ABSTRACT 

A coal mine in Mozambique, southern Africa, produces both metallurgical and thermal coal. A 
relatively high volume of coal washery wastes are produced due to a low average yield. Currently, 
the tailings are deposited as a slurry in a surface tailings storage facility (TSF1), while the rejects 
are hauled for disposal in dumps within the mine overburden. Due to the low dry density achieved 
by the settled tailings and the lack of suitable sites for new TSFs, dry disposal needs serious 
consideration for future tailings handling. 

This paper outlines the current tailings disposal issues and the potential dry disposal solution based 
around results from a pilot dewatering plant that was established to trial the most effective way of 
dewatering the tailings. The pilot plant was designed to trial the dewatering effectiveness of a 
paste thickener, a belt press filter and a centrifuge. The results indicate that the tailings can be 
effectively dewatered, a dewatered solution would be cost effective, tailings can be transported 
without issue and mixed with the rejects for co-disposal. Dewatering would eliminate the need to 
construct any further TSFs, increase the water recovery and reduce tailings disposal costs over the 
life of the mine.  

Key Words: co-disposal, pilot, dewatering, filter, centrifuge, NPV 

1 INTRODUCTION 

Mozambique has extensive, mainly untapped, coal reserves and this mine is the largest coal mine 
developed to date. It produces principally metallurgical coal, with a low yield of 35 to 45%, 
meaning that over the life of the mine until 2047 it will produce an estimated 840 Mt of coarse 
rejects and 105 Mt of tailings. 

The Karoo age sediments at the mine consist of conglomerates, sandstones, shales and coal seams, 
deposited in a graben-controlled basin.  The main coal seam present is called the Chipanga and is 
approximately 30 m thick. It is divided into three sub-seams and within each of these sub-seams 
there are further splits. However, for product definition, only four coal seams are currently mined. 

Currently, the rejects are hauled to the mine and encapsulated with the mine waste in cells in an 
out-of-pit dump, while the tailings are deposited into a valley TSF, which is due to be filled in 
2018. The mine site has a limited surface area, is relatively flat and has few valleys in which 
further TSFs can be built. Thus the mine commissioned a study into alternative tailings disposal 
options, specifically dry disposal. 

2 CURRENT TAILINGS DISPOSAL 

The tailings are pumped as a slurry, aiming for a solids concentrations in the range from 25 to 
35%, through two 355 mm HDPE pipelines to TSF1, over a distance of about 2 km from the coal 
handling and preparation plant (CHPP). 

2.1 Coal seams 

Currently the mine processes four coal seams through the CHPP. These seams vary in thickness 
and occurrence and it is expected that their geotechnical behaviour will differ from each other. 
For instance, reports from the CHPP record that the one of the seams (UCT) was very difficult to 
wash. 
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Early geotechnical test results for three of these coal seams are presented in Table 1. Of note from 
these results are the following: 

 The tailings have a lower specific gravity (SG) than that expected for coal in South Africa 
and Australia (typically about 1.7) 

 The dry density of the deposited tailings is low, from 0.45 to 0.55 t/m³, much lower than 
the maximum dry density achieved on Standard laboratory compaction  
(Table 1). 

Table 1. Tailings geotechnical test results. 

Coal band SG Permeability 
(m/s) 

Percentage 
passing 75 μm 

(%) 

Maximum 
dry density 

(kg/m³) 

Optimum 
moisture 

content (%) 

Friction 
angle 

(°) 

Cohesion 
(kPa) 

LC 45/46 1.453 5.1x10-8 61 1 018 17.4 34.0 0 
MLCB 1.529 1.9x10-7 61 1 077 18.0 36.7 0 
UCB 1.463 3.3x10-8 42 1 089 16.4 30.8 15.5 

Average 1.482 9.1x10-8 55 1 061 17.27 33.8 5.2 
 

Using the data in Table 1, it is estimated that the maximum dry density the tailings could reach 
on consolidation and desiccation in TSF1 would be about 0.74 t/m³, equivalent to a void ratio of 
1.0. 

2.2 Tailings Storage Facility 1 

TSF1 is a valley containment with a capacity of 23.57 Mm³, a 30 m high main embankment at the 
northern end of the valley and a 15 m high embankment at the southern end. The tailings are 
discharged off the main embankment only, through a series of spigots, set at 100 m centre-spacing 
along the two slurry pipelines. 

A tailings dry density of 0.9 t/m³ was assumed during the design phase to determine the filling 
rate and life of TSF1. Recent field surveys have indicated that TSF1 is only achieving an average 
dry density of about 0.6 t/m³. This means that TSF1 is filling far more rapidly than was planned 
and there is an urgent need to provide future tailings storage capacity. 

2.3 Tailings Storage Facility 2 

In 2006, a tailings disposal feasibility study was carried out and a site to the south of the CHPP 
was selected as the preferred TSF site. This site had a capacity of just under 80 Mm³ and at the 
time was expected to provide life-of-mine (LOM) tailings storage capacity. However, instead the 
TSF1 site was selected for the first TSF.  

Since then, the mine has built an ore conveyor across the western edge of this site, now earmarked 
for TSF2, and they are planning to develop a small pit across its footprint; both of which will 
reduce its storage capacity to around 53 Mm³. Hence, with both the smaller storage capacity and 
a planned increased LOM tailings tonnage, TSF2 no longer meets the LOM tailings storage 
capacity. 

2.4 Other TSF options 

Upstream raising has been considered for the TSFs, but due mainly to the high rates of rise, in 
excess of 2 m/year, and the unsuccessful attempts to raise coal tailings TSFs upstream in South 
Africa, this option was rejected. As the mine is surface area-constrained, and although there may 
be an opportunity to use a pit sometime in the future, there is currently no free land that could be 
considered for a third or subsequent TSFs. As a result, the mine has had to consider alternative 
tailings disposal options, including dewatered (dry) tailings disposal. 
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2.5 Dry tailings disposal options 

A desk-top trade-off study was carried out in 2012 to select the best option to handle the tailings. 
Alternative tailings disposal options included re-mining and re-processing the tailings, in-line 
flocculation and a range of dewatering methods. 

Capital and operating costs were estimated for these options and, surprisingly, the construction 
and operation of conventional TSFs did not come out to be the lowest cost option. The lowest 
LOM cost options were centrifuging and belt press filtration of the tailings and then, after mixing 
with the rejects, hauling the combined rejects and tailings to the mine for disposal. 

The other benefit of installing a dewatering system, other than the apparent benefits of lower costs 
and meeting the tailings storage requirement, is the increased, and guaranteed, percentage of the 
process water that can be recovered for reuse, rising from 44 to around 84%. 

Further, a selection risk ranking was developed and the combinations of tailings dewatering, 
transport and disposal location options were compared to obtain an overall priority for each 
combination and the top eight ranked options are listed in Table 2. 

Table 2. Top 8 ranked disposal options. 

DEWATERING 
SYSTEM TRANSPORT DISPOSAL LOCATION RANKING 

Belt filter Belt conveyor Ex-pit and In-pit co-disposal 1 
Belt filter Belt conveyor Stand-alone facility 2 
Belt filter Truck Ex-pit and In-pit co-disposal 3 
Belt filter Truck Stand-alone facility 4 
Centrifuge Belt conveyor Ex-pit and In-pit co-disposal 5 
Centrifuge Belt conveyor Stand-alone facility 7 
Centrifuge Truck Ex-pit and In-pit co-disposal 6 
Centrifuge Truck Stand-alone facility 8 

 

2.6 Assessment of dry tailings disposal options 

Golder was then commissioned to carry out a scoping level study into the option of moving to dry 
tailings disposal. Samples of each of the coal seams available at the time were collected and 
dispatched to tailings dewatering equipment suppliers in South Africa and the USA, namely: 

 Belt press filter (BPF)  Phoenix 
 Centrifuge   Alfa Laval 

The BPF and centrifuge suppliers delivered positive outcomes from bench-scale testing and 
confirmed that the tailings should be straightforward to dewater using the supplier’s equipment, 
producing a low moisture content, handleable cake that could be transported and dumped. 

As a result of these tests, the following numbers of units were suggested by each supplier: 

 Belt filter press   26 to 36 x 3 m wide units 
 Centrifuge, solid bowl  up to 5 x 1 m diameter units. 

The rejects-to-tailings dry mass ratio over the LOM averages about 8:1.  Calculations predicted 
that all of the tailings could be encapsulated within the void space of the rejects without adding to 
the volume required to store the rejects alone. 

3 PILOT TAILINGS DEWATERING TESTING 

In view of the favourable results for the mechanical dewatering options and considering that this 
would be a radical tailings disposal departure for the mine, it was agreed that there would be 
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benefit in running and demonstrating the dewatering equipment at pilot-scale in real-time before 
making a final decision. The pilot plant study was commissioned in the third quarter of 2013, with 
the Golder scope to design and manage an on-line pilot testing study of a paste thickener, belt 
press filter and centrifuge. 

 
Figure 1. Pilot plant arrangement. 

3.1 Pilot equipment 

A site for the pilot testing was selected within the footprint of TSF1, on high ground in the north 
east corner (Figure 1). This site was adjacent to the slurry pipelines, close to the water supply line 
and was unaffected by daily CHPP operations.  

The infrastructure to support the pilot equipment was designed, procured and fabricated by the 
Golder engineering team in its Centurion (South Africa) workshop. The equipment consisted of: 

 Flocculent mixing tanks, dosing pumps, piping and electrical controls 
 A water supply tank and pumping system to supply washing water to the belt filter press 
 Electrical reticulation for the dewatering units and pumps. 

This infrastructure was erected on a prepared concrete slab. Shipping and importing this 
equipment into Mozambique proved challenging, but eventually a reliable transporter was 
identified and used.  

3.2 Paste thickener 

The 300 mm diameter pilot paste thickener was fed with a dedicated slurry feed system. Flocculent 
and coagulant were added at a rate of 100 g/t each and the resulting underflow solids content 
varied between 48.2% and 51.1%, occasionally reaching 56%. This compares very favourably 
with the underflow solids content of between 27% and 31% achieved in laboratory testing at a 
flocculent dosage rate of 100 g/t.  
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The thickener underflow was pumped into a receiving cell so that field testing could be carried 
out. The tailings beach measured around 3%. The dry density of the settled paste tailings was 
measured at  about 0.82 t/m³. 

3.3 Belt filter press 

Andritz supplied and operated a 1 m pilot belt press filter (BPF). A summary of the filter cake 
moisture contents results obtained is given in Table 3. 

Table 3. Moisture content in cake produced by the BPF. 

PARAMETER 
SLURRY DENSITY (T/M3) 

UNIT 1.1000 1.1000 1.1036 1.1013 1.1036 
Solids concentration % 28.4 28.4 29.4 28.8 29.4 

Belt speed m/min 7.3 9.7 7.7 8.6 7.7 
Cake thickness mm 11 12 12 12 12 

Slurry throughput t/hr 0.6 0.8 0.6 0.8 0.6 
Flocculent usage g/t 888 767 514 480 900 

Coagulant g/t 0 0 0 0 0 
Filter cake water content % 17.5 16.5 15.8 16.2 18.3 

 

The results of the belt press filter field trials are shown in Table 4, and are compared with the 
results of the laboratory testing carried out by Phoenix on three coal seams. The field and 
laboratory BPF dewatering rates are very similar, with the major difference being the flocculent 
dosage rates. 

Table 4. Belt press filter outcomes. 
PARAMETER UNIT FIELD  LABORATORY 

Feed solids concentration % 28 - 30 35 
Expected operational belt speed m/min 5 - 10  

Expected flocculent dosage g/t 500 - 600 100 
Expected cake water content % 18 - 25 30 

Expected cake thickness mm 9 - 11  
Tailings dewatering rate t/m/hr 11 6.2 to 8.4 

 

Of note were: 

 The flocculent dosage rate had to be increased, from the 100 g/t estimated from the 
original bench-scale tests, to between 500 and 600 g/t to achieve a filter cake with 18-25 
% by mass water content 

 Coagulant was not needed, as its addition did not contributing for the final moisture 
content 

 The filter cake produced by the BPF broke off in slabs, which then broke down into 
smaller, but still quite large and stiff platelets when discharged from the conveyor 

 When the BPF was loaded and working efficiently the filtrate was reasonably clean. 

The conclusions that can be drawn from this testing are that: 

 The belt production rates measured in the field tally closely with those predicted from 
laboratory testing, so the number of belt filter presses required did not change 
significantly from the number predicted 

 The flocculent dosage rates in the field trials are significantly higher than predicted in the 
laboratory, which increases the flocculent operating costs significantly 

 A more efficient flocculent may be found through a flocculent screening study, with the 
aim of reducing the demand. 
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Andritz have recommended that 19 operating belt press filters will be required to meet the planned 
slurry solids concentrations range and the tailings output of 570 tph. 

3.4 Centrifuge 

The results of the centrifuge testing were very encouraging and test results are shown in Table 5. 
Table 5. Range of centrifuge cake moisture contents. 

Slurry 
solids 
range 
(%) 

Slurry 
feed RD % Solids 

Bowl 
speed 
(rpm) 

Scroll 
speed 
(rpm) 

Slurry 
(m³/hr) 

Solids 
(t/hr) 

Flocculent 
usage 
(g/t) 

Water 
content 

(%) 

20 to 25 1.082 23.8 1 200 20.0 15.0 3.9 583 29.0 
20 to 25 1.080 23.2 1 700 8.0 21.3 5.3 150 24.7 
20 to 25 1.080 23.3 1 900 5.0 21.5 5.4 0 21.4 
25 to 30 1.100 28.4 1 700 8.0 21.5 6.7 186 24.4 
25 to 30 1.105 29.7 1 800 5.0 20.0 6.6 0 22.4 
30 to 35 1.099 28.2 1 900 9.3 19.9 6.2 0 23.6 
35 to 40 1.116 32.6 1 900 5.0 20.5 7.4 0 31.4 
35 to 40 1.160 43.1 1 800 9.0 19.8 9.9 0 23.6 
35 to 40 1.139 38.2 1 900 6.5 20.0 8.7 0 23.3 

The following points are of note: 

 A handleable cake could be achieved using no flocculent 
 The cake dry density results using no flocculent were often better than those using 

flocculent 
 A cake moisture content of around 22% by mass could be achieved 
 The cake water contents are slightly lower than achieved by the BPF 
 The cake water content increases with slurry feed solids concentration 
 The centrate looks much cleaner (lower solids concentration) than that from the BPF. 

The pieces of cake produced by the centrifuge were smaller and slightly softer than produced by 
the BPF. 

3.5 Recommended equipment numbers 

The results of the pilot testing indicated the following design numbers for the dewatering 
equipment (Table 7): 

Table 7. Design numbers for dewatering equipment 
EQUIPMENT THROUGHPUT NUMBER FLOCCULENT 

DOSAGE RATE (g/t) 
Belt press filter 10 t/hr/m 19 500 - 550 

Centrifuge 55 tph/machine 13 350 

4 TRANSPORT AND DISPOSAL PROCESS 

4.1 Field and laboratory testing at Moatize 

The intention is for the dewatered cake to be dropped on to the rejects belts and discharged into 
the rejects bin, allowing time for mixing with the rejects prior to being hauled to the rejects dump 
for disposal. There will be no increased haulage cost or increase in the rejects dump size if the 
rejects and tailings are mixed at the expected 8:1 ratio. 

Field testing of the dewatered tailings cakes produced by both the BPF and the centrifuge were 
performed to understand their geotechnical parameters and to demonstrate that the addition of 
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tailings to the rejects would not change their handling or placement characteristics. The field and 
laboratory testing program was developed to test the following: 

 Loose and compacted dry density of the two cake products 
 Handling characteristics of the cakes 
 Mixing characteristics of the cakes with rejects 
 Loading characteristics of the mixed products 
 Loose and compacted dry densities of the mixed products 
 Trafficability of the mixed products when dumped and placed. 

4.2 Cake handling 

A backhoe was used to recover the cake from the dump at the end of the product conveyors and 
to transport it to temporary stockpiles. The cakes loaded easily, did not stick to the bucket and 
formed stable stockpiles. A difference was noted between the stockpiles of dewatered tailings 
cake from the BPF and the centrifuge:  

 The dewatered tailings stockpile produced by the centrifuge formed large balls (about 
150 mm in size) that rolled to the base of the stockpile and did not break easily 

 No such balls were evident on the dewatered tailings stockpile produced by the BPF, 
where the dewatered tailings remained as wedges that were easily crushed underfoot. 

4.3 Mixing coarse rejects and tailings 

The backhoe was used to mix the coarse rejects with dewatered tailings in the ratio 8:1. The 
mixtures were then loaded into a dump truck and hauled about 500 m to separate test dumps, 
where the rejects-tailings mixture was spread and track-rolled. It was noted that the freshly 
dewatered tailings from both the BPF and the centrifuge mixed easily with the coarse rejects, did 
not stick to the TLB bucket or cause any sticking during mixing and offloading from the dump 
truck. 

Mixing was achieved easily and to the naked eye there was no difference in the texture of the two 
dumps. Samples taken from the mixed dumps were tested in the site laboratory and gave the 
following dry density results (for the BPF and centrifuge processes): 

 Loose without compaction 1.38 to 1.14 t/m³ respectively 
 Compacted 1.44 to 1.40 t/m³ respectively. 

The difference in the two cakes discussed above may be the reason there is such a significant 
difference between the loose dry density of the BPF and centrifuge mixed products. 

A field density test was carried out on an 8:1 coarse rejects-to-tailings mixture after being dumped, 
spread and rolled. The result was a dry density of 1.76 t/m³, a 22.5% increase over the laboratory 
testing, showing the benefit of controlled compaction. 

4.4 Dynamic cone penetration testing  

DCP testing was carried out on test dumps of the 8:1 rejects-to-tailings mixtures prepared with 
both the BPF and the centrifuge cakes. The results suggest that: 

 There is little difference in the bearing strength of the BPF (CBR 14 to 28) and centrifuge 
(CBR 22 to 30) rejects-to-tailings mixtures 

 The rejects-to-tailings mixtures will “go down” easily and with minimal compaction will 
be able to support the mine’s haul fleet. 

Experience at the mine has shown that the haul trucks are able to traverse the rejects when they 
are dumped without tailings. The DCP results suggest that the addition of tailings will not detract 
from this and that the mixtures achieve a CBR of 10 or greater with minimum effort, which means 
that it will support the mine haul traffic. 
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4.5 Field density testing 

Due to the large particle size of the coarse rejects, of up to 75 mm, a conventional sand 
replacement test could not be used, so instead a large water replacement test was used. The results 
obtained for 8:1 coarse rejects-to-tailings mixtures are shown in Table 6. 

Table 6. Field bulk densities of dumped mixed rejects: tailings. 

TAILINGS CAKE ORIGIN FIELD BULK DENSITY (t/m³) 

BPF 1.764 
Centrifuge 1.799 

TSF1 1.019 

5 CLASSIFICATION TESTS 

The tailings proved to be non-plastic.  They have a very low clay mineral content or clay-size, 
and are classified as a silty sand, as shown in Table 7. 

Table 7. Tailings indicator and particle size distribution test results. 

Seam Source Plasticity 
Index (%) 

Liner 
Shrinkage 

(%) 
Sand-size 

(%) 
Silt-size 

(%) 
Clay-size 

(%) 
Unified 
Class 

LC45/46 Centrifuge 0 0 52 30 18 ML 
LC45/46 BPF 0 0 63 31 6 ML 
LC45/46 Slurry 0 0 50 40 10 SM 
LC45/46 Centrifuge 0 0 64 30 6 SM 
MLCU Centrifuge 0 0 50 40 10 ML 
MLCU BPF 0 0 66 28 6 ML 
MLCU Centrifuge 0 0 65 29 6 ML 
MLCU Centrifuge 0 0 68 29 3 SM 
UCB BPF 0 0 66 32 2 ML 
UCB Centrifuge 0 0 58 37 5 ML 

5.1 Moisture content 

The moisture and water content of the as-received dewatered tailings samples are shown in  
Table 8. 

Table 8. Tailings moisture contents. 

Seam Source Moisture Content (%) Water Content (%) 
LC45/46 Centrifuge 24.6 19.7 
LC45/46 BPF 30.7 23.5 
LC45/46 Slurry 10.1 9.2 
LC45/46 Centrifuge 0.0 0.0 
MLCU Centrifuge 15.6 13.5 
MLCU BPF 23.3 18.9 
MLCU Centrifuge 21.2 17.5 
MLCU Centrifuge 20.5 17.0 
UCB BPF 28.2 22.0 

UCB Centrifuge 27.2 21.4 
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The results given in Table 8 agree with the total moisture contents determined by Andritz for 
dewatered tailings collected from the BPF and centrifuge: 

 BPF   18 to 21% 
 Centrifuge  22% average. 

5.2 Test results for mixed samples 

The particle size data for the mixed rejects and dewatered tailings, in the ratio of 8:1, show the 
mixtures to be predominantly gravel and non-plastic, as expected (Table 9). 

Table 9. Indicator and particle sizing of mixed materials. 

Seam Source PI (%) LS (%) Gravel-
size (%) 

Sand-size 
(%) 

Silt-size 
(%) 

Clay-size 
(%) 

Unified 
Class 

LC45/46 Centrifuge 0 0 77 18 4 1 GP-GC 
MLCU BPF 0 0 77 18 4 1 GP-GC 

LC45/46 Centrifuge 0 0 35 33 32 0 GP-GC 

A standard compaction test and CBR strength test was carried out on the rejects-to-tailings 
mixtures and on the rejects alone (Table 11). 

Table 10. Compaction and CBR results. 

Sample Source Maximum Dry Density 
(t/m³) 

Optimum Moisture 
Content (%) CBR @ 93% MDD 

LC45/46 Centrifuge 1.672 6.6 48.2 
UCB Centrifuge 1.718 6.1 30.4 

MLCU BPF 1.685 6.1 43.8 
Rejects - 1.746 6.5 30.5 

Observations: 

 The maximum dry density of the mixed materials was slightly lower, on average by 3%, 
than the maximum dry density of rejects alone 

 The optimum moisture contents were about the same 
 The CBR of the mixed materials was up to 58% higher than that of rejects alone, 

indicating that adding the tailings improves the load bearing capacity of the coarse rejects. 

6 CONFIRMATORY LABORATORY DEWATERING TESTING 

Samples of the coal tailings were sent to the laboratory Andritz in Europe for confirmatory 
dewatering testing. The results of this testing, shown in Table 12, include suggestions for 
hyperbaric and Plate and Frame filters for completeness. 

Table 12. Equipment recommendations following confirmatory laboratory testing  

EQUIPMENT NO OPERATING FLOCCULENT (g/t) 
Belt press filter 19 350 

Centrifuge 11 250 
Hyperbaric filter 6 0 
Plate & Frame` 44 0 

7 LOM TAILINGS DISPOSAL COSTING 

The LOM tailings disposal costing has been developed using the results of the pilot testing, the 
costing basis established by Golder and dewatering machinery costs from Andritz.  
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7.1 Infrastructure multiplier update 

A construction multiplier was used to factor up the infrastructure costs associated with dewatering 
equipment, based on discussions with an EPCM contractor with local experience: 

 Belt press filter  6.0 
 Centrifuges   4.5. 

7.2 LOM costs and NPVs for the various dewatering options  

The NPV for the various dewatering options and TSFs, have produced the following  
results (Table 13). 

Table 13. Costs for the various dewatering systems 

SYSTEM LIFE (yrs) 

CAPITAL 
COSTS (USD 

M) 

OPERATING 
COSTS (USD 

M) 
LOM COSTS 

(USD M) NPV (USD M) 
Hyperbaric 28 97.18 91.01 188.19 -125.80 
Centrifuge 28 58.38 278.59 336.97 -148.83 

Plate/Frame 28 102.74 169.39 272.13 -156.47 
3 m Belt Press 28 97.18 273.49 370.67 -159.19 

Single large TSF 28 122.17 88.69 210.86 -173.44 
TSF2 9 177.82 23.48 201.30 -185.80 

Multiple TSF2's 28 782.21 88.69 870.91 -305.88 
 

While the hyperbaric and Plate/Frame filters produced the most attractive NPVs, they will not be 
considered further due to: 

 Hyperbaric filter - The risks of operating high pressure equipment on a remote site in 
Africa are considered high 

 Plate and frame – high capital costs given that there is no need for a very dry cake. 

8 DISCUSSION 

The following conclusions are drawn from the dewatering tests: 

 For the BPF 
- Production rates measured in the field tally closely with those predicted from 

laboratory testing 
- The flocculent dosage rate in the field had to be increased, from the 100 g/t 

estimated from the original bench-scale tests, to up to 550 g/t to achieve an 
acceptable filter cake water content 

- Subsequent flocculent screening has reduced the flocculent rate to 300 to 350 g/t 
 The centrifuge proved to be the most suitable option for dewatering this tailings, 

indicating: 
- A cake moisture content of around 22% 
- A flocculent dosage rate of around 250 g/t 
- A much cleaner centrate than that from the BPF. 

 The dewatered tailings 
- Did not stick to the bucket when loaded, so should not stick to conveyor belts 
- Can be mixed easily with the rejects and produces a dump with enhanced 

geotechnical parameters. 
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9 CONCLUSIONS 

Dewatering the tailings and mixing it with the rejects for co-disposal has been shown to be the 
most cost effective disposal method for this mine in the future, using the existing rejects trucking 
and disposal system, and centrifuges  have been recommended as the preferred dewatering 
equipment. 
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ABSTRACT 

The need for a new approach to dealing with tailings is urgent. Concerns over the social and 
environmental effects of mining, as well as federal and provincial regulations and future 
amendments to the Metal Mining Effluent Regulations (MMER), are placing increasing pressure 
on the industry to reduce or mitigate their impacts. Development of cost-effective, next-
generation solutions is needed. This requires investment in R&D and innovation. However, just 
spending on R&D is not enough: a clear path to implementation is required before the sought-
after results of reduced cost of compliance and asset retirement liabilities can be realized. This 
requires integration across multiple participants in innovation cycles. The era of mining 
companies driving integration using internal R&D may be over. Companies must now outsource 
R&D. Canadian mining entities active in environmental R&D include Research and Technology 
Organizations, regulators, universities, environmental technology developers, service providers 
and industry associations. They operate independently or in partnership to coordinate and 
leverage funding for industry-defined R&D priorities; but improved integration and focus are 
necessary to deliver more effective outcomes. This review maps Canadian mining stakeholders 
along the supply chain that are actively involved in developing improved tailings handling and 
water treatment technologies based on needs of the industry. 

Keywords: R&D, innovation, Canadian supply chain, environment, mine waste 

1 INTRODUCTION: A BIG CHALLENGE GETTING BIGGER 

The volume of waste rock and tailings generated by the mining industry has grown dramatically 
over the last century. Since the 1960s, the volume of tailings produced per day has increased 20-
fold. More than two decades ago, daily production of waste rock by the Canadian mineral 
industry was estimated at 1,000,000 tonnes, and daily production of tailings at 950,000 tonnes, 
which was more than 20 times the combined amount of municipal solid waste generated by all 
homes, industries, commercial properties and institutions in Canada (Government of Canada, 
1991). In recent years, while reported levels of tailings and waste rock were relatively constant 
from 2006 and 2009, levels increased by 23% between 2009 and 2010 and by 27% between 
2010 and 2011. Some mines are now producing more than 200,000 tonnes of tailings per day 

(Earthworks and MiningWatch Canada). Moreover, according to IntierraRMG, ore grades of the 
ten largest gold operations in the world are less than a quarter of what they were 14 years ago, 
generating higher volumes of waste that require safe storage.  

In addition to the problem of declining ore grades, mining companies face growing pressures to 
improve their environmental performance. Federal and provincial regulations and the future 
amendments to the Metal Mining Effluent Regulations (MMER) require the industry to reduce 
or mitigate their impacts. Managing these waste streams and minimizing associated 
environmental impacts present significant engineering, environmental and safety challenges. 
The problem is compounded by the fact that while mine operations have a finite life cycle, waste 
management does not. The costs of storing and managing waste rock and tailings persist long 
past the end of mining operations and product sales, leaving significant asset retirement 
obligations on mining companies and governments. Environmental impacts associated with 
tailings can also lead to fines or mine shut-down in the case of non-compliance. Finding cost-
effective solutions to this issue is an industry-threatening challenge – big and getting bigger.  

Furthermore, as shown in the recent Mount Polley incident accidental failure of tailings 
containment has severe negative impacts, not only on the stock value of the company, but also 
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on the brand and image of the entire industry. Steven G. Vick, member of The Mount Polley 
Independent Expert Engineering Investigation and Review Panel, publically recognizes that the 
mining industry cannot continue business as usual and must move away from storing mine 
waste under water behind earthen dams, a technology that is fundamentally 100 years old. The 
industry needs a new approach and a clear path to implementation before the sought-after results 
of reduced impacts, cost and liability can be realized. This requires integration across multiple 
participants in innovation cycles. Fortunately, Canada can count on strong enabling conditions 
for innovation across business sectors, including in natural resource industries. 

This paper reviews the current state of research and development (R&D) to increase 
environmental performance in the Canadian mining sector. In particular, the sources of funding, 
governmental support, the key players in R&D and future opportunities are examined.  

2 ADDRESSING ENVIRONMENTAL CHALLENGES THROUGH R&D  

Tailings management is among the environmental challenges that will always face operations in 
Canada and abroad. In this context, the mining industry needs to develop environmentally sound 
and economically efficient solutions to deal with its huge and always increasing volume of 
waste. An improved selection of best available technologies (BAT) for managing environmental 
impact at the planning stage will later facilitate and speed-up permitting as well as gaining and 
maintaining social licence to operate, in Canada and abroad. More efficient technologies to 
reduce mine waste will also lower requirements for financial guarantees (reclamation bonds) 
and residual liability at the closure stage. However, as suggested by the indicators in Table 1, 
waste and tailings management from 2006-2011 showed limited improvement.  

 Table 1. Indicators of environmental performance. 

 

Adapted from: Mining Sector Performance: 1998-2012 (2013) 
 
Mining companies have made and continue to make important investments in R&D to 
modernize past practices. However, as a whole Canada’s private sector has historically scored 
low compared to other countries. Canada’s ratio of Business Expenditure on Research and 
Development (BERD) to Gross Domestic Product (GDP) was of 0.93% in 2010, which is well 
below the OECD average of 1.6%. In Canada, in 2014, business expenditures on R&D by the 
minerals and metals sector were about $500 million. While significant, these expenditures have 
been on a downward trend and data show that R&D intensity (BERD as a percentage of GDP) 
of extractive industries has been lagging behind that of the business sector as a whole (Energy 
and Mines Ministers’ Conference 2014). In comparison, mining is a major contributor to 
investment in R&D in Australia. In 2011-12, global mining R&D expenditure was $4.1 billion 
(22% of total BERD), the second largest industry share behind manufacturing. Mining’s share of 
total Australian business R&D has more than doubled in the last decade (Mineral Council of 
Australia). 

On the other hand, R&D spending touching the environmental aspects of mining was more 
significant. For example in 2012, Canadian industrial R&D spending on environmental 
engineering was $745 million, and $280 million was spent on earth and related environmental 

Indicator Trend 
Waste and tailings management (2006-2011)  
Water quality (2003-2011)  
Air emissions (1998-2011)  
GHG emissions (1998-2011)  
Energy consumption and efficiency (1998-2011)  
Environmental expenditures (1998-2010)  
Improved  
Performance  

Limited  
Improvement 
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sciences. Of this, the mining, oil and gas extraction sector performed 77% ($577 million) of all 
R&D spending in environmental engineering and 64% ($178 million) of the spending for earth 
and related environmental sciences (Statistics Canada).  

Most countries recognize the importance of investing in innovation to stimulate private-sector 
spending on the development and adoption of new technologies. Canadian mining sector R&D 
is supported by a range of governmental initiatives, from tax incentives and regulations to direct 
funding programs, with the responsible development of natural resources and environmental 
protection being common areas of focus.  

3 OVERVIEW OF SOME R&D FINANCIAL SUPPORT AVAILABLE FROM THE 
CANADIAN GOVERNMENT 

Canada’s Scientific Research and Experimental Development (SR&ED) tax incentive program 
is the single largest federal program supporting businesses that engage in research, development 
and commercialization. Related work that qualifies for SR&ED tax credits includes 
experimental development to achieve technological advancement to create new processes or 
improve existing ones, as well as applied research to advance scientific knowledge for a specific 
application. Over the years, the SR&ED tax credit program has supported the mining industry 
for R&D in environmental areas such as metal contamination and improved tailings 
management. However, the mining sector is a relatively minor user of the program. Data 
collected in 2007 indicated that the extraction segment of the mining industry accounted for 
~0.5% of the total credits earned under the program.  

The Natural Sciences and Engineering Research Council (NSERC) is a governmental funding 
agency that promotes innovation by financially supporting postsecondary students and 
postdoctoral fellows and funding research conducted by postsecondary professors. NSERC’s 
programs gives the opportunity for members of the Canadian mining supply chain to collaborate 
with a research team from a university or college to address an immediate challenge or a longer-
term innovation need. The mining industry has not traditionally been a large recipient of 
NSERC funding but this is nevertheless an important source. A successful example was the 
OCE-CEMI-NSERC Mining funding Initiative, a partnership of the Ontario Centres of 
Excellence (OCE) and the Centre for Excellence in Mining Innovation (CEMI), with the mining 
industry and NSERC, to fund $2 million in university- and industry-based transformative R&D, 
which included projects for mine water and waste. Two NSERC Industrial Research Chairs 
related to mine-impacted water and tailings are currently held by Yukon College and by 
Université du Québec en Abitibi-Temiscamingue (UQAT)/École Polytechnique de Montréal. 
The Research Chair in Yukon College (Industrial Research Chair in Mine Life Cycle) was 
created to address northern-specific challenges associated with mine-influenced water and 
terrestrial reclamation practices. The Research Institute in Mines and Environment (RIME) at 
UQAT-Polytechnique is supported by several mining companies (~$10 million over 7 years) 
and addresses technical challenges associated with mining ore deposits and mine site 
reclamation.  

Small and medium-sized enterprises (500 or fewer full-time equivalent employees) are eligible 
for financial and technology assistance from the NRC-Industrial Research Assistance Program 
(NRC-IRAP). IRAP helps Canadian enterprises in understanding the technology issues and 
opportunities and provides linkages to the best expertise for the development and 
commercialization of innovative technologies, processes, products and services. One example of 
NRC-IRAP support was the non-repayable contribution of up to $295,000 to BioteQ 
Environmental Technologies, for technologies that can treat wastewater produced from the 
Canadian oil sands. 

Since innovation is never risk-free, entrepreneurs with innovative technologies often find it 
difficult to attract investment. This lack of financing explains why many promising innovations 
never make it from the lab to the market, dying instead at the capital-intensive development and 

 
142

http://www.mentorworks.ca/what-we-offer/government-funding/research-development/ontario-centres-of-excellence-talent-programs/
http://www.mentorworks.ca/what-we-offer/government-funding/research-development/ontario-centres-of-excellence-talent-programs/
http://www.mentorworks.ca/what-we-offer/government-funding/research-development/


demonstration phase. Sustainable Development Technologies Canada (SDTC) is an initiative of 
the Government of Canada that operates as an arm’s-length not-for-profit corporation. It aims at 
increasing access to market and the rate of market entry for the commercialization of innovative 
clean technologies to achieve Canada’s environmental and economic goals. This includes 
technologies in mine waste management. A remarkable example of support the Canadian mining 
supply chain is the funding (~$4.4 million) attributed to a consortium led a B.C.-based company 
(MineSense Technologies Ltd.) for a ground-breaking sorting technology that increases metal 
recovery from low-grade ore and decreases environmental impact.  

Environment Canada manages Canada’s Environmental Technology Verification (ETV) 
program. ETV provides verification and validation, by qualified and impartial third parties, of 
the performance claims for innovative environmental technologies ready for commercialization. 
The goal is to allow faster and more widespread adoption of environmental technologies, both 
nationally and internationally, and to reduce risk for buyers and end users.  

To some extent, the industry finds that government research funding mechanisms are not 
coordinated and do not provide support commensurate with the industry’s innovation needs, 
priorities and contributions. As pointed out by the Mining Association of Canada (MAC) in its 
2015 report: first, the government (through NSERC) primarily funds academic institutions, often 
pursuing more fundamental research which does not necessarily have bearing on industry-
generated innovation needs and priorities. This “push versus pull” scenario does not always 
provide relevant innovation. Second, Canada’s minerals sector innovation continuum is 
fragmented due to a lack of national scale coordination of government and industry funding. As 
well, the sector faces challenges in effectively networking and focusing Canada’s R&D 
community to integrate service providers into its innovation continuum. In response to these 
challenges, the mining industry has banded together through non-governmental associations, 
such as the Canada Mining Innovation Council (CMIC), to coordinate and leverage funding for 
industry-defined R&D priorities. 

These developments represent a subtle but key shift in focus, away from how to spend available 
funding and budgets and towards developing innovative solutions and outcomes. The emphasis 
moves off metrics around total dollars spent on R&D and starts to fall on innovation outcomes 
and direct business benefits. The planning conversation must now emphasize the business case 
for investment, not just the budget for R&D spending. The rationale is that if the return on 
investment is clear, funding decisions will follow. The role of government support then also 
shifts away from simple R&D support towards providing risk mitigation and risk sharing 
arrangements with the investors and the ultimate beneficiaries of innovation, the industry. In 
addition to technical risk management, R&D agencies become the stewards of strategic 
expertise and facilities, guided by industry needs. These changes are accompanied by changes in 
the relationships between R&D providers and the participants in the mining supply chain – an 
idea that is explored more fully in Section 5 of this paper.  

4 KEY PLAYERS FOR ENVIRONMENTAL R&D AND INNOVATION 

With the magnitude and complexity of the problems, and the increasing need for an 
interdisciplinary approach in the development of innovative technologies, it has become nearly 
impossible for mining companies to meet their technology needs by in-house R&D: only a few 
of the largest companies currently maintain internal research centres and it is by no means clear 
that this remains the best way to approach R&D. Table 2 reviews the strength and weaknesses of 
some key players involved in environmental R&D and innovation for the mining sector. 
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Table 2. Overview of the key players in environmental R&D and innovation for the mining sector. 

Entities Leaders Strengths Weaknesses 

Universities  A few examples are 
Polytechnique 
Montreal/UQAT – 
Program RIME; 
Laurentian University -
Goodman School of 
Mines; UBC – Dept. of 
Mining Engineering; 
Yukon College; Laval; 
Many others. 

 

Generally more focused on 
fundamental and academic 
research, targeting an 
increased understanding of 
basic concepts and 
developing future work. 
Strong focus on HQP, where 
industry is at risk. Able to 
secure NSERC funding, 
which is still seen as 
attractive by industry. 

Limited pool of trained 
personnel, work 
generally conducted by 
research staff (students) 
with a high rate of 
turnover. Students have 
limited industrial 
experience. 

RTOs Canada National 
Research Council 
(CNRC); COREM; 
Saskatchewan Research 
Council (SRC); CRIQ, 
CEMI. 

Long-standing relationships 
with mining industry. Aware 
of environmental issues 
related to the mining sector. 
Development of relevant 
expertise. 

Mandates of some RTOs 
are in scope to specific 
geographical or technical 
areas. Depth of 
capabilities varies. 
Limited supply chain 
engagement. Focus on 
funding pressures.  

Federal 
Agencies 

CanmetMINING Science and technology 
dedicated to the mining 
sector, but only partially 
dedicated to technologies to 
reduce environmental 
impacts. Some long-standing 
programs (e.g. MEND) and 
facilities. Local presence in 
mining regions. 

Specific areas of 
expertise and programs 
that cannot cover all 
industry needs. 
Collaboration initiatives 
are being developed. 

Environmental 
Services 
Providers 

Engineering firms, less 
than 50 of various sizes. 

Well-established business 
model, strong awareness of 
cost. A few are exploring 
greater technology role. 

Appetite for innovation 
often constrained by 
commercial 
arrangements that stifle 
appetite for technology 
risk. Generally have 
limited R&D capabilities 
(there are exceptions). 

Associations Mining Association of 
Canada (MAC); Canada 
Mining Innovation 
Council (CMIC); 
CAMESE, provincial 
associations e.g. MABC, 
MSABC. 

Sharing of knowledge and 
tools leading to rapid 
adoption of ‘industry-
standard’ way of operating, 
creates a system 
encouraging companies to 
contribute. 

Tend to be less effective 
beyond the pre-
competitive stage when 
membership become less 
inclined to collaborate. 
Required competencies 
or research capabilities 
may not be available 
from member 
organizations.  
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National non-governmental organizations are emerging as major enablers of a more effective 
R&D system. CMIC, a national non-profit organization with representatives from industry, 
academia and government, was formed with the aim of investing mining industry R&D dollars 
more strategically. CMIC discusses with government agencies how best to support the 
industry’s innovation priorities, including in the areas of tailings management. The organization 
also seeks federal government funding for projects that more fully reflect the industry’s needs. 
CMIC working groups in its Environmental Stewardship Initiative (ESI) have developed 
roadmaps to address the environmental needs of the mining industry; a Tailings Working Group 
is currently being re-established after a hiatus. Towards Sustainable Mining (TSM) is MAC’s 
commitment to responsible mining. It is a set of tools and indicators to drive performance and 
ensure that key mining risks are managed responsibly. One of the priority areas of TSM is 
tailings management. The protocols and management system-based indicators that back 
the TSM guiding principles describe the industry’s current environmental performance and what 
can be improved, and therefore help to define R&D priorities.  

In response to the ongoing challenges faced by the mining industry to reduce its environmental 
footprint, Natural Resources Canada (NRCan) established, in 2009, the Green Mining Initiative 
(GMI). The objectives are to accelerate R&D and deployment of green mining technologies and 
practices, to enhance innovation and improve environmental performance of the Canadian 
mining industry. GMI works in close partnership with provincial/territorial governments, 
industry, academia, non-governmental organizations (NGOs) and other interested stakeholders 
such as the Canada Mining Innovation Council (CMIC). One of the research and innovation 
pillars is ‘Footprint Reduction’ and comprises activities to minimize the quantity of waste. 
NRCan also administers the Mine Environment Neutral Drainage (MEND) Program and the 
National Orphaned/Abandoned Mines Initiative (NOAMI). CanmetMINING, a division of 
NRCan, is involved in the development and deployment of green mining science and 
technologies. Much of CanmetMINING's research is done in partnership with industry, 
provincial governments, other federal departments, universities and even international agencies. 
They operate by doing in-house research and contracting-out on a cost-shared, task-shared or 
cost-recovery basis.  

Technology 
Suppliers 

 

Supplier companies 
ranging from global 
MNEs to SMEs, from 
technology-specific 
vendors through 
consultancies to large 
EPCM firms. 

Play key role in optimizing 
and developing innovative 
technologies and ideas. 
Often active in other 
industrial sectors 
(opportunity to acquire 
technologies developed for 
other industries). Offer key 
integration services. 

Often constrained by end 
user specification of 
proven technology. Not 
necessarily proactive in 
environmental solutions 
but rather work to find 
specific solutions that 
meet client specifications 
at lowest cost. Limited 
appetite for applying 
advances from adjacent 
industries. 

Original 
equipment 
manufacturers 
(OEM) 

Also range from global 
MNEs to SMEs. 

Progressively shifted focus 
to provide greener 
machinery and techniques, 
for unit operations – for 
example increased efficiency 
and reduced effluents and 
waste. 

Responding to user 
specifications, proven 
equipment at lowest cost. 
Traditional OEM-centric 
business models. Often 
prefer to adapt existing 
systems rather than 
redesign. Few head-
office in Canada; sector 
relies largely on 
imported technology. 
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Traditionally, academic institutions were mainly involved in fundamental research that did not 
necessarily meet the needs of the industry. Over the years, collaborations with the industry have 
led to more applied and aligned projects that significantly contribute to innovation. NSERC 
grants requiring industry co-investment allow universities to offer research services at low cost, 
but their major impact remains on the development of knowledge and the training of highly 
qualified personnel. 

Engineering firms provide environmental services though the whole mine life cycle, for 
environmental compliance (permitting, environmental assessments, environmental impact study, 
and site closure plan) and conception, implementation and monitoring of treatment and 
environmental solutions through feasibility/mine planning to mine closure/rehabilitation. Owner 
risk aversion drives commercial arrangements that discourage these engineering firms from 
recommending innovative solutions. These arrangements generally fail to define mechanisms 
for managing technical risk associated with new technologies, so they tend to work on 
optimization rather than on the development of new technologies. Engineering firms do perform 
R&D to keep their expertise up-to-date, but typically such R&D is limited to meet a specific 
need at a specific site during the course of a project. They commonly use tax credits to support 
their R&D activities, which allow the companies to occupy their personnel off-season while 
maintaining the intellectual capital of the company. 

Environmental technology suppliers, ranging from multinational enterprises (MNEs) to small 
and medium-sized enterprises (SMEs), play a key role in the development of environmental 
technologies. A company is generally active in a range of industrial sectors and thus can provide 
mining companies with technologies that were proved successful in other industries, without 
having to invest in R&D. They generally have few contacts with the mining companies and are 
often constrained by end user requirements for proven technology. The same applies to the 
original equipment manufacturers (OEMs). OEMs often supply a ‘standard duty box’ to fit all 
industries, without providing a custom solution for a specific application. It the current 
traditional model, it is difficult for smaller innovative companies to get visibility and 
commercialize their products and services.  

Finally, Research and Technology Organizations (RTOs) are industry-driven organizations 
whose primary role is to develop and deploy technologies. They play a crucial role in 
overcoming national innovation difficulties by acting as links in the innovation system, 
stimulating business investment in R&D, adding value to research investment, reducing risks 
and developing market-focused technologies. Some of Canada’s RTO have long-standing 
relationships with the mining sector and are well-aware of its environmental issues. However, 
they are typically regional in scope and have traditionally focused on working with end-user 
companies with limited supply chain engagement.   

5 FUTURE: NEW WAYS, NEW OPPORTUNITIES 

A question remains: what can we do to boost innovation in the mining sector and find solutions 
for tailings and other environmental issues? Business innovation in Canada has continued to 
fade despite billions of dollars invested in R&D over two decades. Relying only on R&D is not 
enough.  

Part of the better way of doing things is to allow innovation to flourish in the hands of those best 
placed to realize its benefits. Somewhat counterintuitively this is not necessarily the end user 
mining operator. In many cases, it is the service or equipment supplier. For example, 
improvements to mineral processing flow diagram or equipment unit operations are 
implemented by the process consultant and process equipment supplier. But because 
commercial arrangements between such suppliers and the mining operator do not currently 
transfer either risk or benefit of improved performance to the supplier, there is little incentive for 
innovation. The industry should recognize that it is not only technical innovation that is 
required. Business innovation is an equally important part of the puzzle. These issues have been 
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recognized by other, more-technology-based and innovation-driven industries including the 
automotive and aerospace industries. Engineering and commercial systems have been developed 
by these sectors to facilitate appropriate transfer of technical and performance risks with their 
costs and benefits, in a way that incentivizes innovation by the supply chain. The mining 
industry is just starting to recognize that these approaches can also be applied to the entire 
mining lifecycle – including approaches to tailings management, disposal and remediation. 

In this context, Canada National Research Council (CNRC) has re-structured its approach to 
meeting industry needs in general, including those of the Canadian mining industry. CNRC is 
the primary national research and technology organization (RTO) of the Government of Canada, 
and has a clear mandate to work with clients and partners to provide innovation support, 
strategic research, scientific and technical services in order to develop and deploy solutions to 
meet Canada's current and future industrial and societal needs. CNRC’s program High 
Efficiency Mining (HEM), launched in November 2013, is a multi-year R&D program that 
establishes co-investment opportunities for stakeholders along Canada's mining value chain. 
Prior to launching the program, CNRC engaged with industry and worked with CMIC, which 
had already identified a set of industry priorities. Targeted projects will help optimize mining 
processes, improve equipment durability, and reduce the risk of technology adoption and 
integration across mining operations. These collaborative activities are expected to result in 
practical technology solutions to save companies hundreds of millions of dollars in operating 
and maintenance costs, while generating sustainable economic benefits to Canada. Another 
CNRC program, fully dedicated to generate environmental advances in mining, is currently in 
development. The program’s main objectives are 1) to decrease environmental CAPEX, OPEX 
and liability cost in mining and 2) to reduce risk associated with adoption of innovative 
solutions, providing Canadian mining companies and Canadian suppliers (technology and 
services) economic and environmental competitive advantages on the global stage. The future 
program will be positioned to work with technology suppliers to deliver solutions to 
environmental problems experienced by mining end-users conducting development, operations 
and remediation. This approach should allow costs and risks of increasing environmental 
challenges to be brought under control. The current stage of the commodity cycle would be an 
ideal time to launch a program such as this: all industry eyes are on efficiency and productivity, 
providing fertile ground for a business case approach. 

6 CONCLUSION 

Canada's mining sector has the tools and capacities to position itself as the global leader in 
environmental mining technologies and practices. However, international competition is a major 
threat to the Canadian supply chain because other countries’ R&D capacity for this sector can 
support their own suppliers and service providers to develop and export new technologies. 
Industrialized and emerging economies around the world continue to invest heavily in science 
and technology. International programs, initiatives and associations that support or perform 
R&D for environmental advances in mining exist at the government or industry level in 
resource-based economies similar to Canada’s. As competitors increase in both number and 
quality, the Canadian industry must continue to leverage its strengths and be ready to make 
fundamental and dramatic changes in the way of driving innovation into Canada’s mining 
supply chains. 

7 REFERENCES 
Energy and Mines Ministers’ Conference, Our Resources, New Frontiers: Overview of Competitiveness 

in Canada’s Natural Resources Sector, 2014.  

Government of Canada. 1991. State of Canada’s Environment.  Ministry of Supply and Services, Ottawa.  

Mineral Council of Australia. Available at: 
http://www.minerals.org.au/corporate/about_the_minerals_industry 

 
147

http://www.minerals.org.au/corporate/about_the_minerals_industry


Natural Resources Canada. 2013. Mining Sector Performance Report: 1998-2012.  

Statistics Canada. Business enterprise research and development (R&D) characteristics, by field of 
science or technology and North American Industry Classification System (NAICS). CANSIM (358-
0140) (Accessed: 1 September 2015). 

The Mining Association of Canada. 2015. Facts & Figures of the Canadian Mining Industry 2014. 

Troubled Waters: How Mine Waste Dumping is Poisoning Our Ocean, Rivers, and Lakes. 2012. 
Earthworks and MiningWatch Canada.

 
148



 

 
149



Assessing reclamation ready tailings materials using outdoor 
terrestrial mesocosms 

Christina C. Small 
Jay Woosaree 

Alberta Innovates - Technology Futures, Edmonton, Canada 
M. Anne Naeth 

University of Alberta, Edmonton, Canada 

ABSTRACT 

Current challenges in oil sands mine closure include the integration of tailings into reclaimed 
landscapes to ensure that materials are geotechnically stable; have acceptable soil; water and 
run-off quality; permit soil development consistent with regional soils; and, have ecological 
aspects of form and function consistent with the boreal forest. Infrastructure available in Alberta 
to facilitate feasible, controlled and replicated testing of tailings materials under realistic 
climate, environmental and exposure conditions is lacking. The Terrestrial Mesocosm Facility 
was designed to provide a relevant venue for testing engineered ecosystems, such as 
reconstructed soils. Mesocosms can include sufficient biotic and abiotic components to confer 
stability under replicated and controlled conditions; experiments can be conducted on time 
frames ranging from months to years. The facility represents an integrative scientific approach 
for investigating ecological and environmental systems by utilizing both laboratory and field 
data to develop complex assessments of indirect and synergistic ecosystem responses. 
Simultaneous testing of different scenarios can be completed as a feasible first step in 
identifying reclamation strategies to implement on-site; associated long-term monitoring may 
provide valuable information necessary for determining upland vegetation establishment 
success. This paper introduces a tool for testing tailings for reclamation planning and 
environmental effects assessment. 

Key Words: Field mesocosm, tailings, reconstructed soils, environment 

1 INTRODUCTION 

1.1 Environmental Mesocosms 

Environmental mesocosms are bound and partially enclosed physical models that permit 
detailed assessments of simulated ecosystems (Boyle & Fairchild 1997, Odum 1984). 
Mesocosms typically take the form of an impermeable vessel containing a substrate (e.g. soil, 
tailings, overburden, and process waters) and biotic community (plants, animals and 
microorganisms). This permits enclosed and secure testing of chemical constituents (e.g. 
hydrocarbons, salts, metals, organic acids) known to have harmful effects on aquatic and/or 
terrestrial environments.  

Environmental mesocosms do not mimic specific ecosystems but reflect similar and specific 
structural and functional features and/or characteristics (Lagadic 2014, Shaw & Kennedy 1996). 
As simple engineered systems, mesocosms balance complexity and control to a degree rarely 
achievable in either laboratory or field based research (Solomon & Liber 1988) (Fig.1). 
Mesocosms are more representative of actual systems than laboratory studies due to their size 
and exposure to natural climatic and biological conditions when housed outdoors. Laboratory 
experiments tend to be reductionist, using only the minimum number of elements necessary to 
investigate relationships between independent and dependent variables. These experimental 
systems (e.g. bacteria in a petri dish, fish in an aquarium, potted plants) permit high degree of 
replication and control, but can generate simplistic conclusions that do not reflect the 
complexity of real world phenomena. In comparison, field studies lack control and replication. 
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Since no two field sites are identical, investigators must use a relatively large number of similar 
sites or plots to determine baseline responses and confer statistical weight to results. Field sites 
naturally change over time, either through ecological succession or uncontrollable events, 
increasing data variability; the collection of extensive baseline data at each site may not mitigate 
effects of confounding variables. The collection of field data can be time consuming and 
expensive; some sites require extensive training and supervision, making many long term 
investigations impractical. Conversely, if populations or ecosystems are targeted for 
investigation, laboratory or field-scale studies would more adequately represent the scientific 
study, depending on the research question. 

 
Figure 1. Arbitrary distribution of the key properties distinguishing the types of environmental 

experiments. Mesocosms as engineered ecosystems fall between the extremes, incorporating a practical 
level of complexity while maintaining significant control and replication. 

By incorporating the major structural and functional elements of a natural ecosystem, 
mesocosms provide sufficient complexity to improve our ability to holistically extrapolate from 
experimental work to understand and predict biotic/ecological and abiotic/environmental 
interactions and responses to perturbations at larger scales. The control afforded by mesocosm 
replication permits robust statistical analyses and the ability to identify parameters, such as early 
indicators, exposure thresholds and risk factors. This paper considers the design of a mesocosm 
facility and the potential studies for which it may be used in the testing of reclamation ready 
tailings. 

1.2 Existing Mesocosm Facilities 

Terrestrial mesocosms have been used to identify short term measures of ecological processes 
and validate field survey data (Fay et al. 2008, Hu et al. 2005, Moore et al. 2007, Nippert et al. 
2007). North American mesocosm facilities range from large complexes to small tanks, 
depending on the intended application. The majority of previous experiments have either been 
small in scale (< 2600 L), utilizing soil core samples from the field, or highly instrumented open 
air terraces (e.g. Ecotron chambers) (Stewart et al. 2013). Of the existing mesocosm facilities in 
North America, there are no terrestrial facilities within the Great Plains and Northern Boreal 
Forest ecoregions of Canada to adequately represent environmental conditions of the prairie 
provinces (Fig. 2), thus restricting this type of research to the USA, Germany, France, Norway 
and Belgium (Stewart et al. 2013).  
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Figure 2. Distribution of mesocosm facilities across North America and location of the Alberta Innovates 

- Technology Futures and University of Alberta Terrestrial Mesocosm Facility in Vegreville, AB 
(yellow). The facilities highlighted include aquatic mesocosms (blue), terrestrial mesocosms (green) and 

riparian mesocosms (orange). Note the absence of mesocosm facilities in the Western inland of North 
America. Photo is adapted from GoogleEarth (2014). 

1.3 Alberta Innovates - Technology Futures Mesocosm Facility 

Alberta Innovates - Technology Futures (AITF) and the University of Alberta (through the 
Helmholtz-Alberta Initiative) are constructing an outdoor mesocosm research facility. The 
complete facility will contain both terrestrial and aquatic mesocosms, providing a secure, 
controlled, professionally operated and ecologically relevant venue for a range of investigations, 
leveraged by support, expertise and funding from participating organizations and industries. The 
mesocosm facility will provide unique physical infrastructure and a new model for strategic 
collaboration for research and development surrounding some of Alberta’s most pressing 
environmental challenges. The first phase of construction is the development and construction of 
the terrestrial mesocosms. 

2 MATERIALS AND METHODS 

2.1 Site 

The Terrestrial Mesocosm Facility (TMF) is located in Vegreville, Alberta on 22,000 m2 of land 
adjacent to a major transportation corridor. The area is undeveloped agricultural land since prior 
to 1949, used as pasture since at least 1976. The area is generally flat and at grade. This site has 
been considered for the testing of oil sands related materials, currently produced in the 
Athabasca oil sands region (Fort McMurray, Alberta). 

Similar to Fort McMurray, maximum average monthly air temperatures in Vegreville occur 
from June through July (21 to 23 oC); minimum average monthly temperatures occur from 
December through February (-19 to -23 oC). There is little regional variation in temperature. The 
average number of frost free days is 106 days. Average annual precipitation is 404 mm, 
comparable to 435 mm in Fort McMurray; greatest during the summer months (Environment 
Canada 2015, McClay 1996, NHC 2005).  

2.2 Spill Containment 

Wastes generated at oil sands mine sites and processing plants are subject to the Waste Control 
Regulation and must be classified as hazardous or non-hazardous by the generator (AQP 1996). 
This includes wastes that result from construction, operation or reclamation of well sites, heavy 
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oil sites, oil sands sites or related facilities. As per the Waste Classification Guide, mining 
overburden, soil contaminated with crude petroleum hydrocarbons, tailings pond sludge and 
delayed/fluid petroleum cokes are not regulated as hazardous wastes (AEP 1995). However, due 
to the current lack of stakeholder and public understanding of these materials and their 
associated chemical components, secondary containment was incorporated into the TMF. This 
additionally permits outdoor testing of toxic materials (e.g. materials containing chemical 
constituents above Alberta Tier 1 and/or Canadian Council of the Ministers of Environment 
(CCME) guidelines or defined as such by material safety data sheets (MSDS), and materials 
governed by the zero discharge policy (e.g. oil sands process water, recycle water in full 
strength, or process/recycle water diluted to any concentration). 

Incorporating secondary containment at the TMF permits identification and mitigation of spills; 
prevention of soil and groundwater contamination; and, maintains public and stakeholder 
approval based on due diligence and control over materials that are not well understood. As a 
result, long term outdoor research can be conducted using a wide range of oil and gas related 
materials without safety and liability concerns. 

Secondary containment was designed and constructed (September 2015) as per guidelines for 
above ground storage tanks containing industrial waste and wastewater (AEP 1997). The total 
staged area is approximately 640 m2, consisting of a lined and dyked area (500 mm earthen 
berms) graded (2%) to a catchment with a volumetric capacity of 100% of the largest tank,10% 
of the aggregate capacity of all other tanks, and 1/100 year 24 hour rainfall (~74 mm). The 
underlying clay (compacted to 98% standard proctor density at optimum moisture content) was 
lined with the following liner materials: geotextile LP 8 (overlain on top of the underlying clay 
layer), double textured synthetic liner (overlain on top of the geotextile) and a geocomposite. 
Gravel was placed and compacted to 100% on top of the liner materials, graded and swaled to 
create positive drainage. The area containing the mesocosm tanks was leveled. The design 
permits spills to be contained before treatment and disposal, if necessary (Fig. 3). 

 
Figure 3. Secondary containment design for the staging of the terrestrial mesocosms (Vegreville, Alberta). 

2.3 Terrestrial Mesocosm Construction 

Terrestrial mesocosms were constructed from open top polyethylene tanks (2.2 m width x 1.3 m 
height; 5000 L), connected to source and drainage tanks (0.6 m width x 1.3 m height) (Fig. 4). 
Construction of the TMF was completed on September 30, 2015; full scale operation will begin 
spring 2016. 
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Figure 4: Schematic of a terrestrial mesocosm designed for the Terrestrial Mesocosm Facility. 

Water table depth is regulated by hydraulic head from the source tanks, providing a simulated 
groundwater source, based on gravity flow. Water is introduced to the base of the mesocosm 
tank at three points through slotted pipes to permit a relatively even distribution of water 
through the soil profile. Valves are placed near the top and center of the mesocosm tank to aid in 
maintaining groundwater level, under simulated drought, perched water table or flooding 
conditions. Additional water added to the tank by precipitation is directed to a drainage tank via 
screened sand pack pipes. A suite of instrumentation is incorporated into the design to aid 
investigation of environmental perturbations (Table 1). 

Table 1: Instrumentation and equipment currently incorporated into the terrestrial mesocosms. 
Instrument Description 
Standpipe 
Piezometers 

Installed to capture, confirm and monitor intended water table depth within the soil 
profile. 

Lysimeters Installed into each soil horizon to collect groundwater samples for chemical analyses. 
Used to document changes in pore water chemistry, evaluate transport and fate of 
chemical compounds (inorganic and organic) and evaluate chemical and/or biological 
condition of the rooting zone. 

Soil Sensors Installed into each soil horizon (or at the soil horizon interfaces) to measure and 
monitor soil temperature, pH and electrical conductivity. 

Rhizotron 
Tubes/Camera 

Specialized tube and camera that permit visualization of root development throughout 
the soil during plant growth and development. 

Weather Station Installed adjacent to the terrestrial mesocosms to record soil sensor data and capture 
local meteorological data. Includes: air temperature, relative humidity, solar radiation, 
rainfall and wind speed and direction. 

 

For experimentation, soil materials can be shipped from any site or location and layered in the 
mesocosm tanks to produce various soil profiles to meet independent experimental objectives. 
Other materials typically used in reclamation scenarios, such as amendments (e.g. biochar, 
humalite and sludge), litter, and woody debris can be incorporated and investigated in the 
mesocosms. Soils can be planted with various grasses, forbs, shrubs and juvenile trees in a 
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suitable planting density. Sampling is not restricted to water, soil and plants, as soil microbiota 
(e.g. bacteria and fungi) and soil dwelling arthropods can also be investigated. 

2.4 Experimental Design 

Variability is expected to increase with experimental complexity of the mesocosms. The 
literature suggests that 4 to 7 replicate treatment and control mesocosms be used to statistically 
detect a 50% deviation from the control, with an acceptable 20 to 30% coefficient of variation 
for monitored biological endpoints (Kraufvelin 1998). This corresponds with literature reporting 
that most field studies rely on 4 replicates per treatment (Kennedy et al. 1999, Voshell et al. 
1989). Basic experimental designs typically include a minimum of 3 treatment groups (e.g. high, 
medium and low dose) along with a control group. This permits identification and quantification 
of trends in observable responses. Using the replication and experimental guidelines, individual 
experiments will be based on a maximum of 16 terrestrial tanks (e.g. 4 groups of 4 tanks each). 
However, experimental designs will be determined by individual research questions and 
parameters to be analysed. For more complex experimental designs with increased biotic 
components, fewer treatments and increased replicates may be used. 

3 PILOT TERRESTRIAL MESOCOSMS 

Pilot terrestrial mesocosms were constructed in September 2013 to verify the design and 
methods for construction. These pilots have been in operation for 2 years, permitting testing of 
the infrastructure and instrumentation over multiple seasons. Pilots were set up in individual 
leveled excavated pits of 1 m depth without secondary containment. 

The intension of the pilots was to test a current oil sands capping soil prescription using 
reclaimed soils from the Athabasca oil sands region, to test the effectiveness of the soil capping 
process within the mesocosms; evaluate effectiveness of the hydraulic head method for 
maintaining suitable and consistent water table levels; and, determine natural seasonal effects 
from precipitation, drought, freezing and snow cover.  

Coarse and fine soil materials, consisting of salvaged peat mix, secondary clay and tailings sand 
were placed into the mesocosms in 40 cm lifts (or vertical sections) and compacted, by hand, to 
achieve targeted bulk densities typical of reclaimed landscapes. Once completed, 6 plugs of 
balsam poplar, jack pine and black spruce and 3 plugs of trembling aspen were planted. Other 
plants included dogwood, fireweed and hairy wild rye. Coarse woody debris was added to create 
microsites for vegetation establishment. Tap water was added to the source tanks on September 
27, 2013. The drains were confirmed to work immediately, suggesting that the desirable water 
table level was achieved (further confirmed through piezometer water table levels and soil 
moisture sensors). Soil samples obtained from each mesocosm, taken in 10 cm increments to 70 
cm in depth confirmed saturation conditions. 

Prior to seasonal freezing, the source water was removed, hoses were drained and the valves 
were closed. Soil pore water remained in the mesocosms over the winter months for evaluation 
of mesocosm performance under freezing conditions. After two winter seasons, the terrestrial 
mesocosm infrastructure withstood and supported vegetation through repeated freeze-thaw 
conditions. After two growth seasons, vegetation was well established in the soil prescription, 
suggesting initial suitability of the capping strategy (Fig. 5). Overall, the design and 
configuration of the terrestrial mesocosms was confirmed, based on successful instrumentation 
use and preliminary results (data not shown; Woosaree et al. 2013), hereby reducing the risk of 
failure in future planned mesocosm experiments. 

Learnings from the pilot mesocosms included slight modifications to the design, including the 
placement of the tanks above ground to permit greater ease of accessibility and control of valves 
and pipes. Individual mesocosms now contain one drain and one fill tank, connected to the main 
tank via manifolds (Fig. 4), instead of three drain and fills tanks, minimizing maintenance, 
potential leakage, and overall costs. 
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Figure 5. Pilot terrestrial mesocosms (A) after establishment (September 2013); (B) during the first full 
growth season (July 2014); and (C) at the start (June 2015) and (D) end (September 2015) of the second 

growth season.  

4 TESTING RECLAMATION READY TAILINGS IN TERRESTRIAL MESOCOSMS 

Alberta industries are currently dealing with some of the largest environmental issues in Canada 
including the establishment of reclaimed landscapes. One of the standing features of mesocosms 
is that they permit proactive assessment of potential environmental and ecological impacts of 
many industrial materials. 

4.1 Reclamation Ready Tailings 

Oil sands tailings are a waste by-product of bitumen mining and extraction processes, made up 
of various quantities of water, dissolved inorganic and organic chemical constituents, sand, clay 
and residual bitumen (Allen 2008). It is estimated that the volume of tailings stored within the 
22 tailings ponds (covering 167 km2) spread across the Athabasca oil sands region, exceeds 840 
million m3 (Government of Alberta 2014, Pembina 2007). The main issues are that the clay/fine 
slurry portion of tailings is often held in suspension, taking years to settle (RAMP 2014); and 
the water fraction can be acutely toxic, containing high concentrations of salts and organic acids 
(Allen 2008). Therefore, reclamation of tailings to former and/or productive uses requires either 
long term storage (incorporated into dry or wet capping strategies) or treatment (RAMP 2014). 
New tailings technologies are expected to speed up the transformation of tailings into 
reclamation ready deposits (or deposits ready for transformation into reclaimed lands). These 
technologies are different for each oil sands operator (COSIA 2015, Government of Alberta 
2011) and the various tailings materials are expected to behave differently as soils, due to the 
different processes, polymers, etc. used during tailings treatment. 

The new tailings management framework (Government of Alberta 2015) focuses on faster 
tailings pond remediation, or reclamation ready tailings (i.e. tailings that meet ready-to-reclaim 
criteria), thus slowing tailings pond growth. This includes both tailings treatment and on-site 
direct placement of tailings. Reclamation ready tailings include those that once integrated into 

(A) (B) 

(C) (D) 
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the closure landscape, have functional drainage systems; have acceptable water quality (in 
shallow soil and runoff); are geotechnically stable; have natural appearances consistent with the 
boreal region; have soil process development consistent with regional soils; and/or, have 
functional and structural aspects (i.e. ecological communities) consistent with the boreal forest 
(Government of Alberta 2015). Under this scenario, placed treated tailings require monitoring, 
and physical and chemical characteristics of the materials must be managed to achieve specific 
performance criteria. Previous research has found that the natural drying of some treated tailings 
types, as one method for on-site treatment and placement, is limited beyond 0.5 m in depth for 
achieving 5 kPa strength in a reasonable period (Caldwell et al. 2014, Masala & Dhadli 2012). 
Individual operators have conducted significant work in assessing deposition methods and 
strengths of treated tailings. As a result, Suncor’s tailings reduction process trials have achieved 
a strength profile greater than that required by Directive 074, proving the validity of optimised 
seasonal deposition (Caldwell et al. 2014). However, there are still uncertainties in the quantity 
and placement of dried tailings in soil profile reconstruction. Focused trials are required to 
determine methods and impacts of placed tailings for progressive reclamation, to achieve 
landform stability and ecosystem sustainability. Such tests can be done in the terrestrial 
mesocosms to help identify adequate treatments to apply at larger field scales. 

Geotechnical stability can be assessed within individual mesocosms, depending on the type of 
tailings used, during and after tailings placement to evaluate strength and consolidation of the 
soil profile. Once placed tailings meet strength requirements, tailings can be capped with a 
variety of materials for soil profile reconstruction (such as overburden clay, tailings sand, peat 
mineral mix, LFH). Wolter & Naeth (2014) identified that dried mature fine tailings (MFT) 
could be used as capping materials if placed underneath overburden sand (OS) and peat mineral 
mix (PMM). The presence of OS and PMM was suggested to dilute hydrocarbons and salts 
originating from the tailings materials prior to reaching the rooting zone. Thus, there may be 
strategic advantages to the placement of treated fluid tailings with other oil sands materials.  

It is still unknown whether reclamation ready tailings provide adequate rooting material for 
developing plant communities. This will affect the placement location of tailings in 
reconstructed soil profiles. For soil reconstruction to be successful, placed soils must provide 
sufficient nutrients to sustain developing plant communities and promote and re-establish biotic 
nutrient cycling within the soil (Barbour et al. 2007). This is based on the re-establishment of 
ecosystems that naturally occur in the region, classified as ecosites with defined soil (chemical 
and physical nature of the root zone) and landscape (plant species composition and abundance) 
characteristics (OSVRC 1998). Within the terrestrial mesocosms, treated tailings can be placed 
on top or below oil sands materials, such as tailings sands, and even near the soil surface to 
further investigate the suitability of different placement strategies and impacts on plant root 
establishment and development. 

4.2 Effects of the Chemical Composition of Tailings 

It is known that fine tailings are enriched in total organic carbon, due to the high percentage of 
fine clays that bind hydrocarbons to their surfaces; some organic components found in MFT 
drying cells are resistant to biological processes (Noah et al. 2014). Chemical and biological 
assays conducted on pore water from Syncrude’s Mildred Lake Settling Basin MFT were 
identified as acutely toxic, relating to the organic acid fraction in one study; however, toxicity 
dissipated rapidly with biodegradation and mutagenic activity was negligible (Madill et al. 
2001). Composite tailings pore water at another pond contained adamantine-type carboxylic 
acids; toxicity was not determined (Bowman et al. 2014). Hydrocarbons within soils can affect 
photosynthesis because of their ability to accumulate in plant cell chloroplasts, distancing 
chlorophyll molecules and disrupting sub-microscopic structures required for photosynthesis 
(Baker 1970). Organic acids, such as naphthenic acids, are most likely to adsorb to and 
accumulate in plant roots, injuring root membranes by preventing nutrient and water uptake 
(Apostol et al. 2004, Kamaluddin & Zwiazek 2002). Due to their surfactant-like properties, 
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naphthenic acids adsorbed to plant roots may also inhibit essential nutrient uptake, adversely 
affecting chlorophyll formation and photosynthetic processes (Kamaluddin & Zwiazek 2002).  

Other environmental concerns of MFT include phytotoxic organic compounds (e.g. benzene, 
toluene, ethylbenzene and xylenes) and inorganic ions (salts) of high concentration (e.g. sodium, 
chloride and sulfate) (Wolter & Naeth 2014). Natural salt tolerant plant communities within the 
boreal region are uncommon (Daly et al. 2012), and the magnitude of the potential ecological 
impacts of salts could be as great as those of naphthenic acids (Allen 2008). This is due to the 
osmotic action and direct ionic toxicity of salts on plant morphology and physiology (Volkmar 
et al. 1998). The accumulation of sodium within plant roots can interfere with the uptake of 
essential major ions, resulting in reduced cell membrane permeability, osmotic imbalance and 
diminished cell enzyme activity (Nguyen et al. 2006). Ultimately, this can affect physiological 
mechanisms such as transpiration (Apostol et al. 2002, Asraf & Wu 2011). Plant root injury can 
also lead to the accumulation of absorbed salt ions within plant shoots and leaf tissue, resulting 
in reduced photosynthesis (Apostol et al. 2004). 

In addition to chemical constituents, temperature sensitive polymer flocculants are soluble in 
water at low temperatures (Vedoy & Soares 2015). These compounds may be present in oil 
sands process waters and MFT pore water and capable of contributing to species toxicity despite 
residence times of two decades (Anderson et al. 2012). Cationic polymers have been identified 
to be more toxic than anionic polymers (Liber et al. 2005), as anionic polymers are readily 
biodegradable in soil environments (Barvenik 1994). However, there is limited information on 
the long term fate of polymers in tailings deposits. It is important to investigate the long term 
fate of both chemical constituents and flocculants within tailings materials to evaluate their 
potential impact and effect on microbiota and vegetation during direct long term contact with 
the material. This can be done using the terrestrial mesocosms. 

4.3 Oil Sands Waters in the Soil Profile 

To investigate the effects of oil sands process water (straight, diluted, treated) and saline source 
water, waters can be introduced to the mesocosms through the source tanks before or after 
planting. Since the chemical composition of these waters differs among oil sands operators, 
water, soils and tailings can be characterized before addition to the mesocosms for physical and 
chemical properties (e.g. solids content, pH, naphtha, bitumen, dissolved organic carbon, 
naphthenic acids, major ions, trace metals, polymers). The same components can be analyzed in 
the different soil layers, pore water and plant tissues at the end of the experiment to determine 
how chemical components interact with plant roots and soil materials over time. It is assumed 
that different effects may be experienced by plants growing in different tailings types, and the 
associated effects observed will be primarily attributed to the chemical and physical 
composition of the water and tailings used for in mesocosm set up. As the tested waters migrate 
along the pathway from the source water tank, through the tailings sand, clay and peat layers it 
may change in composition due to ion-exchange, precipitation, dissolution, adsorption, and 
degradation reactions. The resulting water that reaches the surface soils or plant roots may have 
a different composition than the original source. As a result, it is important to understand the 
long term fate of polymers and chemical constituents within tailings material, how they degrade 
over time, and whether their transport into soil and/or groundwater may come into contact with 
active terrestrial systems; results from mesocosms can be used to develop more accurate models. 

It is unknown how the breakdown and transport of organics, inorganics and polymers in novel 
treated tailings materials impact root development during times of water table fluctuation (e.g. 
spring thaw, flooding, drought). The permeability of fine tailings materials may also decrease 
with consolidation, slowing the rate of water migration (Wang et al. 2014). Dried tailings 
undergoing continual freeze and thaw consolidation may limit natural water table movement and 
fluctuation, affecting soil water availability. This may force plant roots to grow to greater depths 
to access water sources, causing direct plant root interaction with the tailings materials and 
residual polymer and/or chemical constituents. Consolidation and limited water movement could 
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create a bog-like environment, influencing native plant growth and succession. As a result, the 
behaviour of tailings in a soil profile will ultimately influence ecosystem sustainability in 
designed and reclaimed landforms. 

5 CONCLUSIONS 

The TMF (Vegreville, Alberta) is a research venue that can be used by academic researchers and 
industry to model and evaluate structural and functional elements of natural ecosystems. These 
systems can be used to examine a range of ecological responses to different reclamation, mine 
closure and management scenarios. The design of the venue permits safe testing of materials 
reputed to have harmful effects on environments. Pilot terrestrial mesocosms have shown that 
the infrastructure can support and maintain biota over the winter months and multiple growth 
seasons, under climatic conditions typical of the prairie provinces. Mesocosms can be used for 
the controlled and replicated testing of reclamation ready tailings as a feasible first step in 
identifying suitable reclamation strategies to implement at the field scale. Various soil capping 
prescriptions can be used incorporating treated and dried tailings. AITF researchers can work 
directly with industrial tailings teams to ensure that soil profiles incorporate the wealth of 
expertise available and strategies likely to be incorporated into reclamation plans. The following 
components can be evaluated simultaneously to better understand and model ecosystem effects: 
water balance and water quality monitoring, soil physical and chemical properties and 
processes, vegetation monitoring and characterization, microbial characterization, and more. In 
doing so, the long term transport and fate of inorganic and organic chemical constituents can be 
evaluated to determine how the behaviour of tailings in a soil profile will ultimately influence 
ecosystem sustainability and reclamation trajectories in the Athabasca oil sands region. 
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ABSTRACT 

Recent developments in mine waste management suggest the emergence of a new class of mine 
waste management techniques, which provide clear advantages for closure over traditional 
approaches.   Each of the case studies presented in this paper illustrate how waste materials can 
be handled differently or repurposed to be part of the solution in “design for closure”.  Related 
site experience and case histories are reviewed showing the implementation of tailings 
dewatering for surface deposition of thickened and paste tailings, and also showing the use of 
tailing desulphurization. Further, field trials are described where tailings and waste rock are co-
disposed as a blend to form a material known as Paste Rock.  The advantages of these forms of 
disposal over traditional methods of disposal are described in terms of long term physical and 
chemical stability.  

1 INTRODUCTION 

The term “Design for Closure” is not new and was possibly first coined at a Tailings and Mine 
Waste Conference in the late 1970s'.  Effective design of surface tailings and waste rock 
repositories for closure has proven to be elusive, with significant closure challenges typically 
still present at the end of mine life even for recently designed mines.  While many companies 
desire to achieve “Walk Away” conditions following reclamation and closure at their sites, 
intensifying community expectations and regulatory criteria for closure make this goal more 
difficult to achieve with current design approaches.  In many cases programs of permanent care 
and maintenance are needed, often involving perpetual collection and treatment of mine 
impacted water to allow discharge to the environment. 

Recent advances in mine waste management techniques offer potential benefits for achieving 
physical and/or chemical stability at the end of mine life. Technologies reviewed include 
applications of thickened and paste tailings, the desulphurization of tailings to produce cover 
material, and the blending of de-watered tailings with waste rock.  Observed field trial 
performance is summarized for three sites where the deposition of thickened, paste, and 
desulphurized tailings has proven to be successful.  The advantages of these approaches are 
contrasted to the closure needs that would be anticipated if the tailings were disposed of using 
conventional practices (discharge of tailings as slurry).  Also presented is a brief summary of 
results from two field trials for co-disposal of tailings with waste rock as blended mixtures, and 
the implications of these results for mine closure. 

2 DEWATERING AND SURFACE DEPOSITION OF TAILINGS 

Improving the design of mine waste management systems, taking into account both efficient 
deposition and closure/reclamation strategies has become absolutely critical to the profitability 
of a mining operation.  Disposal of mine tailings and waste rock makes up a large percentage of 
the operating cost and long-term future closure liability.  As environmental regulations continue 
to become more stringent, the cost, time, and effort to obtain permits have increased 
dramatically, and demonstrating a clear and effective approach to controlling long-term risk 
associate with the closure and post closure phases of a mine waste facility are crucial aspects of 
the overall design.  Recent experience has shown that the application of conventional techniques 
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for the closure of mine waste facilities can result in closure costs that approach an appreciable 
portion of project development costs, along with long-term liabilities that are difficult to 
quantify and control.  

The traditional method of disposing tailings is sub-aerial discharge into an impoundment area as 
low density slurry.  While this method still has its place at some operations, substantial cost 
savings and other advantages may be achieved by placing the tailings in a dewatered state.  
Alternatives strategies are emerging to placement by slurry discharge, and these strategies may 
be more effective at reducing closure cost, time and environmental impacts.  The placement of 
the dewatered tailings as either a non-segregating thickened or paste product or a filter cake can 
offer advantages, including:  

1. Reduced footprint and greater storage efficiency; 
2. Smaller dams or the complete elimination of dams; 
3. Reduced threat and impact of catastrophic dam failure due to loss of a water pond and 

the associated risk to public safety and the environment  
4. Reduced financial liability generated by water retaining dam and associated risks; 
5. Reduced potential for acid rock drainage (ARD) when combined with progressive 

reclamation; 
6. Reduced water management costs and associated requirements; and 
7. Reduced susceptibility to extremes in weather, such as large amounts of precipitation 

that can cause traditional impoundments to overflow into the local watershed. 

Benefits to physical and chemical properties of tailings deposits for closure are illustrated in the 
following case studies. 

2.1 Thickened Tailings  

Kam et al. (2011) describe the disposal of thickened tailings at the Musselwhite Mine in 
Northern Ontario. The mine converted to thickened tailings disposal in 2010. Musselwhite is a 
4000 tonne per day (tpd) gold mine.  The option of thickened tailings disposal was chosen in 
order to expand the capacity of the existing tailings management facility. The primary benefit of 
the conversion to thickened tailings was that this alternative was found to be the most cost-
effective option for maximizing storage capacity of the TMF within the existing footprint. 
Further, the use of thickened tailings eliminated the reclaim pond associated with slurry 
discharge and reduced the potential for impact of a dam failure.  

Figure 1 shows the deposition of non-segregating thickened tailing on the left along with the de-
watered surface that develops shortly after deposition on the right.  Rapid de-watering of the 
tailings is achieved with the deposition of thin lifts that release water through evaporation and 
drainage, resulting in increased solids content and density.  

 

Figure 1.  Photographs showing deposition on non-segregating thickened tailing followed by rapid de-
watering at Musselwhite Mine, Ontario. 

The main benefit for closure that was derived from converting to thickened tailings at 
Musselwhite Mine was eliminating the need for a water cover prevent ARD.   The non-
segregating nature of the thickened tailings means that the deposited tailings will have uniform 
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texture and properties throughout the deposit.  This will include low hydraulic conductivity and 
high air entry value (AEV), when compared to the material found in the beaches formed by 
conventional slurry tailings discharge. These features will lead to high water saturation in the 
tailings profile, reducing oxygen diffusion and controlling acid generation, results that 
previously would have required a water cover.  Eliminating the need for a water cover following 
closure eliminates a permanent geo-hazard, reduces the potential for a catastrophic dam failure, 
and will reduce or eliminate requirements for perpetual monitoring and maintenance. 

2.2 Paste Tailings 

The application of paste tailings for surface disposal at Neves Corvo mine is described in detail 
by Junqueira et al. (2009) and Verburg et al. (2009).  The mine is situated in the semi-arid 
Mediterranean climate of Southern Portugal where potential evaporation is approximately three 
times average annual precipitation. The mine has produced pyritic tailings since 1988 that have 
a very high acid generation potential.  These tailings were initially discharged sub-aqueously in 
the Cerro Lobo impoundment, with the resulting water cover preventing acid generation during 
operations. However, the use of a permanent water at Neves Corvo for long-term closure was 
not sustainable given the arid climate.  Additionally, the recent (at the time of publication) 
tailings dam failure at Los Frailes mine had resulted in loss of social acceptance of the use of 
permanent water covers. 

The need for a new closure design of the tailings management facility at Neves Corvo resulted 
in the conversion from discharge of slurry tailings to sub-aerial deposition of paste. Under that 
new design, the Cerro do Lobo facility will be closed with a dry cover over the paste tailings.  
This cover will prevent the paste from desaturating, which will limit oxygen diffusion to the 
reactive tailings profile, preventing oxidation. Figure 2 shows the deposition of paste and the 
installation a trial dry cover section that was constructed to evaluate the proposed cover system. 

 
Figure 2.  Paste tailings deposition and construction of the dry cover trial at Neves Corvo,  Portugal . 

Junqueira et al. (2009) evaluated the performance of various dry cover systems. Desaturation of 
the paste profile could occur if a negative water balance developed due to high surface 
exfiltration (i.e. evapotranspiration > precipitation) coupled with vertical seepage through the 
foundation of the tailings. The long-term saturation profile in the paste was shown to be strongly 
controlled by the performance of the cover system.  Junqueira et al. (2009) completed 
comprehensive numerical modelling to assess alternative cover configurations with respect to 
net infiltration rates and the potential for paste desaturation over a period of 100 years. The 
model showed that the tailings would maintain over 85% saturation in the long term with a 
capillary barrier cover system that consisted of 0.5 m of engineered soil over a 0.4 m layer of 
clean coarse rock (capillary break).  

Converting to paste tailings during operation of the Neves Corvo facility provided important 
closure benefits.  The water-retaining characteristics of the non-segregated paste tailings 
permitted the control of oxygen ingress to the tailings without resorting to a water cover.  
Eliminating the need for a water cover made for a much more practical closure approach in the 
dry climate, reduced rick, and also facilitated progressive reclamation. 
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3 DESULPHURIZED TAILINGS AS COVER 

Desulphurization is a relatively low cost way to produce clean or non-acid generating tailings. 
These processed tailings can be used to construct dry covers for final closure. 

Between 1998 and 1999, Placer Dome Canada constructed a desulphurized tailings cover for 
closure of the tailings at Detour Lake Mine in Northern Ontario. The purpose of the clean 
tailings cover, typically 1.5 m to 2 m thick, was to reduce the size of the water cover that would 
be used to limit oxygen diffusion to underlying sulphidic tailings.  The tailings deposit at Detour 
Mine was a conventional slurry deposit, and the desulphurized tailings cover was also placed by 
conventional end of pipe slurry discharge.  The tailings were desulphurized to reduce the 
sulphur content to between 0.5% and 1.0% from the initial content of between 1.0% to 2.5% .  
Desulphurization was accomplished using a secondary flotation circuit.  

The results of field investigations and associated observations made more than 10 years after 
placement of the desulphurized cover (Cash et al 2012; Dobchuk et al 2013) support the original 
analysis and design objectives.   Study results show that the desulphurized tailings cover did not 
become acidic, and strongly suggest that the clean tailings have served as a suitable design 
option for cover material and long term closure. 

The evaluation of the desulphurized tailings cover conducted by Dobchuk et al. (2013) included 
both site investigation results and numerical modelling to evaluate water content profiles, depth 
of oxygen penetration, and diffusive flux under varying climate conditions. Investigation 
locations are shown in Figure 3.  Results of the investigation indicated that oxygen flux through 
the desulphurized tailings cover would be low as a result of high water saturation in the cover 
profile, aided with oxygen consumption by the residual sulphides in the cover. 

Cash et al. (2012) also conducted a follow-up study to observe and assess the long term 
performance of the desulphurized cover system.  The 2011 cover investigation was performed 
using the same sites locations as those for Dobchuk et al. (2013) shown in Figure 3. Samples of 
the tailings cover were analysed to determine in-situ water contents, matric suction values and 
geochemical properties.  Figure 3 also shows the condition of the desulphurized tailings with 
abundant volunteer vegetation growing at the time of the site investigation in 2011. Paste pH 
results, presented in Figure 4, produced only one of 39 samples with pH values of less than 4.5.  
Additionally, static ABA and NAG pH analysis showed that the majority of samples recovered 
in the test holes drilled to the base of the desulphurized cover profile are non-acid generating.   

 
Figure 3.  Site plan and photograph showing the de-sulphurized cover at Detour Mine.  
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Figure 4.  Paste pH values measured in the de-sulphurized Cover profile at Detour Mine. 

The Musselwhite mine, previously mentioned in the context of having converted to thickened 
tailings, also plans to utilize a desulphization circuit to produce clean tailings that will serve as a 
cover for ARD prevention.  Desulphization of the tailings removes the need for a water cover.  
In other words, the mine waste will be converted to a resource for closure.  

The main closure benefits of desulphurization of a portion of the tailings for cover construction 
is the elimination of the need of a cover borrow source, reduced earthwork for closure cover 
construction. A cover constructed with desulphurized tailings has been shown to be effective for 
control of oxidation and acid generation. 

4 CO-DISPOSAL OF TAILINGS AND WASTE ROCK 

Co-disposal of tailings and waste rock as a blended mixture offers the opportunity to engineer 
the waste deposit properties to match site closure conditions at closure.  Tailings disposed in 
impoundments typically form deposits with low density, low permeability, and low strength.  
Waste rock is typically disposed in on-land dumps offering high shear strength, permeability 
and porosity.  Co-disposal offers the opportunity to combine the low permeability characteristics 
of tailings with the strength of the waste rock. 

Wickland et al. (2006) describe the technique of co-disposal, a general term for disposal of 
coarse (waste rock) and fine wastes (tailings) in the same deposit.  The forms of co-disposal are 
described here, with a summary of two field trials indicating the potential benefit of co-disposal 
of waste rock and tailings for mine closure.  Forms of co-disposal may be differentiated by 
degree of mixing, as indicated in Table1.    
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Table 1.  Forms of Co-Disposal (modified from Wickland et al., 2006). 

Co-disposal Type 

Homogeneous mixtures - Waste rock and tailings are blended to form a 
homogeneous mass – “Paste Rock” 

Increasing degree 
of mixing 

Pumped co-disposal – Coarse and fine materials are pumped to 
impoundments for disposal (segregation occurs on deposition) 

 

Layered co-mingling – Layers of waste rock and tailings are alternated 

Tailings are placed in cells made of waste rock 

Waste rock is added to a tailings impoundment 

Tailings are added to a waste rock pile 

Waste rock and tailings are disposed in the same topographic depression 

 
Waste rock and tailings can be blended to produce an engineered material with superior physical 
and hydraulic properties for the construction of post mining landforms.  The new material, 
termed Paste Rock, has a high density, low hydraulic conductivity, high water retention capacity 
(i.e. Air Entry Value), high shear strength and low compressibility.  These properties can be 
used to restrict oxygen entry and rates of water seepage and desaturation of mine waste deposits 
to minimize oxidation and metal leaching of sulphide bearing materials. The new material also 
has a higher density than either conventional tailings or waste rock deposits; thereby reducing 
the total volume of waste and creating opportunities to reduce surface area requirements and 
number of waste storage facilities.  Design of mixtures typically includes consideration of 
blending ratio, initial moisture content, and degree of mixing as illustrated in Figure 5. 

 
Figure 5.  Typical mixture design for optimizing dry density for coal refuse. 
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Wilson et al. (2008) described meso-scale column tests of Paste Rock that document the 
consolidation, compressibility, and the hydraulic conductivity of mixtures of waste rock and 
tailings that were completed at Porgera Mine.  The meso-scale column experiment conducted by 
Wickland (2006) consisted of filling four 1 m diameter by 6 m high columns with various 
mixtures of carbon in pulp (CIP) tailings and waste rock.  One column contained unmixed waste 
rock while the remaining three columns had average mixture ratios of 5:1, 6:1, and 7:1 based on 
dry weight of rock to tailings.  The CIP tailings were thickened to a solids content of 
approximately 42% and blended with the waste rock using a concrete transit mixer.  Columns 
were instrumented with vibrating wire and pneumatic piezometers to measure porewater 
pressures, tensiometers to measure matric suction, and magnetic sensors to measure settlement.  
A free drain with a constant water table was established at the base of each column and flow 
rates were monitored with respect to time.   

The results of the column experiment showed the Paste Rock to have properties that would be 
highly desirable in the context of “design for closure”.   The Paste Rock mixture had high 
density, low compressibility, low water permeability, and high water saturation.  Figure 6 shows 
a typical blend of 5:1 Paste Rock during deposition (left) and during dissection (right) after 
approximately 18 months at the conclusion of the experiment.   

 
Figure 6.  Paste Rock mixture at Porgera Mine, Papua New Guinea 

Wilson et al (2008) describes the construction of field scale lysimeter trials of Paste Rock covers 
at Copper Cliff Mine.  A field and laboratory study was carried out to investigate the potential of 
blending tailings, waste rock and slag at the mine in order to produce a suitable material for the 
construction of a barrier cover system.  Field samples of tailings, waste rock and slag were 
obtained for blending trials.  The blending ratios of waste rock, slag, and tailings were 
designated with numbers such as 1:1:2, which indicated 1 unit of waste rock, 1 unit of slag, and 
2 units of tailings on a dry weight basis.  Blend 1:1:2 was found to produce a well graded 
material with a particle size distribution similar to Equity till, a naturally formed soil used for 
cover material at the Equity Silver mine in British Columbia as described by Wilson et al. 
(1997). 

Five large field lysimeters were constructed at Copper Cliff Mine to test the performance of the 
Paste Rock materials for the construction of barrier type cover systems that limit infiltration. 
The purpose of the field lysimeters was to measure net infiltration and drainage rates for each 
tailings profile with different cover systems using various paste rock materials and layer 
thickness.  Furthermore, the ability of each cover profile to maintain high saturation for 
minimizing oxygen diffusion was also evaluated.  Each lysimeter measured 15 m x 15 m at 
surface with a total depth of 2.5 m. The lysimeters were lined with high density polyethylene 
with the bases were graded to a central collection sump for the measurement of vertical seepage 
due to infiltration.  Approximately 1000 mm of coarse sand tailings was placed into the base of 
each lysimeter, and covered.  Figure 7 shows the placement of the Paste Rock (left), the Paste 
Rock surface after consolidation and drying (center) and final vegetated surface (right).  
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Figure 7.  Paste Rock cover trials completed at Copper Cliff Mine, Ontario 

Direct observations showed the Paste Rock covers to be resistant to volume change and 
cracking, which was attributed to the high density (typically in the range of 2,000 to 2,200 
kg/m3) and low compressibility of the material.  These characteristics were established by the 
rock-dominated matrix of the material.  The measured drainage rates from the base of the 
lysimeters showed that the Paste Rock covers dramatically reduced the quantity of infiltration 
through the profiles.  The uncovered tailings were found to generate 55% total of total annual 
precipitation as net infiltration (500 mm); while the 4 different Paste Rock covers were found to 
produce between 16 % and 1% of total annual precipitation as net infiltration. In situ sampling 
and tensiometer measurements also showed the Paste Rock covers maintained high saturation at 
all times, which will minimize oxygen diffusion rates and ARD. 

The closure benefits of engineered co-disposal of tailings and waste rock as mixtures are design 
specific.  Blended co-disposal has the potential to create a high density deposit with the strength 
of the waste rock and permeability of tailings. Advantages of engineered co-disposal include:  

1. Reduced footprint for mine waste storage due to higher density on-land deposit; 
2. Potential elimination of tailings impoundments; 
3. Reduced potential for acid drainage due to hydraulic properties of the tailings; 
4. Reduced potential for liquefaction failure due to the strength characteristics of waste 

rock; 
5. Reduced time for drainage and gain in shear strength compared to tailings alone, and 
6. As with thickened or paste tailings, the need for a water pond and closure water cover 

are eliminated. 

5 CONCLUSIONS  

The present paper has reviewed several case studies where new techniques for mine waste 
management have been used to re-purpose mine waste materials for closure, with demonstrated 
benefits with respect to physical and chemical stability.  The methods reviewed include de-
watering of tailings to produce thickened tailings at Musselwhite Mine and the use of paste 
tailings at Neves Corvo Mine.  Both examples illustrated the potential for de-watered tailings to 
eliminate conventional ponds and/or the need for water covers at closure.  Removal of a 
permanent post closure pond is a clear benefit for long-term physical stability, reducing the risk 
of catastrophic dam failure, with resulting reductions in the needs for risk control activities such 
as post closure monitoring.  Depending on site conditions, dewatering may provide these 
benefits for closure, while still controlling acid generation and providing increased tailings 
storage capacity within the same footprint.  

Desulphurized tailings are another promising alternative for the closure of some tailings 
facilities.  Experience over more than 10 years at Detour Mine has demonstrated a successful 
application where desulphurized tailings provided a suitable cover material, promoting long-
term chemical stability. 

Finally, the trials completed for Paste Rock at Porgera and Copper Cliff mines show that the 
blending of two separate waste streams (tailings and waste rock) may be the optimum approach 
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in terms of design mine waste systems for closure.  Where the correct blend can be achieved, 
paste rock offers a combination of properties that would promote both physical and chemical 
stability. 

In each of these cases, it has been shown that tailings (as well as waste rock, in the case of co-
disposal) can be approached in the design of a waste storage facility to part of the solution for 
closure. 
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ABSTRACT 

This paper describes a concept for placing a cap over soft or fluid tailings deposits using a 
floating platform for hydraulic cap placement, and compares it to two standard cap placement 
methods: 1) mechanical placement using earthwork equipment and 2) hydraulic beaching. 
Hydraulic placement from a water platform has a number of potential uses in the mining 
industry to manage tailings, and may be one of the more cost-effective methods to consolidate 
soft tailings in locations where strength is too low for land-based cap placement methods. 
Supplementary elements, such as installation of wick drains or other drainage features to aid 
consolidation can be deployed from a water platform as well. General costs of construction are 
compared to illustrate the competitiveness of water-platform-based capping approaches. Placing 
caps hydraulically from a water platform can be an alternative to other methods of dealing with 
fluid tailings (such as centrifuging and thin-lift drying). It offers opportunities to reduce tailings 
related-risk and closure liabilities, and can prove more practical and more cost-effective than 
land-based methods, particularly for capping very soft to fluid tailings.  

1 INTRODUCTION 

Tailings produced during mining and mineral processing operations often include a fine portion 
that accumulates as soft or fluid tailings. These fine tailings may not consolidate and strengthen 
in a time frame suitable for reclamation.  Large deposits of such soft and fluid tailings can be 
very difficult and costly to address.  One of the lowest cost solutions is to contain the tailings in 
a mined-out pit below a water cap, but regulatory and environmental impact constraints may not 
allow that solution for all or even a majority of the fine tailings. If the fine tailings have 
sufficient strength, they can be capped and reclaimed with soil cover and vegetation for 
reclamation of the mine site. Even then, the tailings must reach an acceptable state of 
consolidation to support the landforms and maintain the drainage patterns of the reclaimed site – 
a requirement that may necessitate accelerating consolidation and dewatering if the tailings are 
soft or fluid when capped. When soft and fluid tailings cannot be capped, they may have to be 
dewatered using other means, often an expensive proposition in which the tailings must be 
removed and physically or chemically processed ex-situ rather than being managed in place. 
Thus, new alternatives for cost-effective capping (and tailings strengthening) technologies 
would be attractive for managing soft and fluid tailings. 

The long-term risks associated with very soft and fluid tailings in above-ground impoundments 
are increasingly being viewed as unacceptable, especially in a closure landscape. For instance, 
the 2015 Tailings Management Framework for the Mineable Athabasca Oil Sands in Alberta, 
Canada calls for fluid tailings to be in a ready-to-reclaim state not later than 10 years after mine 
closure. In general, there is increasingly an expectation that no materials in a fluid state should 
be left in above-ground impoundments after mine closure. 
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The Dutch have been dealing with issues of capping soft or fluid sediments in order to reclaim 
land and remediate environmental contamination for decades, and some would say centuries. In 
the process, Dutch engineers and dredging companies have advanced certain technologies and 
techniques for capping from a water platform in order to consolidate very soft and fluid fine-
grained sediments and contaminated sediments (such sediments are in many ways similar to 
tailings). The Canadian oil sands industry has started exploring the applicability of these 
solutions to their fine tailings inventory. Capping soft tailings and fluid tailings from a water 
platform may be useful in other mining, mineral processing and industrial waste applications as 
well. Mining and mineral processing that use dispersants in their process – such as the oil sands, 
phosphate processing, and some gold processing technologies – can accumulate large volumes 
of very soft or fluid tailings that are very slow to consolidate and strengthen. These industries 
may well find some aspects of this approach that would be of benefit in their tailings 
management because capping from a water platform can extend the range of tailings that can be 
capped to the low end of soft tailing strengths, and even into the fluid tailings range. Note: For 
the purposes of this paper, soft tailings are defined as having a peak undrained shear strength 
below 25 kPa and a fines content above 50%, and fluid tailings are fine tailings with a peak 
undrained shear strength below 2 kPa. 

This paper compares the technique of placing a cap from a floating platform to two standard cap 
placement methods: 1) mechanical placement using earthwork equipment and 2) hydraulic 
beaching. Somewhat greater space is given to description of capping from a water platform, as it 
may be unfamiliar to the audience. Advantages, disadvantages, and limitations are noted for 
each technique.  

2 PLACING CAPS MECHANICALLY 

Caps can be placed on soft tailings mechanically (using earthwork equipment) working from the 
perimeter of the tailings basin pushing a lift of cover over the tailings, as shown in Figure 1. 
Generally the equipment must be low ground pressure and is often smaller capacity than is 
typically used in mining operations. As the cover thickness grows with successive lifts, larger 
equipment can be used.  In general, this method uses standard fill placement methods, although 
careful control of lift thickness and construction practices is often needed when covering soft 
tailings.  

 
Figure 1. Placing a cap mechanically 

Key design issues for this method are stability of the tailings, trafficability for construction 
equipment, and haul distance from the borrow source for capping material to the tailings basin. 
Various undesirable consequences can result from tailings instability, including “mudwaves” 
forming at edges of the cover during placement, horizontal squeezing of the tailings, tailings 
bursting/boiling upward through the cap as shown in Figure 2, plunging of the cap into the 
tailings (for instance at a weak point), and rotational failures of the tailings.  When fill displaces 
the underlying tailings, fill volumes increase, and the displaced tailings must be managed 
another way. 
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Figure 2. Tailings/water boil emerging in a mechanically-placed cap 

Trafficability is generally addressed by removing the water overlying the tailings so a crust can 
develop on the tailings surface (either by drying or freezing),  using geo-fabric and/or geo-grid, 
use of low-ground-pressure construction equipment, use of lightweight fill, or a combination of 
these approaches. The initial lift thickness is controlled by the strength of the underlying 
tailings. If needed, consolidation aids such as wick drains can be placed once the cap can 
support the necessary equipment traffic. As with any cap placement over soft tailings, careful 
design and pilot testing is needed to establish the lift thickness and time for the tailings to gain 
strength reliably. 

Wells (2010), Pollock (2010) and Abusaid (2011) provide an example of how earthwork 
equipment can be used to cap near-fluid materials using a combination of low density fill, geo-
fabrics and geo-grids, winter placement, and wick drains. However, this type of approach is 
more costly and labor intensive than customary mechanical placement. 

3 PLACING CAPS USING HYDRAULIC BEACHING 

Caps can be placed on soft tailings deposits using traditional slurry transport methods with 
beach-based discharge. In hydraulic cap placement, it is usually preferred to remove the water 
cover over most of the tailings, and it may be advantageous if a crust has formed over the soft 
tailings before cap placement. A slurry of sand and water is discharged, as in Figure 3, to flow 
over the tailings, forming a cover as the sand settles out of the slurry. The slurry water is 
generally recovered for reuse.  

 
Figure 3. Hydraulic cap placement 

Typically, this method requires altering the process used to place the tailings deposit so the 
properties of the cap differ from those of the underlying deposit. For example, tailings can be 
cycloned, and the coarse underflow can be used as capping material. Alternatively, deposits that 
have segregated during deposition can be selectively “re-mined” to obtain materials with 
properties that are favorable for capping.  

A key design parameter for the cap is the placement slope, which controls stability during 
construction. While predicting beach slope is an imprecise science, key factors such as slurry 
density and flow rate can be varied to influence slope. Subaerial beaches are flatter than 
subaqueous beaches. The use of spigots can also be used to manage deposit slopes. Instability of 
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the underlying soft tailings in response to the sloping beached cover can be a serious 
complication. If the cover displaces or mixes with the tailings rather than covering them, the 
displaced tailings will then have to be managed separately.  

Slurry fines content is also a key design parameter. Excess fines can reduce cap strength below 
values required for trafficability, can require rehandling when they are deposited at the distal 
end of the beach, or both. Another key design parameter is the gradation of the coarse material. 
A well graded (poorly sorted) material will segregate, resulting in variable cap properties that 
depend on the distance from the discharge point.  

Placement methods can be planned to improve control over hydraulically placed capping 
material. In addition to relatively uncontrolled beach deposits, caps may be placed in controlled 
cells or by “controlled beaching”. With controlled cells, dozers are used to push up berms to 
contain the slurry flow. A spill box can be used at the discharge end of the cell to control flow 
and promote deposition within the cell. It is possible to densify the cap by tracking with dozers. 
This approach provides more control over cap placement, but requires enough strength in the 
underlying tailings deposit to support the cell lift thickness, the berms for subsequent lifts, and 
any equipment working within the cell. With controlled beaching, lateral containment berms are 
used, but the discharge end of the cell is open-ended. This allows more control of cap placement 
than uncontrolled beaching, but less than cell construction. Strength requirements are similar to 
cell construction. 

4 PLACING CAPS FROM A WATER PLATFORM 

Placing caps from a water platform is a technique by which caps can be placed using the 
controlled spreading of aggregate (e.g., sand, coke, gravel, etc.) from a barge or boat, illustrated 
in Figure 4; consequently in this approach, the water cover is retained or even deepened over the 
tailings to provide a water platform. The required water platform depth is typically about 2 
metres. This technique has been used in sediment management to cap very soft materials – even 
sediments so weak they are fluids with less than 25 Pa strength (0.5 psf). However, sediment 
strengths generally have been in excess of 100 to 200 Pa -- stronger but still in the fluid range. 
Successively thicker lifts of sand are placed as the tailings consolidate and strengthen. This 
technique takes advantage of 1) the water platform access to the full extent of the soft tailings so 
the cap can be placed uniformly and homogeneously, 2) the reduced unit weight of the sand 
under water to avoid overloading weak tailings, and 3) the absence of trafficability issues on the 
cap during its construction. It also leverages the potential to use high-production-rate slurry 
transport of the capping sand. Once a sufficiently thick cap has been placed, the water cover is 
removed, and the tailings gain additional strength, after which reclamation can proceed 
(Costello, 2010; Jacobs, 2012).  

Capping from a water platform can be performed using one of two primary methods, referred to 
in this paper as raining and rainbowing. Both of these techniques involve placing the aggregate 
(sand) cap material through the water column, which reduces the velocity of the particles and 
allows the initial cap layer to build gently. Raining involves placing the cap material into the 
water column through a device or technique designed to diffuse the slurry energy to allow the 
sand to gently rain through the water column and onto the soft or fluid tailings “surface.” 
Rainbowing involves discharging sand slurry through a water cannon, allowing the sand to 
spray into the desired area, as shown in Figure 5. Rainbowing is often a complementary 
technique to raining, used when the water depth is insufficient for the draft of the barge or when 
a very thin layer of sand is needed. The water cannon can spread a very thin layer of sand over a 
large area efficiently, while allowing the barge to travel at slow speeds that avoid problematic 
disturbance of the tailings deposit.  Rainbowing can also be used from the shore – and for very 
small basins may allow cap placement without a barge or boat. Rainbowing has higher energy 
than raining but allows caps to be placed on soft or fluid tailings with limited overlying water 
depth. 
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Figure 4. Concept drawing for placing a cap from a water platform 

 
Figure 5. Rainbowing to place a sand cap 

Both raining and rainbowing deliver aggregate (typically sand and sometimes gravel or other 
specialty materials) to the water platform, usually by pumping slurry through a floating pipeline. 
Some placement techniques involve transport of dry aggregate to the water platform using 
barges. The cap material source may be a borrow pit, stockpile, separation process discharge, or 
material dredged from a beach.  In any case, the objective of placing caps from a floating 
platform is to carefully control the cap material delivery rate and slurry energy to place a 
laterally continuous uniform cap layer with a consistent thickness.  The initial cap layers are 
typically quite thin to minimize overloading the fluid tailings and limit the development of 
excess pore pressures in the tailings, with successive cap layers increasing in thickness as the 
tailings strength increases. Soft tailings have higher strength than fluid tailings, which allows 
placement of thicker lifts, with less uniformity required, than fluid tailings.  
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When capping fluid tailings, it can be advantageous to use light-weight aggregate, or even 
manufactured light-weight materials in the initial layers. An example from the oil sands is the 
use of coke as a light-weight aggregate. Even using the comparatively disruptive hydraulic 
beaching cap placement technique, coke has been observed to rest on top of tailings that have 
aged and gained some density (BGC, 2010). Raining coke from a water platform offers the 
potential to form the cap over even lower density tailings. Fluid tailings remain a challenging 
material to cap, and success depends strongly on experience, specially trained personnel, 
purpose-designed specialty equipment, and the knowledge, models, and monitoring techniques 
to predict and control the cap application and adapt deployment procedures to effectively and 
efficiently build the cap. In addition, when capping fluid tailings as an alternative to expensive 
removal and treatment technologies (e.g., centrifuging or thin-lift drying), it may be desirable to 
install wick drains or provide other drainage enhancements to accelerate strength gain in the 
tailings. Wick drains can be efficiently installed from a water platform, as shown in Figure 6, so 
there is no need to wait until the water has been removed from the basin and vehicle access is 
established. Boskalis, a Dutch dredger, has an illustration of how a combination of wick drains 
and a sand cap might look underground after installation, shown in Figure 7. The addition of 
wick drains can result in significantly faster consolidation of the tailings, generating water for 
re-use in the mine, and creating additional storage volume that could be used for tailings 
disposal. 

 
Figure 6. Placing wick drains from a water platform 
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Figure 7. Boskalis Sand Capper Booster system, which incorporates wick drains 

Cap placement from a water platform has been shown to be highly adaptable and flexible 
enough to use in a wide variety of locations and conditions. The equipment and techniques have 
been refined and improved during the two decades these methods have been in use. This 
approach to cap placement has been used to contain and consolidate contaminated sediment, as 
well as to consolidate soft sediment to facilitate development at a number of locations around 
the world, see Table 1. While the engineering and construction techniques to implement this 
approach have been refined, development of the theoretical underpinning explaining its success 
is still catching up with the practical application (Vermeer, 2012; Beuth, 2014). To the authors’ 
knowledge, this technique or a surrogate has been tested on oil sands tailings at bench scale, in a 
large outdoor column (3 m diameter), and a field trial (Dereniwski, 1993), but not at pilot or 
commercial scale. 

Table 1.  Some examples of caps placed from a water platform. 

Site 
Sediment Surface 

Shear Strength (kPa) Reference 
Hiroshima Bay, Japan 0.5 Ling 1996 
Matsushima Bay, Japan 0.1 Ling 1996 
Lake Biwa, Japan 1 Ling 1996 
Stryker Bay, USA 0.3-0.8 Hedblom 2002 
Anacostia River, USA  0.5-1.0 Reible 2004 
Soda Lake, USA 0.2-0.5 Thompson 2003 
KPC Ward Cove, USA 0.14- 4.8 Verduin 2002 
LA Harbor Dredge Disposal 0.4-0.6 Verduin 2002 
LA Harbor Cap 0.2-1.0 Verduin 2002 
Ijburg Project, Netherlands 0.7-1.0 Leeuw 2002 
Mocks Pond Low Thompson 2003 
Hudson River, USA Avg. 1.0 Verduin 2005 
Melbourne Philip Bay, Australia 0.025-0.06 Jacobs 2012 

 

 
177



One element of capping from a water platform that is very different than other capping methods 
at a mine is handling the water cap. Early planning for water management is important due to 
the volume of water to remove (and potentially add to initially form the correct depth of water 
platform).  It is unlikely the water can be discharged into a public water body without expensive 
water treatment.  Consequently it is important to consider early in the capping planning process 
where the water can be reused or stored to ensure that the capacity of the reuse and/or storage 
location is ready to receive the water when removal is needed.   

Capping from a water platform can be expected to compress the tailings, which may increase the 
clear water cover depth over the tailings by more than the added sand thickness of the cap. This 
effect can be used to advantage during mining operations. The timing and progression of 
removal of the water platform can be used as another control on the loading of the soft tailings. 
Lowering the phreatic surface in the cap increases the effective load on the underlying tailings, 
promoting consolidation. Approaches to removing the water could include installing drain tile or 
other water conveyance (such as a coarse-grained layer with strategically positioned pump 
intakes) during cap construction.  

After reclamation, water remaining in the aggregate cap will be predominantly process-affected 
water that was in the basin when the cap was placed or expressed water from the consolidating 
tailings and, as such, will likely exceed any discharge standards applicable to natural water 
bodies near the mine site. In addition, process-affected water will likely be problematic if it 
discharges to the wetlands, ponds, lakes and streams constructed in the final reclamation 
landscape, due to the presence of metals, organics, TDS and other chemicals that may limit the 
ability to support the necessary abundance and diversity of flora and fauna.  With some 
forethought, the drain system that was installed during cap construction and used to remove the 
water cover after cap placement may be used after reclamation to intercept and direct this 
process-affected water away for storage, treatment or re-use.   

5 KEY COMPONENTS OF A SUCCESSFUL CAP ON SOFT TAILINGS 

Each of the cap placement methods discussed in this paper have advantages and disadvantages, 
depending on the specific application of capping technology and whether the site-specific 
conditions favor one method or a combination. Operators should carefully consider all the 
conditions and locations that will require placement of a reclamation cap to allow adaptive 
management using one or more of these methods to accomplish the total cap system desired for 
long-term reclamation.  It is possible that the solution will include two or more of these cap 
placement methods on the same mine site and even within the same basin. 

6 CAP DESIGN CONSIDERATIONS 

Thoughtfully designing the cap systems to be installed in each area of the mine site, including a 
detailed monitoring and measurement program is important so that the caps perform as needed 
to facilitate site reclamation. The cap design should include an adaptive management plan that 
describes how measurement data and observations are incorporated into decisions to modify 
means, methods, placement rates, or measurement frequency/density, with site-specific criteria 
determined based on data quality objectives.  

Analyses, lab testing, and pilot tests would likely be needed to establish both the cap thickness 
that can be achieved, and the strength gain that will reliably develop. An important early 
component to designing a successful cap on soft or fluid tailings is to model the expected 
consolidation behavior of the tailings after capping based on tailings hydraulic conductivity and 
compressibility characteristics as they change with void ratio. These characteristics can be 
strongly affected by mineralogy, gradation, soil structure (e.g., flocculation or coagulation), and 
water chemistry. For mechanical or beaching cap placement, rheology (especially as relates to 
shear – e.g., squeezing behaviour) can play a critical role in cap failure. While tailings may 
exhibit some differences from natural or contaminated sediments, particularly in soil structure 
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and water chemistry, the physics, test methods, and analyses needed to design their caps are the 
same. Liquefaction potential of caps needs to be considered, and may require mitigation 
depending on the likely consequences during or after construction of the reclaimed landscape. 
Geotechnical data obtained in the robust measurement and monitoring program implemented 
before, during and after construction of the cap are used iteratively with model results to refine 
consolidation predictions and account for tailings heterogeneity.  This iterative modeling and 
measurement approach used in conjunction with an adaptive management plan is used through 
final landscape and closure design.   

7 PLANNING FOR RECLAMATION  

Caps provide the base for final reclamation land surface and drainage systems.  The constructed 
caps need to be designed to be thick enough to provide safe trafficability for the earth moving 
and other equipment used to construct the final closure surface. The thickness of cap material 
placed should consider the planned landforms and likely end land uses for the tailings basin.  
For instance, with hydraulic placement and placement from a water platform, it may be efficient 
to place excess material during cap construction, and subsequently reshape it to the desired 
landform than to place the minimum needed cap thickness and then import more material to 
construct the reclamation landscape.  Site-specific evaluations of materials availability, 
sequencing, equipment, and so forth will strongly influence these decisions.  

Capping from a water platform can offer several potential benefits when integrated into tailings 
management planning. Placing sand layers within a tailings basin during operations can be used 
as a “progressive reclamation” strategy (Derenewski, 1993). Sand layers will allow the 
underlying tailings to consolidate as new tailings are added over them, in effect increasing the 
quantity of tailings a basin can contain, and releasing additional clear water for recycle. Placing 
the sand layers from a water platform allows managing the differing beach slopes for tailings 
and sand.  This tailings placement strategy facilitates progressive reclamation by providing a 
nearly-reclaimed basin by the end of mine operations, and also reduces the volume of process-
affected water to manage during and after reclamation. Boskalis, a Dutch dredging firm, has 
developed this concept for capping from a water platform and given it the name “Sandwich,” 
illustrated in Figure 8.  The sandwich concept has been successfully implemented from a water 
platform for land reclamation in Singapore (Lee, 1987), and also using mechanical capping of 
frozen flue gas desulphurization sludge during the winter at a power plant in North Dakota 
(Solseng, 2010). Operational approaches for applying a water-based Sandwich system will be 
site-specific, according to the number of tailings basins in operation simultaneously, the 
flexibility of discharge locations around the basin(s), the supply of capping materials or sand, 
and  other tailings management constraints of the mine.  
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Figure 8. Boskalis Sandwich cap system concept 

Another potential application of capping from a water platform is in upstream dyke 
construction. One of the challenges with upstream dyke raises is the relatively weak material on 
the basin side. By placing sand layers at intervals vertically as the basin is filled with tailings, 
the foundation conditions on the upstream side can be considerably improved. Unlike traditional 
construction techniques, capping from a water platform can safely access the upstream side, 
despite very weak tailings, to place sand layers. 

8 COST CONSIDERATIONS 

The cost of placing caps with earthwork equipment tends to be strongly dependent on site-
specific conditions, but is often assumed for planning purposes to be in the $5 to $15 (US) per 
cubic metre range. Costs may be considerably higher when capping tailings in the very soft to 
fluid range. Based on the experience in capping sediments, it should be expected that capping 
from a water platform will cost $10 to $20 (US) per cubic metre of placed sand, with the costs 
toward the higher end of the range for smaller areas or very soft-to-fluid tailings. Where 
technically feasible, and depending on material availability, the hydraulic beaching approach 
can be 3 to 4 times less expensive than other customary techniques (BGC, 2010). However, for 
capping fluid and perhaps very soft tailings, hydraulic beaching may displace rather than cover 
the tailings. In such cases, the potential advantage of the water platform approach can be 
significant. In some cases the access and flexibility advantages may be attractive enough that 
water-based cap placement should be considered even where tailings are not very soft or fluid. 

One potentially attractive application for capping from a water platform is as an alternative to 
other fluid tailings dewatering technologies. In this application, vertical drains such as wick 
drains would be added to the capping system, as in Figures 6 and 7. The deeper the deposit of 
tailings to be dewatered, the more cost-effective capping from a water platform is likely to be. 
For instance, if a fluid tailings deposit were 20 to 30 m thick, placement from a water platform 
can be more cost-effective by significant margin, even an order of magnitude less than the 
customary alternatives, such as placing a cap mechanically over fluid tailings and installing 
wick drains, or the full cost (including transportation) of implementing centrifuging, 
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hydrocycloning, thin-lift drying, and other dewatering technologies. In such applications, 
capping from a water platform has many environmental advantages, including lower CO2 
emissions, less release of gasses from the sediment, maintaining tailings saturation to avoid acid 
rock drainage issues, and supplying additional useable make-up water to the mine. 

9 CONCLUSIONS 

Placing caps hydraulically from a water platform offers opportunities to reduce tailings related-
risk and closure liabilities, and can prove more practical and more cost-effective than land-based 
methods, particularly for capping or dewatering very soft to fluid tailings. Table 2 summarizes 
some of the advantages and disadvantages of the three capping methods discussed in this paper. 

Table 2. Capping Method Advantages & Disadvantages 
Capping Method Advantages Disadvantages 
Earthwork 
equipment 

 Some of the necessary equipment likely 
available at or near mine site 

 Limited specialized expertise needed - may 
be available from mine operations and 
technical staff 

 Can be used to place fine-grain capping 
material 

 Landform construction can proceed as soon 
as the cap is trafficable 

 Requires minimal fixed or set-up costs, can 
be the most cost effective method for 
capping relatively small areas. 

 Difficult and expensive to 
implement for  very soft to fluid 
tailings  

 Uses smaller, lower ground 
pressure equipment than typical 
of mining operations 

Hydraulic 
beaching 

 Necessary equipment likely available at or 
near mine site 

 Tailings basins operators likely familiar 
with operational methods 

 If cell construction or controlled beaching 
are implemented, may allow some 
compaction during placement 
 

 Less control over capping 
material placement, may require 
more sand to cover the area 

 Needs water removal, recycle 
system, and make-up water 

 Generally not feasible over fluid 
tailings 

 Requires aggregate (sand) supply 

Water-based 
capping 

 Very soft tailings can be capped in situ 
with minimal risk of geotechnical stability 
problems in the tailings 

 With careful placement, can cap fluid 
tailings and very weak soft tailings 

 Consolidation can be enhanced using wick 
drains placed from a water platform  

 No trafficability concerns during 
construction, can access the full area to be 
capped, and is operationally flexible 

 Operations efficient and relatively low cost 
due to the limited number of personnel 
necessary, minimal downtime, and 
efficiency of slurry transport of the cap 
material 

 Specialty personnel and 
equipment needed to 
successfully place a cap over 
fluid (vs. soft) tailings  

 Techniques and specialty 
equipment not familiar to mine 
operators, so need to tap outside 
expertise for planning, design 
and implementation   

 Requires aggregate (sand) supply 
 Need for management of large 

volume of water removed after 
cap placement 
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ABSTRACT 

Most mining incorporates processes that upgrade ore to increase value. As part of this processing, 
some type of waste is typically generated. Mine operation and waste management can present 
both physical and chemical risks that sometimes negatively affect stakeholders, social license, 
and/or a company’s financial health. This paper reviews some approaches to prioritize mitigation 
efforts presented by physical and chemical risks primarily associated with mine wastes.  

When looking at exposure risk associated with legacy sites, the prioritization process can account 
for a number of screening considerations, including chemicals present on site, receptor types, 
exposure pathways, stakeholder concerns, and mitigation net present value (NPV). Another 
prioritization method focuses on the physical risk presented by dams and impoundments. A risk-
informed decision-making methodology can help companies prioritize assessments and remedial 
work by examining failure modes and the magnitudes of the failure outcomes. Our paper will 
present some case studies showing application of these methodologies. 

1 INTRODUCTION 

The act of mining inevitably results in generating some sort of waste. The most obvious waste 
types are associated with ore beneficiation, which typically results in generation and disposal of 
tailings. Other types of wastes originate from operations-related support activities; typical 
examples include releases associated with fuelling, metal cleaning, painting, and sewage 
treatment. Other sources of waste to consider are those not associated with the primary process 
but that from a primary waste (for example, dust emanating from stockpiles or stored tailings; 
drainage that carries substances from stockpiles or tailings off site; and discharges from treatment 
systems whose effectiveness is limited). In addition,  risk remains from residual operational 
features such as old underground mine works or mine pits and associated infrastructure (especially 
from asbestos or PCBs in abandoned structures).  

All of these waste types present risks to human health and the environment. The primary risk 
associated with tailings storage is physical in nature; failure of a tailings storage structure can 
result in the catastrophic release of a large volume of mobile material that can result in loss of life 
and incur billions of dollars in remedial costs (Bowker, 2015). Tools are available to help 
companies and regulators understand the potential reach of these impacts, and methodologies to 
minimize operational risk (MAC, 2011) and incorporate the lifetime risk associated with these 
structures (Oboni, 2014b) have been proposed. The main mitigation opportunities are placing the 
structure strategically and constructing and operating it in a way that limits potential failure and 
release (Chambers, 2011).  

Non-tailings wastes can also present physical risks. For example, the recent Gold King water 
release from underground works in Colorado resulted in an initial localized inundation threat. 
However, the primary concerns about this type of waste are typically associated with some type 
of chemical risk to human health or the environment. Determining the risk levels of these threats 
can be difficult because of the uncertainty associated with the physical environment and the 
potential nature of the release. In addition, ongoing interpretation of toxicological research, 
coupled with related regulatory rulings, have resulted in frequent downward adjustments in 
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acceptable levels of and criteria for constituents, causing  continual revision to mitigative plans 
and actions. 

Regardless of the type of mining waste, generation and storage present potential issues that 
operators and owners will need to consider and address during and the active life of the mine. 
There are many reasons to proactively address these potential impacts; however, with limited 
resources, owners and operators must be thoughtful and diligent in prioritizing their efforts. 

2 RISK CONSIDERATIONS WHEN PRIORITIZING RESPONSES 

All mine operators and owners, independent of size, bear liability related to waste generation. 
While smaller operators can focus on fewer facilities and therefore fewer risks, they have a 
correspondingly small resource pool to draw from and can benefit from prioritizing risk 
management activities. Larger companies typically have more resources available to address risks, 
but accordingly have more sites and facilities to deal with. Both types of entities need a 
methodology for quickly and effectively mitigating risk. Operators need to apply methods to 
minimize risk at ongoing operations (Boswell, 2011), but both they and owners can benefit from 
a process that prioritizes risk management during acquisitions and divestitures. Such a process 
can also help companies that continue to accrue responsibility for sites by giving them a fully 
developed and coherent system for managing continually changing portfolios. Acquiring assets 
and being named as a responsible party can yield prioritization information if a system that 
captures data generated during onboarding is integrated into the risk management process.  

Potential impacts to operators and owners can manifest themselves in two main ways:  

1. The burden associated with remediating previous known impacts or those from ongoing 
exposure or releases. This impact can be immediate and have a substantial impact on an 
owner’s or operator’s financial health. 

2. The financial liability associated with mitigation of potential impacts. 

The occurrence of and the response to such impacts can have an enormous effect on an owner’s 
or operator’s social license to operate. In a recent report (EYGY, 2014), social license to operate 
was identified as the third-largest risk facing metal mining; capital dilemmas were the second. 
The combined risks speak to the need for firms to prioritize the actions they will take to manage 
mine wastes with limited resources.  

The social-license and capital impacts are in addition to the financial impact an owner or operator 
would incur for an existing liability. Financial impacts represent potential restrictions on the 
ability of an entity to operate or expand an existing facility or construct new facilities. They can 
also be felt in the form of cost overruns or project delays if stakeholders opt to withhold social 
license via various means. An owner’s past practices and responded to historical liabilities can 
modify the lens through which stakeholders view existing and new projects. Some methods for 
quantifying the impact of social perception have been proposed (Oboni, 2014a). 

Recent prominent North American mine failures (Mount Polley and Gold King) have heightened 
stakeholder awareness. It is paramount for owners and operators to have a strategy for addressing 
potential impacts associated with current and historical operations. No firm has the unlimited 
resources to mitigate every identified risk. As sites age, physical structures and site conditions can 
change over time—for instance, flood frequencies attributed to climate change. At the same time, 
clean-up thresholds may be reduced or new compounds may be identified as toxic. The result is 
that risks believed to be previously mitigated may return as a priority in our changing physical 
and regulatory landscapes. Therefore, a thoughtful strategy for prioritizing waste-related liabilities 
appears necessary to support successful long-term mining operations. The following discusses 
some examples of risk-informed prioritization strategies that we have developed, recommended, 
or seen employed.  
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The distinction between risk-informed and risk-based is an important one. Risk is a universal term 
referring to the possibility that something negative (such as an injury or loss) will occur. Risk-
informed (more specifically, risk-informed decision making [RIDM]) implies that decisions are 
made considering risk insights along with other information, whereas risk-based implies that 
decisions are made considering only risks or risk values. 

3 BIG-PICTURE CONSIDERATIONS 

Understanding the setting in which the wastes will be or have already been placed is critical when 
developing a risk-informed prioritization strategy. The location of the waste relative to human or 
other receptors affects the magnitude of potential impacts. Not understanding the site and potential 
geo-hazards presents a risk all by itself. Uncertainty can lead to unexpected or uncontrolled events 
and associated receptor exposures. 

A risk-informed prioritization strategy is most effective when considering operational realities 
such as market conditions, project phasing, corporate or other regulatory reporting requirements, 
and acquisitions or divestitures. In some instances it may be beneficial to leverage the natural 
business rhythm to optimize mitigation of an identified risk. In others, a risk may be too low to 
justify action. Other project circumstances, however, such as removal of a previously inhibiting 
feature, may provide an opportunity for action be taken on a relatively low risk if it can be 
performed at a lower cost. 

4 TYPES OF POTENTIAL IMPACTS FROM MINING WASTES 

To develop a useful risk-informed prioritization strategy, waste-related elements potentially 
contributing to risk must be identified. Once these elements are identified, the magnitude of the 
associated impact of each should be defined and quantified to the degree possible to best determine 
a risk value. The level of uncertainty or lack of knowledge or experience associated with these 
elements should also be determined. Some level of uncertainty is inherent; however, the 
sensitivity of the outcome to the level of uncertainty should be understood because the amount of 
uncertainty in some situations can present an unacceptable level of risk. Risks can be mitigated 
by acquiring more data or a better understanding of the setting. 

The site setting and associated potential receptors are very important. Common receptors driving 
risk include local human, flora, and fauna populations, as well as the presence of water bodies and 
culturally or historically significant artifacts.  

Knowing the characteristics of the waste being disposed is also critical. The chemical composition 
of the wastes (including pH) not only indicate how toxic and mobile constituents are, but also 
influence mitigative approaches and determine how far chemicals of concern might migrate. 
Particle size and water content are two of the geotechnical characteristics that can affect related 
chemical and physical risks. Finally, disposition of the waste and associated engineered design 
aspects contribute to the level of project risk–for instance, the presence and construction methods 
of dams, impoundments, pits, stockpiles, structures, and abandoned mineworks. 

Aspects of the site setting, potential receptors, waste characteristics, and contaminant fate and 
transport are commonly assembled into a conceptual site model (CSM). The CSM evolves as 
more information is gained to better support development of a risk-informed prioritization 
strategy.  

5 METHODOLOGY FOR ADDRESSING AND PRIORITIZING ASSOCIATED RISKS 

5.1 Physical  

5.1.1 Background 

As earlier, physical damage is the primary risk presented by potential failure of a tailings storage 
structure. The resulting catastrophic release can initially result in deaths and damage or destroy 
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habitat and structures, and secondarily in long-term environmental disruption. The failure risk 
presented by tailings storage structures is typical of those associated with dams. To address this 
type of risk, we look to a dam-type setting. 

The U. S. Federal Energy Regulatory Commission (FERC) has decided to employ risk-informed 
decision making (RIDM) as a method of evaluating risk and prioritizing actions associated with 
regulated water-storage and power-generation structures. The FERC has chosen to implement this 
methodology due to shortcomings in standard methods. While a risk-based process like a potential 
failure-mode analysis (PFMA) details how a dam might fail, it does not directly consider the scope 
of potential consequences. RIDM is developed as a method to help owners define actions that 
most effectively address identified potential problems. By considering the full range of 
consequences, it allows for better utilization of resources. This approach can be easily applied to 
any risk evaluation in which the implications of failure should be considered. It can also provide 
a means for understanding the impact of uncertainty and variability beyond that provided in 
traditional analyses. The two figures that follow are from FERC guidelines. Figure 1 shows the 
curve used to help decide acceptable (tolerable) risk associated with dam failure: 

 
Figure 1. Risk acceptability for dam failure 

To move an outcome on the above figure to an area with a better risk profile, the RIDM 
methodology uses an approach represented by Figure 2:  
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Figure 2. Resulting change on risk curve associated with actions 

Below is an example of how this technique is transferable to applications outside of concrete-dam 
failure analysis. In the analysis of the San Bruno natural-gas pipeline release and explosion, a 
quote from the review committee stated: 

“There is no evidence top management has taken the steps necessary to be well-informed about 
the key aspects of decisions selected to manage major risks that concern PG&E.”  

“Quality (risk) analysis could both facilitate two-way communication between top management 
and individuals with substantial knowledge about each of the relevant aspects of utility operations 
and provide a clear understanding of all the information available to make a key risk management 
decision.”  

“Management could then ensure a full range of alternatives were considered in the decision and 
examine how each measured up in terms of each of PG&E's relevant objectives. They could 
examine what assumptions and judgments were used in integrating the available information to 
indicate the pros and cons of the alternatives. A quality analysis would highlight any significant 
missing information and provide a basis to examine whether it would be worth gathering if 
possible.” (FERC, 2013).  

This is suggestive of how this methodology could be applied to risks outside of those being 
considered by the FERC. It is easy to imagine how this could be applied as a process to address 
the physical and chemical risk associated with mine wastes. 

5.1.2 Case Study 

At a client’s request, Barr Engineering Co. developed a recommended risk-informed approach to 
address all significant potential failure modes for a surface-water impoundment project. The 
project was primarily driven by erosion concerns at an existing emergency spillway. Concerns 
included the spillway’s capacity to safely pass the probable maximum flood (PMF), erosion of 
the unlined emergency spillway during less extreme floods, and flows exiting the emergency 
spillway that could erode and undermine the adjacent embankment dam and lead to a dam failure. 
An ongoing preliminary-options study identified seven options for mitigating the risk of erosion 
and reservoir release. Other potential failure modes had been developed in detail in a previously 
prepared PFMA report and were brought forward as appropriate. The options evaluated included 
extending the existing left embankment to natural high ground; allowing the emergency spillway 
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to erode minimally and installing a steel sheet pile cut-off at the crest to prevent significant head-
cutting into the reservoir; providing erosion protection on the entire emergency spillway as well 
as localized areas downstream; and constructing a new concrete gated spillway to pass the flow. 
Figure 3 shows a flowchart modified from a draft FERC tool used to guide the RIDM process 
applied in this case. 

 
Figure 3. Risk analysis incorporated into RIDM process 

Key to the evaluation was designing for the probable maximum flood (PMF). Part of the analysis 
involved determining whether the level of protection associated with the PMF was necessary or 
whether a lesser flood event (e.g., a 1-in-10,000-year event) was reasonable considering the risks 
and other contributing factors included in the RIDM process. The estimated PMF flow was much 
higher and much less likely than an annual exceedance probability of 0.01 percent (i.e., a flood 
with an annual recurrence interval of 10,000 years). 

Costs for the different response actions are typically developed during the RIDM process. Here, 
we estimated that the cost to complete spillway modifications to the PMF capacity based on FERC 
standards-based requirements was on the order of $10–$20 million. Designing to this level of 
protection might not be necessary if the RIDM process justified a lesser design flood. The 
estimated PMF flow was two times higher and much less likely than the 10,000-year event. 
Designing to the lesser flood event would reduce the cost of dam safety modifications to 
somewhere in the range of $.5–$10 million, and the savings could be allocated to address other 
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potential dam-safety issues at other sites. The 10,000-year flood event has been accepted by the 
FERC at other facilities with the risk-informed justification that it satisfied tolerable risk 
guidelines in use by other federal agencies. 

5.2 Chemical 

5.2.1 Background 

Non-tailings mine wastes can present physical risks (e.g., reactive phosphorus, inundation from 
accidental water releases). The primary concern typically associated with these waste types, 
though, is some type of chemical exposure to either human health or the environment. Heavy 
metals are a key concern, but these wastes can also contain radionuclides, VOCs, and other toxic 
compounds. pH (acidic or caustic) represents both a direct risk during release and an increase in 
risk posed by other constituents via chemical reactions that may occur. 

The risks associated with these wastes are defined by a number of variables, particularly the 
location of the facility. Factors including the environment (topography, geology, hydrology, 
climate), potential receptors (flora, fauna, and proximity to human populations), and the 
regulatory setting dictate a large portion of the risk, as do the type and quantity of waste: large 
amounts of inert waste rock present a different degree of risk than a similar amount of stored 
liquid waste or liquefiable waste that contains relatively more toxic compounds. 

All of these variables, and others, can affect the level of risk presented by the source or site. With 
all of these potential risk drivers, developing a methodology to prioritize and address potential 
risks is a necessity. 

One approach to prioritizing responses to risks would use a risk-informed ranking system 
reflecting each property’s potential human and sensitive-environmental-receptor exposure risk. 
Properties with nearby receptors would be ranked higher than properties considered to be isolated 
from receptors. Some risk categories that could be used to guide the ranking process include: 

 Acute—documented conditions that could result in fire, explosion, or other acute 
public-health impact. 

 Highly likely human—characterized by a documented (or a high likelihood of future 
documentation of) exceedance of a public health criterion, proximity to potential public 
receptors, and a reasonable exposure pathway to the potential receptor.  

 Highly likely environmental—characterized by documented (or a high likelihood of 
future documentation of) exceedance of an environmental criterion, proximity to a 
potential sensitive environmental receptor, and a credible exposure pathway to that 
receptor.  

 Potential health or environmental with a receptor—characterized by potential 
exceedance of public health or environmental criteria, proximity to potential receptors, 
and a credible but incomplete exposure pathway to the potential receptors.  

 Potential health or environmental without a receptor—characterized by potential 
exceedance of public health or environmental criteria, but isolated from potential 
receptors, and uncertain or likely incomplete exposure pathway to the receptors.  

 Mitigated—response actions have been completed and known current and future risks to 
public health and the environment have been addressed; long-term monitoring of 
remedies may be required. 

 Resolved—ongoing public health and environmental risks no longer exist or could not 
be identified.  

Once sites are prioritized into the larger categories, they can be further subdivided and prioritized 
using sample criteria such as:  
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 Documented (or high likelihood of documentation of) exceedance of regulatory criteria. 
Sites with exceedances of criteria would be ranked higher than sites with potential 
exceedances of criteria. 

 Documented or potential risk to public health 
 Documented or potential risk to the environment 
 Off-site impacts 
 Presence of source material (still contributing to a release) 
 Regulatory or public request for response action 
 Property transactions 
 Resolution of uncertainty 
 Economics (reasonable annual expenditures, economies of scale) 

These considerations can be consolidated into a response action matrix or schedule that prioritizes 
and reflects the relative importance of actions to reduce the risk presented by the inventoried sites. 
Some of our clients use a matrix similar to a job or task hazard assessment (as illustrated below) 
with a color guide to help quickly determine the risk rank of the site within a portfolio of sites, or 
the highest risks posed at a particular site. While these are useful tools, they have limitations in 
addressing uncertainty and in developing plans to manage risk (Ward, 2014; Cox, 2008). A 
developed tool would be most effective if it were regularly revisited to redefine prioritization as 
new information became available. An example application of prioritization on this basis would 
be removing source material at a site so that risk dropped below human-health exposure levels, 
changing the rank from high to low. Negotiating a cleanup plan approved by a regulatory body 
for onsite sources that could eventually result in offsite impact could change a risk from high to 
medium. 

Adapted from www.tc.gc.ca/eng/civilaviation/standards/sms-info-oct2005-1367810-2482.htm 

Figure 4. Sample risk prioritization matrix—safety application 

5.2.2 Case Study 

In this example, the owner had more than 40 sites with known or potential chemical risks to be 
prioritized, including a number of mining related sites that ranged from closed mines to support 
facilities to offsite waste-disposal locations. The sites were scattered throughout North America 
and subject to an array of governing rules and regulations. The prioritization process in this case 
included an initial review of the sites; establishment of screening criteria, which included chemical 
risks and other owner-specified parameters; screening and ranking; and identification of major 
risks and parameters that influenced the ranking. Each site was classified as high, medium, or low 
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priority. The most influential risks and parameters within the high-priority sites were then singled 
out for corrective action in the near term to lower their classification status. The lower-priority 
sites were still acted on, but did not receive the same level of attention and resources as did the 
high-priority sites. (This work was performed on a confidential basis in coordination with client 
counsel, so specific results cannot be shared.) 

Below is an example of output that could come from chemical risk-based screening of an owner’s 
multiple facilities. It shows sample high-priority outputs from a screening and prioritization 
process. 

Table 1. High-Priority Sites 

Ranking Property Risk Category 

Health or 
Environment 

Criteria 
Chemical 

Source Drivers 
Corrective 

Cost 

1 Former 
Landfill 

Highly likely 
human 

Exceeds 
drinking- water 

standard 

Mixed ash 
and solid 

waste 

Public, 
regulatory, 
responsible 

party 

$5M 

2  
Historic 

Processing 
Area 

Highly likely 
environmental 

Exceeds 
drinking- water 

and vapor 
standard 

VOC release 
from metal 

cleaning 

Regulatory, 
potential sale 

$2M 

3  
Closed 

Mine 

Potential health or 
environmental 
with a receptor 

Exceeds surface-
water criteria 

ARD Public, 
regulatory 

$10M 

 

Corrective costs were developed commensurate with the level of project definition and end-usage 
goal. To make equivalent comparisons, the cost basis should be consistent. Here we used net 
present value (NPV) to help capture the lifetime cost of the proposed actions. If there is concern 
about expense per year or short-term cost, the costs can be parsed and compared using that 
framework as well. NPV is a valuable metric but does have shortcomings when used to address 
risk, such as the inability to represent sensitivity to inputs (e.g., varying power costs) and the risk 
of remedy failure (Oboni, 2010). 

6 SYNTHESIS 

The applicability and utility of RIDM seem obvious when the process is applied to waste-related 
risks. RIDM could be applied directly, as when it is used for developing programs to address 
tailings dams, or could be modified to address the risk presented by chemical-related exposures. 
A risk curve similar to Figure 1 would need to be defined based on the tolerances and drivers of 
the user. The actions taken to alleviate the risk could be viewed in the RIDM context by 
identifying and implementing actions to move the risk to preferred areas of the curve. Others have 
suggested prioritization methods to allocate mitigative investments (Oboni, 2012). 

Below is an example of what the RIDM process might look like if applied to the results of the 
multiple-site screening process. One approach would be to take the top-ranked risk site (former 
landfill) and apply the RIDM methodology to arrive at on optimal outcome. The first step is 
defining the outcome curve. Figure 5 shows an example curve defining unacceptable, tolerable, 
and acceptable outcomes. 
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Figure 5. Modified risk-acceptability curve  

One would then define actions that might occur or be implemented that would move the event 
within the established curve. Examples are shown in Figure 6.  

 
Figure 6. Resulting change on risk curve associated with remedial actions 

Superimposing the range of options shown in Figure 6 on the risk curve in Figure 5 reveals what 
effect the options would have relative to risk, as shown on Figure 7.   
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Figure 7. Remedial actions superimposed on the modified risk-acceptability curve 

The cost associated with actions that would move the event into desired portions of the curve 
could be developed and assessed to determine a course of action. Further evaluation could be 
performed by using these costs, including evaluating the highest-priority site or all three options 
from Table 1 relative to the curve shown in Figure 5. Potential options shown in Figure 6 could 
be developed for the three high-priority sites. The effectiveness of these actions, assessed as 
change to the risk versus implementation cost, could be evaluated to determine which site-specific 
action would provide the most cost-effective improvement. 

7 CONCLUSIONS 

RIDM provides a needed framework for making educated decisions about addressing risk 
associated with mine wastes, but it is not a simple process to set up due to several factors affecting 
the outcome:  

 multiple points of failure 
 uncertainties 
 limited resources 

As pointed out by many others, traditional methodologies such as PFMA and FMEA (failure mode 
and effects analysis) have weaknesses. RIDM and other prioritization approaches can help 
operators and owners prioritize application of limited resources to both protect human health and 
the environment and focus efforts on the most pressing risks. Obviously, this approach benefits 
stakeholders, but it can also help operators and owners build stakeholder confidence by addressing 
the protection of human health and the environment while demonstrating a disciplined and 
systematic methodology for addressing risks identified by owners, operators, or stakeholders.  
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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, dam instability and excessive settlement, 
leaking beneath dams, and the inability of operators to cap existing tailings facilities.  Another 
concern may be the inability to place solid material and vegetation on top of the pond during the 
reclamation phase. There are a variety of proven ground improvement techniques that can be 
utilized to solve each of the issues above. This paper will present two case histories describing the 
use of ground improvement (wick drains and jet grouting) to improve tailings facilities. 

1 INTRODUCTION 

Several mine tailings failures have caught the attention of the general news media in recent years. 
Media coverage has attacked mine failures from the most recent Gold King Mine in Colorado, to 
the Mount Polley failure in British Columbia, to the Duke Energy collapse in North Carolina. 
There have also be significant mine failure in central and south America in recent years. Because 
of the remote nature of the sites and the media coverage in the respective countries, these incidents 
have not resulted in major news coverage in in the US and Canada.  However these failures had 
environmental impact similar to, or greater than the failures in North America.  Why is our 
industry being plagued by these mine failures?  Are we currently seeing additional failures than 
in previous decades?  Are we hearing about the failures in North America, and the failures in more 
remote locations are simply not being reported on? All of the referenced failures and many others 
resulted from stored tailings impoundments.  

Depending on the operations of a given mine, water may be used in the mining process.  The water 
can be used to move fine mine tailings, or even with the addition of various leachates may be used 
to extract the mined mineral from the tailings. Water has historically been a critical resource in 
many mining operations. Often times the mining operations that rely on water also prevent the 
water from being released from the fines or minerals that the water was used to carry.  Because 
of the industrial process the water often cannot decant on its own.  This results in an excess buildup 
of pore water pressure within the tailings. The pore water pressures cannot be relieved easily 
because of the nature of the fines. Generally in mining operations the fines will be all sub 200 
size, silt like particles with relatively low permeability.  The pore water pressures, combined with 
the low permeability of the material result in the tailings maintaining a fluid like or semi fluid 
state for a number of years or even decades.  Until the pore water pressure can be relieved, the 
potential exists for the material to flow off the mine property into watersheds and other sensitive 
environments, posing a risk to the general public. Tailings dams are designed to prevent the 
movement of this material.  However the dams may fail for a number of reasons, allowing 
movement of the fines. 
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 The fluid nature of the tailings in many mining facilities may require substantial structures to 
hold back the tailings.  If the owner of the tailings dam no longer wishes to upkeep the dam, or if 
a regulatory body requires that the dam no longer function as a dam, what steps can the owner of 
the facility take to reduce the risk of a breach of the dam?  There are essentially two treatment 
options for the fines in a majority of the industrial facilities in North America.  Either removal of 
the material from the tailings pond or treatment in place.  The disadvantage of removing the 
material from the impoundment is the sheer cost and scale of such an operation.  The 
impoundment may have been constructed over years or decades and may impound millions of 
cubic meters of material.  Because of the incredible task of removal of the material, in situ 
treatment of the fines may prove to be a more economical and feasible solution. 

Once an owner of the facility determines that treatment of the material must be completed they 
must decide between in situ and ex situ treatment, Ex situ treatment typically consists of removing 
the material from the pond and then stabilizing the tailings with pozzolanic materials such as lime, 
cement, or slag. 

One technique the authors have employed is the use of drains (commonly known as wick drains, 
prefabricated vertical drains, or band drains) to reduce the moisture content of the tailings.  The 
drainage of the tailings results in removal of pore water from the tailings and therefore 
consolidation of the material.  The authors would like to highlight one particular project at an 
abandoned gravel quarry in an urban environment. Wick drains were placed in the tailings. 
Surcharge was then placed on top of the tailings pond.  The surcharge material resulted in removal 
of excess water from the tailings.  The wick drains reduced the seepage path of the pore water 
pressure, which reduced the time required for the consolidation to occur.  The goal of the project 
was to increase the shear strength in the tailings to the point where the once semi fluid material 
could be excavated with conventional equipment.  The excavation and removal of the inadequate 
and abandoned tailings dam was required by the regulatory agency.  Through draining of the 
tailings allowed for the tailings to become self-supporting for the required excavation and 
subsequent redevelopment. 

The abandoned quarry site required ground improvement to stabilize the tailings to allow for re-
sale of the valuable property. The mine operator had already taken the reserves of marketable 
stone from the quarry. Without treatment of the fines, the mine operator did not have the ability 
to return this land to the market and use the revenue for other purposes. This particular project 
had more of an economic incentive to complete the remediation than many traditional mine sites 
would have, however the lessons learned from the ground improvement are still applicable to 
traditional mine tailings recovery sites. 

The material in the pond was generated from washing of gravel. The material washed out of the 
gravel was essentially a silt particle.  The silt was washed from the gravel to meet DOT and 
building standards for course aggregate.  Silt particles do not settle out of water easily and have a 
very low friction angle particularly when saturated.  In place shear strengths were low enough that 
special care was taken to not capsize the wick drain installation equipment during installation. 

The material was nearly all sub 200 particle size silt like particles.  The permeability of this 
material prevents drainage of the pore water pressures in a timely manner. The removal of the 
water from the tailings then increased the internal friction angle of the material, resulting in an 
increase in shear strength.     

The wick drains were installed on either a 2.2 meter spacing, or a 3.8 meter spacing, depending 
on the target consolidation level and the time available for consolidation. Wick drains were 
installed to a depth as great as 34 meter. The owner had targeted a 6 month consolidation window 
to reach 80-90 percent consolidation.  The water that surfaced from the wick drains was 
channelled out of the work area using horizontal strip drains.  The drains were installed prior to 
installation of the 9.5 meter of fill.    Because of the rheology of the fines the specialist contractor 
needed to install the wick material with a smooth wall mandrel without vibration.  There were 
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concerns that installation with other types of equipment would result in liquefaction of the 
material, and possible clogging of the wick drain filter material. The wick drains terminated in the 
native materials lying below the mature fines. 

Once the tailings had increased their shear strength to allow traditional excavation, Heavy 
construction equipment could be utilized to remove the abandoned and insufficient tailings dam. 
Figure 1 highlights the area with tighter wick drain spacing, which will be excavated and removed.  
Figure 2 demonstrate the volume of soil to be removed from the pond. 

The wick drain installation allowed for the project goals to be met – removal of the abandoned 
mine with conventional equipment. After the removal of this material and replacement with 
engineered fill, the site was deemed satisfactory for traditional construction to proceed.   

 

Figure 1. Plan view showing wick drain installation locations.  Area A has wick drains on a 2.2 meter 
spacing, and is the area of the dam removal.  Area B has wick drains on a 3.8 meter spacing. 

 

 

Figure 2. Shows the wick installation areas, A and B as well as the area of mass excavation in section. 

 

 

Area A 
Area B 

Area B Area A Area of removal 

of material 
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2 CASE HISTORY TWO – JET GROUTING FOR REMEDIATION OF TAILINGS 

2.1 Introduction 

The subject mine tailings remediation project is located at a remote site at a high elevation in a 
seismically active region. The copper mine operated between 1938 and 1957. After sitting 
dormant for over 50 years, the 120 acre site is undergoing a multimillion dollar remediation. 
Because of the project’s remote location all required personnel, equipment, materials, and supplies 
were required to loaded on a vessel and barged over 40 miles and then hauled 12 miles up a forest 
service road. Heavy winter snowfall limits the construction season to roughly 5 months beginning 
in early June and extending into October, conditions permitting. While onsite the remediation 
personnel were housed in the mining camp once used by the miners themselves.  

During active mining operations, tailings were piled immediately adjacent to a creek at slopes up 
to 45 degrees. As part of the remediation effort, the three tailings piles are being re-graded to 
flatter slopes. During early investigations, liquefiable layers called “slimes” were encountered at 
the boundary between the tailings and the underlying alluvial deposits. The slime layer posed a 
significant seismic hazard for the stability of the tailings piles.  

Jet Grouting was selected as the design solution to create in situ blocks of soil-cement to act as 
shear keys along the half mile long toe of two of the tailings piles. This solution improved the 
factor of safety to the global slope stability analysis during a seismic event to acceptable levels. 
The operation consisted of installing 119 blocks, each consisting of six 1.6 meter diameter Jet 
Grout Columns were constructed. Figure 4 shows a portion of the toe of the tailing pile and the 
jet grout shear keys.  

Jet grouting is an erosional based grouting technique used to improve the geotechnical 
characteristics of soils.  During the jet grouting process a drill still is extended to depth.  Grout 
and water is then pumped through small diameter nozzles at a high velocity. This pumping action 
results in erosion of the soils as well as mixing of the native soils with the introduced grout. 

 

Figure 3. Jet grout shear keys along the toe of the tailings pile.   

The specialty contractor worked with the owner to conduct a pre investigation program. As part 
of this pre investigation program,  six soilcrete blocks were constructed to evaluate the 
effectiveness of jet grouting in the site soil conditions.  Three independent combinations of jet 
grouting withdrawal and rotation rates were evaluated during the test program. The jet grout 
column installation within each block was sequenced using primary and secondary columns. Of 
the six test blocks, three were installed at a location where they could be sampled using a core 
drill and then later exhumed. This allowed for visual inspection of both the internal and external 

Graphic 2, Left, graphic showing 

wick drain installation near 

existing embankment 
Jet Grout Sheer Key, 

Typical 
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attributes of the blocks. The remaining three blocks were installed on the production bench, at the 
actual elevation of the production work.  Because these blocks were constructed 50’ below grade 
visual inspection was not possible.  Instead these locations were cored to test the effectiveness of 
the jet grouting in the tailings, slime, and alluvial material.  

While the jet grout test locations were being complete, cone penetration tests (CPT’s) were 
conducted at the location of each proposed production jet grout blocks. Standard penetration tests 
(SPT’s) were completed at each 5th block to obtain samples of the insitu material.  In total, data 
was collected from 157 CPT and 26 SPT locations. Analysis of the obtained geotechnical 
engineering data identified potentially liquefiable zones and provided engineering properties of 
the ‘slimes’.  The efforts of the extensive pre-investigation program allowed production grouting 
to be completed at specific targeted depths as well as specific targeted treatment lengths. 

Production Jet Grouting then began the following season incorporating the recommended 
parameters and lessons learned from the pre-investigation program. In production, the actual depth 
and length of treatment was “field fitted” in real time by correlating the drill rig response to the 
field investigation data. Data was collected in real-time using a proprietary data acquisition 
software and hardware package. 

Quality control of the jet grouting consisted of taking unconfined compressive strength of wet-
cast spoil samples and core samples.  Coring was also conducted to verify column diameter and 
overlap.  

Jet grouting has proven to be an effective means for increasing the factor of safety of the slimes 
during a seismic event.  The extensive geotechnical investigation and pre-production analysis 
improved the effectiveness and efficiency of the jet-grouting program.  Having an understanding 
of the subsurface conditions at each jet grout block allowed for the jet grouting parameters to be 
fine tuned for the actual subsurface conditions. 

 

Figure 4. Jet grouting and spoils handling at the remote mountainous site.  Jet grouting is being used to 
form shear keys in the slime layer at depth. 
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3 CONCLUSION 

Ground improvement is an effective means for treatment of mine tailings.  The paper presents two 
of the many possible solutions for treatment of tailings.  Ground improvement programs can be 
tailored to actual site conditions.   

Given the social and environmental oversite in today’s world of mining, mine owners and 
operators cannot be too careful in evaluating the risk of movement of existing tailings.  As mine 
tailings facilities are forgotten or decommissioned there are ways to improve the tailings that 
would prevent future discharge of the tailings off of the mine property.  Improvement can be 
through mixing of binders into the material or by removal of the water from the cuttings.  Each of 
these techniques can be accomplished in a variety of ways.  Specialist contractors and consultants 
can be a valuable resource in determining the most cost effective means of treatment at a given 
facility. 
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Numerical modeling of the sedimentation process using coupled 
discrete element method and computational fluid dynamics 

F. Chen, M. Fredlund 
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Suncor 

ABSTRACT 

The mechanism of sedimentation and large-strain consolidation is well-known to occur in oil-
sand tailings. The transition point between the processes remains ambiguous and subjects to 
continued research. Sedimentation has been generally considered to follow Kynch’s theory 
however there are additional questions as to how closely the sedimentation follows theory. 
Recent studies undertaken by SoilVision Systems Ltd. and a client have endeavored to model 
sedimentation theory at a basic particulate level making use of combined Discrete Element 
Method (DEM) and Computational Fluid Dynamics (CFD).  

The purpose of this study is trying to match simulation results to both theoretical and 
experimental results. Therefore two types of models are currently used: the model using pure 
spherical particles (sphere model) and a model using cylindrical clumps (clump model). The 
sphere model will be used to verify simulation results with Kynch’s theory and the clump model 
will be used to simulate the sedimentation process of oil-sand tailings at a laboratory scale. The 
simulation procedures and the final results show that coupled DEM-CFD method can agree well 
with theoretical results and can also provide prediction for experimental results via calibration. 

1 OVERVIEW OF THE THEORETICAL BACKGROUND 

The mechanism of sedimentation and large-strain consolidation is well-known to occur in oil-
sand tailings. The transition point between the sedimentation to consolidation processes remains 
ambiguous and thus subject to continued research. In this study, the Mature Fine Tailings (MFT) 
sedimentation process is investigated using coupled Discrete Element Method and 
Computational Fluid Dynamics (DEM-CFD) theory which treats the solid phase soil particles as 
discrete material while the fluid phase as a continuum. The fluid phase is modeled through an 
Eulerian model and the particle phase is modeled through a Lagrangian model by tracing the 
trajectory of each individual solid particle. This coupled simulation method is currently widely 
accepted and applied in both academic and industrial fields in the modeling process such as 
fluidized beds, hydro-dynamic transport of granular materials and many other fluid-particle two-
phase flow systems. Theoretical details of the DEM-CFD coupled model can refer to (Tsuji et 
al. 1993) and (Chen et al. 2011) and will be applied in this sedimentation simulation study. 

2 THE COUPLED DEM-CFD METHOD 

In coupled DEM-CFD method, the fluid phase is treated on a macroscopic scale using a 
continuum approach with the finite volume method (FVM). The particle motion is described 
using the standard discrete element approach (DEM) proposed by (Cundall and Strack 1979). 
The different treatments of the two phases are described below. 

2.1 Fluid phase governing equations 

The governing equation for the fluid phase is the averaged Navier-Stokes equation (Anderson 
and Jackson 1967). The pressure and the velocity values of the fluid within each fluid cell are 
locally averaged.  

The continuity equation is given below: 
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The momentum equation is given below: 
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where n=porosity (void fraction); U=fluid velocity; t=time, p=fluid pressure, μ=fluid viscosity; 
ρf=fluid density; fP= interaction force on the fluid per unit volume from the particle defined in 
Eq. (7). 

2.2 Particle phase governing equations 

In the current study, the following forces are considered for a single particle: gravity, buoyancy, 
contact forces from adjacent particles and drag force from the fluid flow. The equation of 
motion using Newton’s 2nd law for each individual particle settling in fluid can be expressed as: 

 

 , , , ,G i B i D i C i
dv f f f f m
dt

     (3) 

where dv/dt= particle i acceleration; fG,i=gravitational force; fB,i=buoyancy force; fD,i=drag force 
acting on single particle i from the fluid; fC,i=composite inter-particle force from adjacent 
particles and m=mass of a particle.  

2.3 Inter-particle forces 

The inter-particle force fC,i is the generalized adjacent particle forces acting on particle i, which 
includes both electrical charges force (Coulomb force) and contact forces from the other 
particles:  

 
,C i Coulomb contactf f f   (4) 

 
2.3.1 Coulomb charges force 

The electrical charges force fCoulomb is calculated via the general form of the Coulomb force 
expression given by Eq. (5): 

 

2     for i j
Coulomb e c

q q
f k r r

r
   (5) 

where ke=8.99x109N.m2.C-2; qi and qj are the electric charges on the 2 particles; rc is the cutoff 
distance, when the distance between particle i and j is greater than rc, the charges force is 0. 

2.3.2 Contact forces  

 

Figure 1. Simple inter-particle contact model (Weatherley 2009) 
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When two particles are in contact, the contacting forces between particle i and j fContact is 
calculated through the mass-spring model with Hooke’s law which assumes a simple linear 
force-displacement contact relationship as shown in Figure 1:  

 
,
d

contact i jf kD  (6) 

where 𝐷𝑖,𝑗
𝑑  is the overlap between the two particles as shown in Figure 1, k is the general contact 

stiffness between the two particles. 

2.4 Fluid-particle interaction 

The fluid-particle interactions are calculated through Newton’s 3rd law of motion, i.e., the forces 
acting on the particles in a single fluid cell are equal to the forces acting to the fluid cell from 
the particles. The detailed relationship is presented by (Chen et al. 2011). 

2.4.1 Interaction drag term on a single fluid cell 

There have been several empirical drag correlation equations used in the two phase flow 
analysis, e.g. (Garg et al. 2012) and (Tsuji et al. 1993) to compute the interaction term fP in the 
averaged Navier-Stokes equation in Eq. (2) most in the form similar to: 
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where ŪP is the average particle velocity within a fluid cell, U is the fluid velocity within the 
cell (finite volume) and β is the empirical phase drag coefficient given by Ergun’s (Ergun 1952) 
and Wen and Yu’s (Wen and Yu 1966) empirical drag relationship in Eq. (9): 
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where the Reynolds number Re is defined as: 
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and the drag coefficient CD is: 
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2.4.2 Interaction drag force on a single particle 

The drag force on particle from the fluid phase comes from two sources: (1) the pressure 
gradient within the fluid cell; (2) inter-phase drag due to the velocity difference between the 
particle and fluid. Therefore the drag force on a single particle fD,i is the sum of the two sources: 

 

 , , ,1D i P P i P if U U V pV
n
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where VP,i is the single particle volume, there are two terms on the left hand side of Eq. (11), the 
first term is the phase drag and the other is the pressure force due to pressure gradient in the 
flow field. 

2.5 Initial and boundary conditions for the solid and fluid phase 

The purpose of this study is trying to match of our simulation results to both theoretical and 
experimental results. Therefore two types of models are currently used: the model using pure 
spherical particles (sphere model) to verify our simulation results with Kynch’s theory and a 
model using cylindrical clumps (clump model) to calibrate our simulation to experimental 
results. The sedimentation model is composed of solid and fluid two phases, therefore the 
structure of individual clumps, the overall packing arrangement for particle phase as well as the 
fluid domain geometry and boundary conditions for the fluid phase need to be specified 
separately. The methodologies adopted for each are shown in the following sections. 

2.5.1 Random packing of spheres within the cylindrical tube 

In order to verify our model to the theoretical Kynch’s theory, a spherical packing of particles is 
generated within the cylindrical tube using the radial expansion method (Al-Raoush and Alshibli 
2006). A sample packing of spheres is as shown in Figure 2a, the particles are in close distances 
so that the number of collisions between particles can be maintained during the simulation 
procedure. 

                                          
(a)                                                       (b) 

Figure 2. Packing of spherical particles and clumps in the cylindrical tube 

2.5.2 Construction of kaolinite and illite elements 

The rigid clump concept is used to construct the kaolinite and illite elements. The kaolinite and 
illinite particles used in this study are simplified as shown in Figure 3. The diameter over height 
ratios of the clumps are kept at 2:1. For the illite clumps, one layer is assigned positive charge 
and the other layer is assigned negative charge; for the kaolinite clumps, the center particles are 
assigned the positive charges and the surrounding particles are assigned the negative charges. 

              
                           (a) kaolinite clump                                                             (b) illite clump 

Figure 3. Construction of kaolinite and illite clumps from spheres 

2.5.3 Random packing of clumps within the cylindrical tube 
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In order to calibrate our simulation results to experimental results, the random packing of 
kaolinite/illite clumps need to be generated as well. Packing for clumps is more difficult than 
spheres (Jia and Williams 2001). The packing algorithm adopted in the current study used a 
box-constrained algorithm by minimizing the distance between two adjacent spheres to a fixed 
tolerance (Martínez and Martínez 2003) and (Martínez et al. 2009). The result of a random 3D 
packing is shown in Figure 2b. A total number of 200 clumps are generated in Figure 2b with 
each clump colored by its unique ID number.                                                        

2.6 Initial and boundary conditions for the fluid phase 

The fluid domain for the cylindrical tube is divided into a finite volume mesh as show in Figure 
4. The ratio of mesh cell size compared to the diameter of the individual sphere is around 50 (by 
packing volume) in order to obtain a meaningful porosity for each fluid cell. The boundary 
conditions of the fluid column are as shown in Table 1. According to the theoretical assumption 
of the coupled DEM-CFD model, each particle occupies its volume within the finite volume 
mesh. The total particle volume Vparticle, the fluid volume Vfluid and the mesh volume Vmesh is 
related by the following equation: 

 
mesh particle fluidV V V   (12) 

The porosity n is defined by: 

 

1 particle

mesh

V
n

V
   (13) 

 
Table 1. Boundary conditions for the fluid domain 

 

Velocity (U) Pressure (p) 
Type  Value Type  Value 

Top zeroGradient 
 

fixedValue 0 
Bottom fixedValue Ux=Uy=Uz=0 zeroGradient 

 Cylinder Wall fixedValue Ux=Uy=Uz=0 zeroGradient 
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2.7 Full (original) size and reduced size model 

  
                                          (a) Full size model                           (b) Reduced size model         

Figure 4. Full size and reduced size model with packing of clumps (clumps colored by ID number) 

A full size model was first constructed according to the size of the cylindrical tube used in the 
prototype experiments provided by the client as shown in Figure 4a.  The full size cylinder 
model is 0.0325m in radius and 0.3m in height. The percent solids content used in the simulation 
are as shown in Table 3. In order to pack the full size model with the clumps defined in Figure 3 
to meet the solids content, e.g. 15%, the packing procedure generated a total of 1084 clumps 
(which equals to a total of 15176 spheres). Due to the limitation of computational resources, a 
sedimentation model using this number of particles typically takes 48 to 60 hours to complete. 

In order to save computation time and make it easier to enhance the parametric effects during 
the analysis, a reduced size model is currently used for the rest of the analyses in the report. The 
diameter and the height of the reduced size model are both reduced to 1/2 of the original 
cylindrical tube as shown in Table 2. The reduced size model can limit the simulation time to 6-
10 hours and was proved to be able to illustrate the characteristics of the sedimentation similar 
to the full size model. Therefore the reduced half size model is used in the current study as 
shown in Figure 4b. The basic physical and geometry parameters used in the model are 
summarized in Table 2. 

. 
  

Top 

Cylinder Wall 

Bottom 
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Table 2. Basic physical parameters used in the reduced size model 

 
Parameters Value Unit 

DEM 

Particle radius 0.001 m 
Particle density 2600 kg/m3 
Contact stiffness 5.0E+06 N/m 
Restitution coefficient 0.3  

CFD 
 

Cylinder column radius 0.01625 m  
Cylinder column height 0.15 m 
Fluid cell size dz 0.0125 m 
Fluid cell size dx 0.0040625 m 
Fluid cell size dy 0.0040625 m 
Fluid viscosity 8.94E-04 Pa.s 
Fluid density 1000 kg/ m3 

 
2.8 Scaling relationship between model and prototype particle sizes 

The typical sizes of kaolinite/illite particles in the experiments are at 1μm level. In order to 
accommodate the large computational requirements, a factor of 1000 is used in the scaling 
relationship between model and prototype particle sizes: e.g. a 1.0mm model radius particle is 
used to simulate a prototype particle of radius 1.0μm. The scaling factor based on terminal 
velocity from Stokes equation (Batchelor 2000) is derived from Eq. (14): 

  21
18

p f d g
u

 





  (14) 

where u∞ is the terminal velocity of a single particle, ρp is the particle density, ρf is the fluid 
density, g is the gravitational acceleration, d is the diameter of the particle and μ is the fluid 
viscosity. When a solid particle falls through a fluid column from top to bottom due to gravity, 
the particle travels the same distance for both model and the prototype. In the current 
sedimentation model, it is assumed that all particles have reached their equilibrium state in the 
fluid and the sedimentation time is mainly controlled by the terminal velocity of the particle. 
Based on Eq. (14), the terminal velocity of model and prototype can be determined as: 
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where dm is the model particle diameter and dp is the prototype particle diameter. When using a 
scaling factor of 1000 (dm/dp=1000), the ratio of the terminal velocity between model and 
prototype is 1.0E+6, the time needed for the model (Tm) and prototype (Tp) to complete their 
respective sedimentation process is then the inverse of the diameter ratio:  
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61.0 10p m

m p

T d
T d
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For a DEM-CFD model simulation time of 1.0s, the scaled prototype time will be 1.0E+6sec 
which corresponds to 46 days. However note that due to complicated particle interactions in a 
hindered settling environment where the actual sedimentation time is determined by many other 
factors, the scaling factor has to be determined in accordance with the actual sedimentation 
curve which will be detailed in section 3.5. In the following sections, a time scaling factor of 
9.49E+05 (close to 1.0E+6) determined from section 3.6.2 is used so that a simulation time of 
64.0s can represent real time sedimentation of 703 days. The determination of 64.0s simulation 
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time is according to the observation from the DEM-CFD model results when the entire 
sedimentation process is roughly complete. 

3 THE SIMULATION PROCEDURE  

After the initial packing of the particles is generated with the fluid column, the simulation is 
then started and the results of the sedimentation including the physical properties of both 
particle phase and fluid phase are recorded every certain number of time steps. 

3.1 The sedimentation procedure of the sphere model 

The sphere model is used to compare the simulation results with the Kynch’s theory. Serialized 
snapshots for the sphere model showing the entire sedimentation process up to a real time 77d is 
summarized in Figure 5. The flow field is colored by the fluid velocity magnitude of each cell. It 
can also be seen from Figure 5 that the flow fields (fluid velocity) for all snapshots are close to 
zero with little to no variation, this is consistent with Concha’s conclusion (Concha 2013) for 
sedimentation at small Reynolds number where convective acceleration may be neglected in the 
Navier-Stokes equation. 

     
t=0d t=22d t=44d t=66d t=77d 

Figure 5. Selected screenshots showing the sedimentation process of sphere model at different times  
(t=0d to t=77d, flow field colored by the fluid velocity magnitude of each cell) 

3.2 The sedimentation procedure of clump model 

The clump model is used to compare the simulation results with the experimental results. 
Serialized snapshots for the clump model showing the entire sedimentation process for the client 
RP-07A (refer to Table 3) sample up to a real time 77d is summarized in Figure 6. The flow 
field is colored by the fluid velocity magnitude of each cell similar to section 3.1. It can also be 
interpreted from Figure 6 that the flow fields (fluid velocity) for all snapshots are close to zero 
with little to no variation which is similar to the sphere model case. The observed flow velocity 
field is in a reasonable uniform state with only some small variation at the bottom of the column 
(Concha 2013). 

     
t=0d t=22d t=44d t=66d t=77d 

Figure 6. Screenshots showing the sedimentation process of clump model at different times  
(t=0d to t=77d, flow field colored by the fluid velocity magnitude of each cell) 
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3.3 discussion of results 

The simulation results are compared to both theoretical and experimental results shown below. 

3.4 Comparison of the sedimentation curve to Kynch’s theory using spherical particles 

 
           (a) Kynch’s theory curve              (b) Full size model curve          (c) Reduced size (half) model 
curve 

Figure 7. Comparison of theoretical results with DEM-CFD simulation results  

The spherical particles model is setup with the purpose to compare with the shape of 
sedimentation curve given by Kynch’s theory (Kynch 1952) in order to verify the conceptual 
correctness of the coupled DEM-CFD methodology. The sedimentation curves of the DEM-
CFD simulated results using both the full size model and reduced sized model are as shown in 
Figure 7. The shapes of the simulated curves agree well with the curve from Kynch’s theory. 
Due to the difficulty of finding a numerical example, the comparison with Kynch’s theory is 
done at the conceptual level at this moment. More detailed comparison can be a topic of future 
research. 

3.5 Calibration of the sedimentation curve to experimental results  

From the simulation results, given sufficient time for the entire sedimentation process to 
complete, a typical sedimentation curve of a particle assembly with the presence of charges 
force can be roughly divided into 3 linear stages as shown in Figure 8: the first sedimentation 
stage has the largest slope (slope 1), the second transition stage has an intermediate slope (slope 
2) while the consolidation stage has the smallest slope (slope 3) when the clumps are being 
consolidated and the stresses are developing from the bottom of the particle assembly. 

 
Figure 8. A complete sedimentation curve from coupled DEM-CFD analysis using clump 

3.6 Overview of the experimental results  
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The four settling graph and picture of settling column for BEU middlings sedimentation 
experiments obtained from the client (RP-04A, RP-05A, RP-07A, RP-15A) are as shown in 
Figure 9, the four curves are plotted together for comparison purpose in Figure 10. The physical 
parameters for all samples are listed in Table 3. The curves shown in Figure 10 all display two-
stage sedimentation behavior: from 0 day to around 10 days is the sedimentation stage where the 
MFT mixture settles and the fall slope of the interfacial level is steep, from 10 days to 130 days, 
all curves enter a linear portion. Compared to the entire simulation curve shown in Figure 8, 
none of the four experimental curves has reached the consolidation stage where the change of 
the interface level (slope 3 in the sedimentation curve in Figure 8) is much smaller than the first 
two stages. It is also noted that from Table 3 the percent solids content does not appear to 
determine or affect the shape of the sedimentation curve. 

  
BEU RP-04A                                    BEU RP-05A 

  
BEU RP-07A                                     BEU RP-15A  

Figure 9. Experimental sedimentation curves and settling column pictures of the four client BEU middling 
samples 
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Figure 10. Summary of all 4 experimental sedimentation curves  

Table 3. Major physical parameters for the 4 experimental samples* 
Sample Density (g/ml) Volume (ml) Temperature (oC) % solids 
RP-04A 1.04 975 21.1 7.37 
RP-05A 1.03 987 21.5 6.35 
RP-07A 1.09 1080 21.7  15.42 
RP-15A 1.03 980 22.1 6.97 

                 *The diameter of the settling column is 65mm. 
3.6.1 The calibration process  

It is relatively difficult to tell the cause of the difference of the four experimental curves shown 
in Figure 10 and it is also difficult to quantify the exact physical parameters which exist in the 
experimental samples. However, it is helpful to calibrate the simulation curves to the shape of 
the experimental curves so that a general pattern or trend of the entire curve can be predicted 
using current known simulation parameters. 

Table 4. Basic simulation parameters used in the calibration process 
Parameters Value Unit 
Volume (half size model) 125 ml 
Density (15% solids content) 1.06 g/ml 
Fluid viscosity (water @25oC) 8.94E-04 Pa.s 
Split percentage between illite and kaolinite  50 % 
Particle radius 0.001 m 
Boundary friction coefficient 0.5   

The model parameters used to calibrate the model curve to the experimental curves are as listed 
in Table 4. The reduced DEM-CFD models are controlled so that the density, volume and 
temperature values are very close to the 4 client BEU middling experimental configurations. In 
addition to the time scaling factor of 9.49E+05 mentioned in section 0, from various sensitivity 
analysis of different simulation parameters, it is found that varying the electrical charges on the 
model can change the intermediate slope (slope 2) of the simulation curve, the amounts of the 
electrical charges used for each of the four simulation curves are adjusted using the values 
shown in Table 5 so that the linear portion of the curves (slope 2 in Figure 8) can match the 
corresponding experimental curves, the sensitivity analysis details will be discussed in a 
separate publication. 
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Table 5. Charges amount used for calibration of the 4 simulation curves 
Sample Charges (Unit: Coulomb) 
RP-04A 3.930E-10 
RP-05A 3.144E-10 
RP-07A 3.537E-10 
RP-15A 2.751E-10 

 
By visually comparing model and prototype sedimentation curves, the simulation curves are all 
scaled so that the first two stages of the simulation curves can roughly match the experimental 
curves. The same procedure is repeated for all 4 experimental curves. Due to a limitation of the 
code used, all simulation curves use 15% solids content for the calibration, the results of the 
calibration are shown in section 3.6.2. 

3.6.2 Comparison of calibrated simulation curves to experimental curves 

All four comparisons of calibrated simulation curves versus experimental curves are as shown in 
Figure 11. The two groups of curves agree quite close to each other with the exception of some 
minor differences at very early stages.   

 
Figure 11. Summary of comparison between calibrated simulation curves and experimental results 

3.7 Prediction of the consolidation stage of experimental curves from calibration 

The calibrated simulation curves in Figure 11 are able to show all three stages of the MFT 
sedimentation process. While it is difficult to quantify the exact physical parameters inside a real 
experimental MFT sample, it is still instructive to use calibrated curves to “extrapolate” the 
trend of the experimental results and predict the experimental sedimentation behavior. From 
Figure 11, the slopes of all four simulation curves at the end all tend to zero (flat) which 
indicates that the consolidation is close to complete. Based on this calibration/scaling, a rough 
estimate of the time necessary for the experimental sample to complete the consolidation is 
around 703 days, i.e., it will take the laboratory MFT samples about 2 years to transit from 
settlement to consolidation and then complete the consolidation process.  

4 CONCLUSIONS AND FUTURE RECOMMENDATIONS 

The DEM-CFD model deployed in this study is capable of simulating the laboratory scale 
sedimentation process by using proper packing algorithm for the solid phase and applying 
reasonable boundary conditions for the fluid phase similar to the experimental conditions. The 
simulated sedimentation curves can match theoretical results and calibrate to experimental 
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curves. In summary, the current work has made the following contributions to the study of the 
MFT sedimentation process: 

1. The current DEM-CFD model can conceptually compare the simulation curve to 
Kynch’s theory. 

2. The coupled DEM-CFD approach is capable of simulating the MFT sedimentation 
process and can provide comparable sedimentation curves with the laboratory scale 
results through scaling law. 

3. The calibrated simulation curves give a rough estimation of 2 years (703 days) for all 4 
experimental curves to complete the consolidation.  

Due to the limitation of available computational resources, the particle (sphere) used in the 
current simulation is 1.0mm radius which corresponds to a prototype particle radius of 1.0μm, 
Results even closer to the experimental observations could be obtained by utilizing more 
computational resources with larger scale simulation of more number of particles. 
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ABSTRACT 

The large strain consolidation test is a one-dimensional multi-step loading compression test used 
to obtain one-dimensional volume change properties of high water content material. These 
properties include compressibility (stress-strain behaviour) and hydraulic conductivity (ability to 
transmit water). The test is used worldwide for slurry and tailings work including for Alberta oil 
sands tailings since the 1970’s. This paper revisits this test method for use in the oil sands 
through the authors’ laboratory practice and a literature review. Key practical considerations and 
learnings are summarized to date. 

Key Words: large strain consolidation test, compressibility, hydraulic conductivity 

1 INTRODUCTION 

The large strain consolidation (LSC) test, also known as the slurry consolidation test, is a one-
dimensional multi-step loading compression test. The test is used to obtain two key 
consolidation properties: 

1. Compressibility – the relationship between vertical effective stress and void ratio. 
2. Hydraulic conductivity – the relationship between void ratio and hydraulic conductivity. 

These relationships are obtained for two purposes: to provide material parameters for finite 
strain consolidation analysis; and to compare consolidation behaviour between materials (Figure 
1). 

 

Compressibility and 
hydraulic conductivity 

determination 

Large strain 
consolidation test 

Finite strain 
consolidation 

modeling  

Consolidation behaviour 
comparison between 

materials 
 

Figure 1. LSC test objectives 

The modeling aspect requires that the test conditions be as close as possible to the actual field 
production and deposition. Whereas for the comparison purposes, the test needs to be performed 
in a similar fashion for all materials subjected to the comparison. Regardless of this difference, 
the former approach should always be preferred. 

The first article on the LSC test was published in 1971 by Sheeran and Krizek. Different from 
the conventional consolidation test, the LSC test allows material with high water content and 
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large volume change to be tested, and permits a direct measurement of the hydraulic 
conductivity of a material. 

The test therefore has particular applications in high water content materials, such as dredging 
and tailings work, where the rate and amount of compression of such material are of great 
importance. With the extensive use worldwide, historical successes and limitations of the test 
provide engineers a rational approach in their design and engineering judgment.  

In this paper, we revisit the LSC test for oil sands industry by summarizing the test 
methodology, assumptions, data analysis, considerations and lesson learned from the application 
of this type of test. The paper also documents a list of complementary and supporting tests that 
can be performed along with the consolidation test. A list of test facilities providing the multi-
step loading LSC test in Canada at the time this paper was written is also provided. 

2 THE LARGE STRAIN CONSOLIDATION TEST 

2.1 Test setup 

A generic setup of the multi-step loading LSC test is shown in Figure 2. The test equipment 
consists of the following key components: 

1. Sample chamber (i.e. cell) 
2. Loading piston 
3. Pressure source 
4. Settlement measuring device 
5. Pore pressure measurement device 
6. Top drainage line 
7. Bottom drainage line 
8. Hydraulic conductivity test device 

 

Dead load 

Air pressure 

LDVT 

Valve 
Sample 

Top drainage Bottom drainage 

Pressure 
transducer 

Piston 
Porous stone and 
filter paper 

Valve 

Valve 
Hydraulic conductivity test 
device (constant head) 

Feed water Overflow 
water 

Sample 
chamber 

Valve 

 
Figure 2. Generic multi-step loading LSC test. 

In the 1970’s and 1980’s the sample chamber was made of aluminum or stainless steel. 
Nowadays the chamber is made of acrylic glass or Plexiglas. The function of the chamber is to 
contain the material under a wide range of test pressure, and to be transparent for visual 
observation.  

The piston is either made of stainless steel, aluminium or polyethylene. The gap between the cell 
chamber and the piston is sealed using an O-ring to prevent material leakage around the piston. 
The piston can also be designed to be just flush to the chamber wall so a frictionless operation 
may be assumed. A porous stone and a filter paper or a geotextile are used between the sample 
and the piston to prevent material migration and drainage clogging. As a general rule, the porous 
stone and the filter paper together must have a hydraulic conductivity of at least two orders of 
magnitude greater than the highest conductivity of the tested material. The piston and the cell 
bottom are also specially grooved to facilitate water drainage and air bubble flushing. 
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The pressure source is typically: i) dead load and lever system; ii) air pressure system; or iii) a 
combined system. The choice of different pressure sources lies in the control of the stress level – 
dead load typically provides a feasible low to moderate pressure source (typically 0.5 kPa to 10 
kPa but can go higher with a lever system), while the air pressure system is typically best suited 
for higher pressures (typically at 5 kPa and above) and provides a greater amount of control.  

A dial gauge or Linear Variable Displacement Transducer (LVDT) is installed on the piston to 
measure compression of the material. A light weight LVDT without an internal spring is 
typically best in order to minimize its impact on the applied pressure. 

Pore water pressure measurement by either pressure transducer or manometer is performed to 
measure the initial applied stress, and to track the progress of consolidation (pore pressure 
dissipation). Pore pressure measurement ports are typically provided at the cell base, and in 
some cases along the side of the chamber.  

During consolidation, the water can be released from the sample using either single or double 
drainage. The single drainage condition is where the water is allowed to flow out of the sample 
from the top part of the sample. The water is released to a predefined pressure head (either 
atmospheric pressure or a back pressure). The double drainage condition is when both the top 
and the bottom are allowed to dissipate to the hydrostatic pressure or back pressure. For the 
bottom drainage, a porous stone and filter paper are required, similar to the piston setup. 

The last component of the test is the hydraulic conductivity measurement device. A constant 
head hydraulic conductivity test (ASTM D2434) is normally performed due to its ability to 
control hydraulic gradient. The falling head hydraulic conductivity testing is seldom performed 
with the LSC setup. 

2.2 Test procedure 

A simplified LSC test procedure is as follows: 

1. Prepare the test cell by saturating the base porous stone and drainage lines. 
2. Pour sample of known initial solids content into the chamber to a specified height. 
3. Allow the sample to complete self-weight consolidation while monitoring the tailings-

water interface settlement and excess pore water dissipation at the bottom.  
4. Insert the piston and apply the first load increment. Allow the material to complete 

consolidation while monitoring the interface settlement and excess pore water 
dissipation. 

5. Once consolidation is complete, perform the hydraulic conductivity test. 
6. Repeat Steps 4 and 5 with additional loads (typically double the magnitude of the 

previous load). 
7. After the last load increment is complete, unload the pressure to a specified value. 

Monitor interface (rebound) and excess pore pressure changes. This stage can be 
performed using a few unloading steps, if desired. 

8. Once the rebound stage is complete, disassemble the test cell and collect samples for 
solids content measurement.     

2.3 Test assumptions – discussion  

The principal test assumptions are as follows: 

9. No solids migration (neither mineral nor organic materials) during the test. 
10. The test material is saturated.  
11. No friction between material and the side wall. The applied stress is fully transferred to 

the soil skeleton at the end of consolidation. 
12. Friction between the piston and the side wall is either negligible by using a frictionless 

piston, or taken into account by measuring pore pressure, total stress, or the friction. 
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13. Self-weight is negligible and the material has a uniform void ratio profile at the end of 
every load step. 

14. Consolidation is complete when the tailings-water interface stops moving and when the 
excess pore water pressure is fully dissipated.  

15. Steady flow velocity during the hydraulic conductivity test can be used for the hydraulic 
conductivity calculation. 

16. Darcy’s law is valid. 
17. Void ratio does not change during the hydraulic conductivity test. 
18. The variations in test conditions (e.g. temperature, light exposure) do not change 

compressibility and hydraulic conductivity behavior of the material. 

Test Conditions 
In order to prevent mineral particle segregation during the test, the slurry sample is prepared at a 
solids content equal to or greater than the static segregation boundary. If segregation is thought 
to have occurred during sample loading or testing then the sample can be dissected and tested 
for segregation at the conclusion of the test. For the special case where bitumen exists, little can 
be done to prevent its migration during loading. To manage this issue, increases of hydraulic 
gradient should be kept as small as practical during loading and hydraulic conductivity testing. 
Any observations of organic material migration should be documented and reported. 

Most slurry materials tested for a large strain consolidation behaviour are saturated. In some 
cases, however, they can generate gas or contain gas. In such cases the degree of saturation is no 
longer 100%. Special test setups complemented with specific geotechnical expertise are required 
to deal with this type of slurry.  

Wall friction is controlled by both the cohesion and friction angle of the test material as well as 
the friction between the piston and the sidewall. The wall friction therefore depends on the test 
setup and the sample material. As a practical guide, to minimize the effects of wall friction from 
the material the initial sample height should be selected such that, when the material is 
compressed (to stresses of 10 kPa and greater), the specimen maintains a diameter-to-height 
ratio of about 2 to 1 or greater (Caughill 1992). To minimize the piston friction, a frictionless 
piston may be utilized – this type of test however may cause the tested material to migrate 
around the piston, especially at the higher loads. Alternatively, a sealed piston can be used and 
the actual applied pressure can be monitored by using a total stress cell or a pore water pressure 
transducer. Such a setup would provide more reliable test results. 

The height of a LSC sample is typically in a range of 10 to 30 cm. The difference between the 
top and bottom effective stresses, due to self-weight, is in a range of a kilopascal. This 
difference causes a slightly non-uniform void ratio profile for most materials, and is most 
pronounced when the applied load is small. Since compression of the sample at the initial low 
solids content range is typically fast, and an actual tailings deposit is typically deep, this small 
stress variation is practically inconsequential. In addition, an engineer can choose to perform 
additional standpipe tests to obtain a more representative compressibility profile at the low 
effective stress level. 

For high water content materials, the end of the primary consolidation may be challenging to 
define strictly from deflection of the settlement curve only. Measurement of excess pore water 
pressure as well as data analyses are needed to define the end point of primary consolidation. 
For the excess pore water, a high precision transducer is strongly recommended so the 
dissipation of low pressures can be detected. 

Determination of Consolidation End Point 
Several methods are also available to assess the end of the primary consolidation including: 

1. Log time 
2. Square root time 
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3. Rectangular hyperbola 

The above methods are not always necessary if the material does not creep. In such cases a 
direct measurement of interface settlement and pore water pressure would provide adequate 
indication of the end point. In other cases, the square root time method (Taylor 1942) and 
rectangular hyperbola method (Sridharan et al. 1987) are found to provide a reasonable estimate. 
The log time method (Casagrande and Fadum 1940) usually requires a longer period of time to 
develop an S-shape compression curve for the end point identification. Whichever method is 
selected, it should be specified and documented in the test report. 

Hydraulic Conductivity Testing 
The hydraulic conductivity test with a constant gradient should always be conducted after full 
dissipation of excess pore pressure because when residual excess pore water pressure remains, 
the applied gradient and the measured hydraulic conductivity will be impacted. During the test, 
it is typically observed that the steady flow rate through the material is not always achieved 
instantaneously, especially at low stress levels. Figure 3 shows an example of flow velocity 
measurement with time for a mature fine tailings material. To ensure the steady state was 
obtained in this case, flow monitoring of up to 10 hours was performed. Current practice is to 
allow the steady flow rate to establish and then the steady state portion of the dataset is utilized 
for the hydraulic conductivity determination. The hydraulic conductivity is a highly sensitive 
parameter for consolidation prediction at high water contents. The flow velocity with time and 
the flow rate selected for the hydraulic conductivity calculation should be documented and 
reported. 

 
Figure 3. Flow velocity with time for mature fine tailings at a high void ratio (Suthaker 1995). 

To calculate hydraulic conductivity, Darcy’s law (Equation 1) is assumed.  

 
v = - k • i                                    (1) 

 
where v is the apparent flow rate, k is the hydraulic conductivity and i is the hydraulic gradient. 

In most cases, the law is valid, however, when a new type of material is tested, it is always wise 
to perform the hydraulic conductivity test using several gradients to verify that the hydraulic 
conductivity does not vary with the gradient. When practical, it is also recommended that the 
hydraulic conductivity test be performed as close as possible to the expected hydraulic gradient 
in the field. 
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Laboratory Environment Factors 
Since the hydraulic conductivity test exerts seepage pressure to a sample, it is typically 
performed with the seepage flow moving from the bottom of the sample to the top. This is to 
minimize the potential for consolidation occurring as a result of the seepage forces. 

The last assumption is that the test environment in laboratory does not impact the 
compressibility and hydraulic conductivity behaviour. Setting a laboratory condition to be 
identical to a field condition is not, in general, reasonably achievable. For example, temperature 
fluctuation and light exposure are generally controlled in the laboratory whereas the material in 
the field is exposed to the variable natural environment. For practical purposes, in order to 
minimize the difference between the laboratory and the field conditions, the test should be setup 
in a way that the key controlling field condition is replicated. This type of judgment must be 
made on a case by case basis. For example, if the material is sensitive to change in pH, the fluid 
used in the test must be of the same type as the fluid found in the field. Another example would 
be that if the material is sensitive to microbial activity at room temperature, and the field 
condition has a much lower temperature, then the test should ideally be performed at the field 
temperature condition. Geotechnical and tailings engineers can be consulted to select the 
appropriate test conditions, or evaluate their potential impact on the data. 

2.4 Key practical considerations 

The key considerations while ordering/performing the LSC test lies on the objectives of the test, 
as discussed earlier, whether the field simulation or the relative comparison is needed. To this 
end, some of the key considerations are summarized as follows: 

1. Segregation: the sample must be prepared such that it is non-segregating. 
2. Initial water content: the sample must be prepared at the expected water content in the 

actual application.  
3. Sample preparation: an undisturbed field sample is preferred over a laboratory 

constituted sample. If a laboratory constituted sample is used, simulation of the field 
conditions should be attempted. A detailed report on material preparation is mandatory. 

4. Stress range: the test stress range should be selected to cover the expected stress range 
that the material will experience in the field. 

5. Reliability and repeatability of test data: the reliability of the test data is highly 
influenced by the test method, setup, data interpretation and related assumptions. 
Documentation of this information is mandatory. 

6. Sample representativeness: a single test provides only a single data set for a single 
sample. Often in the actual applications, the volume of the material is large and can be 
in the order of millions of cubic meters. Reasonable bounds for the data can be 
established by testing a selective range of material to improve data representativeness. 

7. Data application: the LSC test is a one-dimensional test with its related assumptions. 
Similarly, any predictive tools also come with a certain set of assumptions. These 
assumptions must be borne in mind and taken into account for proper analysis and 
judgment.  

8. Scale effect: the test represents specific loading and seepage conditions within the 
laboratory time frame. Other scale-dependent behaviour (such as channelization, creep, 
and lateral drainage) that may be expected in the field must also be kept in mind. 

2.5 Supporting and complementary tests 

Mandatory tests to support data calculation for the LSC test include: 

 Specific gravity test 
 Water content test 

The specific gravity and water content are required to calculate void ratio. Due to a wide variety 
of composition in slurry and tailings materials, these tests must be performed along with the 
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LSC test. The water content should be measured both before and after the LSC test to validate 
the void ratio calculation. 

Other complementary tests that provide valuable data include: 

 Particle size distribution  
 Atterberg limit  
 Static segregation  
 Hindered sedimentation  
 Compression standpipe 

Particle size distribution is a fundamental composition test for soil, and would aid interpretation 
of the consolidation behaviour obtained from the LSC test. Similarly, the Atterberg limit test 
provides empirical correlation with engineering properties and possible causes of behavioural 
changes.  

The static segregation test is used to ensure that the test material is non-segregating for 
laboratory testing purposes. In the field it is also required to consider that the material may 
undergo other dynamic processes (such as pipelining and beaching). Such processes can cause 
the material to become segregating and must be considered as part of the test preparation and 
data interpretation.  

The constant head hydraulic conductivity measurement is not always possible at the high water 
content because the material can undergo hindered sedimentation. In this case, the determination 
of the hydraulic conductivity can be done using the hindered-sedimentation test (Pane and 
Schiffman 1997). Similarly at the low effective stress range, determination of compressibility 
using load control and pressure sensor monitoring can be challenging. An alternative 
compression standpipe test can be performed instead (Scott et al. 2008).  These two tests can be 
used when material behaviour at a low effective stress level (several kPa or less) is of interest. 

3 CASE HISTORIES 

A few public domain case histories that used LSC results for large scale work in the oil sands 
industry are summarized below.  

3.1 Case 1: 1982 Syncrude mature fine tailings 10 m standpipe 

A 10 m high and 0.9 m diameter HDPE standpipe in a laboratory at the University of Alberta 
was filled with Syncrude mature fine tailings in 1982 and was monitored for about 30 years to 
study its long-term self-weight compression behaviour under a single drainage condition. The 
tailings had an initial solids content of about 30% and a fines content of about 90% (< 45 µm). 
LSC tests were performed on the material to obtain its expected consolidation behaviour. When 
the standpipe was modelled using the relationships obtained from the LSC test, it was found that 
the initial settlement rate in the first 5 years can be captured by the model (Figure 4). After this 
period, the model overestimates the rate of settlement.  

 
222



 
Figure 4. Interface settlement comparison for 10 m mature fine tailings standpipe (Kawbe et al. 2013). 

In this case the test conditions were well defined but an unexpected excessive compression 
behaviour of the material near the surface was observed in the standpipe leading to a 
disagreement between the model using the LSC test data and the observed behaviour. Time-
dependent compressibility and hydraulic conductivity behaviour – that were not considered in 
both the large strain test and the numerical model – were hypothesized to cause the 
disagreement. More information of the 10 m standpipe can be found in Kabwe et al. (2013) and 
Jeeravipoolvarn et al. (2009). 

3.2 Case 2: 1997/1998 Syncrude composite tailings prototype 

In 1997 and 1998 Syncrude Canada Ltd. conducted a field-scale experiment on composite 
tailings (CT), also known as the CT prototype. The 10 Mm3 prototype deposit was about 1100 m 
long, 400 m wide and 10 m deep. CT is a mixture of fine tailings and tailings sand with a 
gypsum coagulant to prevent sand segregation. The initial solids and fines content of the 
material were about 60% and 20% respectively. The tailings was deposited in two pours – one 
in 1997 and another in 1998. The consolidation behaviour of the CT was determined in the 
laboratory by Caughill (1992) and Suthaker and Scott (1996) using LSC tests at various fines 
contents. To model the field behaviour, the finite strain consolidation model was used with the 
LSC data as input, with adjustments of the compressibility and hydraulic conductivity 
relationships. The comparison between the field interface settlement and the model predictions 
(using the adjusted parameters) shows good agreement (Figure 5). It is noted that the field 
material appeared to be slightly more compressible and more permeable compared to the LSC 
test data (Pollock et al. 2000). The dynamic effects during placement and channeling were 
hypothesized to be the reasons for these slight differences. 
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Figure 5. Interface settlement comparison for CT prototype (Pollock et al. 2000). 

3.3 Case 3: 2005 Syncrude in-line thickened fine tailings pilot  

Syncrude’s in-line thickened tailings pilot pond was 50 m wide and 100 m long. The pond was 
continuously filled with the thickened tailings to a depth of about 2 m. The material was then 
allowed to compress under its own weight. The thickened tailings contained mostly fines 
material (about 90% fines) and was deposited at a solids content of about 10%. The thickened 
tailings was a product of three-stage flocculation intended to create a flocculated tailings that 
would dewater rapidly. The comparison between the field data and the modeling results using 
compressibility and hydraulic conductivity data measured by a LSC test (and a hindered 
sedimentation and compression standpipe test) is shown in Figure 6. Good agreement was 
obtained between the prediction based on the LSC data and the field measurements, with the 
field performance showing slightly higher permeability (which is observed as more rapid 
consolidation). In generating the material for the LSC tests, every effort was made to replicate 
the field conditions as much as was reasonably possible. This included the initial flocculation, 
initial water content, and feed material. The low energy deposition method was also simulated. 
The only item of the process not simulated was the flow of material travelling down the beach. 
Further information regarding this comparison can be found in Jeeravipoolvarn (2010).  

 

 
Figure 6. Interface settlement comparison for in-line thickened tailings pilot (Jeeravipoolvarn 2010). 
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3.4 Case 4: DuPont ParticlearTM treated mature fine tailings 10 m column   

DuPont’s ParticlearTM is a tailings treatment technology that utilizes the in-situ polymerization 
of silica to stabilize the fluid fine tailings, and improve its strength even at low solids contents. 
The compressibility and hydraulic conductivity of ParticlearTM treated tailings were studied in a 
series of LSC experiments (Moore et al. 2013). A large scale experiment (a 10 m column test 
with ParticlearTM treated mature fine tailings) was conducted to physically simulate the large 
scale compression behaviour (Moore et al. 2014). ParticlearTM treated mature fine tailings with 
an initial solids content of 39% and a fines content of 96% were deposited into the column. The 
material was allowed to undergo self-weight consolidation with top and bottom drainage. The 
results of the 10 m column test were modelled using a finite strain model with the material 
relationships obtained from the LSC test. The comparison between the predicted and measured 
column settlement is given in Figure 7. 

 

 
Figure 7. Interface settlement comparison for DuPont ParticlearTM treated mature fine tailings. 

In general the prediction agreed reasonably with the measured values over the monitoring period 
of 150 days. It was also observed that initially the actual settlement was slightly faster than the 
prediction. This unexpected behaviour was related to the densification of the material near the 
top portion of the standpipe which was hypothesized to be caused by other phenomena, 
including gas generation, channeling and creep compression at the lower solids content stage. 

The agreements and disagreements observed in these examples provide a glimpse of the key 
considerations stated previously. There are other numerous case histories not available in the 
public domain that support these considerations. It could also be observed that general 
agreement between the model using the laboratory data and the actual performance was on 
average within a range of about ±20% accuracy in these particular cases. The practitioners 
should keep these key points in mind when utilizing the LSC test data. 
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4 SHORT LIST OF AVAILABLE TEST FACILITIES IN CANADA 

A short list of available LSC test facilities in Canada is given in Table 1. Different facilities 
provide different test setups and techniques. Practitioners should inquire about the test 
methodologies and analysis methods used to determine if they are suitable for their project 
needs. 

Table 1. Multi-step loading LSC test facilities. 

Test  
facility 

Stress 
range 
(kPa)1 

Load type1 
Hydraulic 

conductivity 
test1 

Sample size1 Instrumentation1 

Diameter Height LDVT Pressure 
transducer 

Golder 
Associate

s 

Self-weight 
to 1500 

kPa 

A load frame 
through non-
sealed piston 

GDS constant 
flow pump with 

gradient 
measurement 
using burettes 

0.15 m Up to 
0.2 m  

MDH 
Engineere
d Services 

0.5 to 1000 
kPa 

Dead load 
through a 

pulley, yoke 
and counter 

weight system 

Constant head 
using either 
burette or 
reservoir 

0.10 m, 
0.15 m 

Up to 
0.10 m 

Equipped 
with mano-

meters 

Thurber 
Engineeri

ng 

Self-weight 
to 1000 

kPa 

Dead load and 
air pressure 

through sealed 
piston 

Constant head 
using 

controlled 
vertical water 

column 

0.15 m Up to 
0.50 m  

Universit
y of 

Alberta 

Self-weight 
to 1000 

kPa 

Dead load and 
air pressure 

through a non-
sealed piston 

Constant head 
using 

horizontal glass 
tube 

0.14 m, 
0.17 m 

Up to 
0.12 m  

Universit
y of 

Regina 

Self-weight 
to 80 kPa 

Dead load 
through a 

sealed piston 

Falling head 
using calibrated 

burette 
0.10 m 0.10 m  - 

1. This table represents publically available information at the time of review. The test facilities are continuously developing new 
techniques and internal knowhow to improve the accuracy and capability of the test. For more information regarding test details, 
the facilities can be contacted directly. 

5 COMPARISON TO OTHER TESTS 
The multi-step LSC test is only one of the test methods available to investigate slurry consolidation 

behaviour. Table 2 compares the test with other tests available. Some of these tests are available at the 
test facilities listed in Table 1. Benefits and drawbacks for these different test options are beyond the 

scope of this paper and further information can be obtained from the cited references.
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Table 2. Slurry consolidation test comparison. 

Test 

Typical 
stress 
range 
(kPa)1 

Method 
type2 

Test setup 
complexity 

Test 
speed 

Level of 
Data 

analysis 
Reference 

Large strain 
consolidation 5 to 1000 Direct Simple Slow Moderate Monte and 

Krizek (1976) 

Seepage induced 
consolidation 1 to 1000 Direct Moderate Slow Moderate Imai (1979) 

Constant rate of 
deformation 1 to 1000 Indirect Complex Modera

te Complex Znidarcic et al. 
(1986) 

Restricted flow 
consolidation 1 to 1000 Direct Moderate Fast Simple Sills et al. 

(1986) 
1. Typical range based on publicly available information. Lower stress level test than indicated can be achieved. Such setup requires 

additional sensor calibration and validation documentations.  
2. An indirect method requires theoretical assumptions/inverse analysis and/or assumed relationships to obtain test results. A direct 

method is the method that does not require such items. 

6 SUMMARY 

The multi-step large strain consolidation test is a non-standard geotechnical test used to measure 
compressibility and hydraulic conductivity of high water content materials. To produce 
representative/useful data, the test requires understanding of the test objectives, knowledge of 
consolidation phenomena, laboratory skill, and proper equipment. The intent of this paper was 
to review and document the test methodology, assumptions, and the key considerations. This 
information is important for engineers, researchers and laboratory technicians who either 
practice or utilize data from this test method. The information can be used to improve the 
current test technique; aid in decision making and judgment when performing this test; as well 
as in the application of the test results in geotechnical practice. 
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If it creeps, does it matter? 
Dobroslav Znidarcic 

University of Colorado, Boulder, USA 

ABSTRACT 

Creep effects are among the last phenomena in soft tailings behavior still needing comprehensive 
study. Evidence of creep effects have been reported, but rational evaluation of its significance on 
tailings disposal facility design is still lacking. The paper presents a parametric study in which the 
nonlinear finite strain consolidation theory is applied to evaluate potential creep effects on the 
storage capacity and settlement rates of a hypothetical tailings disposal facility. The analyses 
compare consolidation results for highly compressible tailings having low hydraulic conductivity 
with and without creep effects. The increase in storage capacity and reduction in settlement rates 
are quantified in the paper. 

Key Words: creep, consolidation, tailings, disposal, numerical modeling 

1 INTRODUCTION 

Over the past three decades numerical models used for predicting field behavior of fine mine 
tailings have reached the point of development where they are applied in routine engineering 
practice with confidence. Appropriate laboratory testing procedures are also routinely used to 
generate accurate constitutive relationships for nonlinear finite strain consolidation models in the 
form of void ratio – effective stress and void ratio – hydraulic conductivity relationships. In most 
cases such modeling efforts lead to reasonable predictions of field performance of tailings disposal 
facilities and allow for rational design of such facilities during mine operation as well as during 
and after mine closure. In some instances however, it is expected that tailings will continue to 
“creep” and reduce in volume, causing additional settlements over extended periods of time. 
Though the creep behavior has been a subject of numerous studies since 1930s, it is fair to say 
that even today we do not have a proper testing procedure for quantifying its significance or to 
include the effects into comprehensive numerical models for predicting the field performance. 

One of the reasons why the problem has not been solved, might be the fact that the early efforts 
were based on the comparison of observed settlement rates to the rates predicted by the 
conventional Terzaghi’s consolidation theory. The Terzaghi theory is based on a number of 
simplifying assumptions that make it inadequate for predicting the field behavior of soft soils such 
as fine tailings generated in mining operations. The theory neglects the self-weight effects of 
materials and assumes constant values of consolidation properties. These assumptions are not at 
all justified when modeling field behavior of fine tailings since the consolidation driving force is 
primarily the self-weight of the material and the consolidation properties change by several orders 
of magnitudes during the consolidation process. This is particularly true for hydraulic conductivity 
whose accurate determination still poses significant challenges at low effective stresses. Some 
more recent efforts in evaluating the creep behavior of fine tailings have recognized the 
shortcomings of the conventional consolidation theory, but more work is needed before both 
convenient testing methods and reliable models are fully developed and prepared for routine 
application in the industry (Beuth et al, 2014). 

Further research into creep effects will hopefully resolve some of the fundamental scientific 
issues, but what might be more interesting from an engineering point of view is the consequence 
of the creep effects for the design of tailing storage facilities. This paper addresses the second 
issue through a parametric study in which hypothetical creep effects are evaluated by comparing 
consolidation behavior of several soil columns exhibiting some creep effects to the columns 
undergoing only primary consolidation due to the self-weight of tailings. Several assumptions are 
made regarding the creep effects on the compressibility and hydraulic conductivity relationships 
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for a Mature Fine Tailings sample from an Oil Sands mining operation. Based on published data 
on other materials the assumptions are believed to be reasonable and realistic.  

2 CREEP CONCEPTS 

Slurries undergo significant volume changes upon their deposition due to sedimentation, 
consolidation and possibly creep. In all three processes the volume changes are directly related to 
the expulsion of pore water contained within the slurry. The sedimentation and consolidation 
processes are well understood and rational theoretical numerical models are available to predict 
these processes for any combination of deposition scenarios with the appropriate boundary 
conditions (Gibson et al, 1967, Pane, 1985). Testing procedures to determine relevant material 
characteristics are also well developed and routinely used in engineering practice. However, the 
creep behavior prediction has not reach that level of development and there is no consensus on 
either a theoretical framework or testing procedures that provide rational and reliable analysis of 
field performance of slurries undergoing creep deformations. Thus, it is not possible to ascertain 
how significant is the creep effect in any disposal scenario and how much does it contribute to the 
volume changes in comparison to the sedimentation and consolidation processes. It is also not 
possible to establish the effect that creep has on volume change rate. Does it increase or decrease 
the settlement rate when compared with the consolidation rate of a material that would not exhibit 
creep behavior. Answering these questions rationally is of interest to mining industry as the fine 
tailings undergo field settlements that last decades if not centuries. The creep related deformations 
could then be significant even if the creep rate is relatively low. 

It is noted that during the creep process the pore water must also be expelled from the pores as in 
saturated materials any volume change can only be accomplished by removing water from the 
material. The water expulsion is controlled by Darcy’s law and any rational creep theory must 
account for this effect. Unfortunately, this aspect of creep behavior has not received adequate 
attention in studies to date. The basic premise of any creep theory is that the relationship between 
void ratio and effective stresses is not unique but it depends on either rate of void ratio change or 
on time that the material is subjected to a certain effective stress level. This is the main, and 
possibly the only, difference between the classical nonlinear consolidation theory and a rational 
creep theory. In the consolidation theory the uniqueness of the void ratio-effective stress 
relationship is assumed a priori, but in all other aspects of slurry behavior (mass conservation, 
equilibrium and flow relations) the theory is rational and complete without any other restrictive 
assumptions. A rational creep theory should retain the essential features of the nonlinear 
consolidation theory and include a void ratio-effective stress relationship that is modified to 
account for any rate dependency of this relationship. Szavit-Nossan (1988) has developed such 
theoretical framework and this work provides a solid base for the implementation of a rational 
treatment of the creep effects in slurries such as fine tailings. Unfortunately the theoretical 
developments have not been verified by any experimental results and cannot be considered as a 
definite answer to creep questions that can be readily implemented in practice.  

Bartholomeeusen (2003) studied experimentally the sedimentation, consolidation and creep 
processes for a number of slurries and presented convincing evidence that creep could play a 
significant role in a slurry settlement behavior, especially at very low effective stress levels. His 
experimental data analysis included a procedure similar to the work of Szavits-Nossan (1988) 
consistent with the nonlinear finite strain consolidation theory.  

The work by Szavits-Nossan (1988) and Bartholomeeusen (2003), based on rational mechanics, 
address fundamental issues in creep behavior of slurries. They provide a solid theoretical base for 
studying creep behavior and provide experimental evidence that in soft soils creep at high void 
ratio (low effective stress) affects the settlement process significantly. It is not surprising that 
creep effects would be more significant at low effective stresses as the overall volume change in 
that range is much higher and the magnitude of the creep effects should be higher as well. At 
higher effective stresses the overall compressibility of soils is much smaller and any creep effect 
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would have diminishing significance as well. Though the creep effects might be observed at all 
stress level their practical implications will most likely be less significant when the material 
becomes stiff enough.  

The creep effects in the early stages of the consolidation process is of a particular interest to 
mining as they influence the early water release and affect the near surface behavior of disposed 
tailings. The top surface characteristics affect any atmospheric drying and therefore shear strength 
development and trafficability of the surface. The optimal timing of the next layer deposition will 
also greatly depend on the performance of top surface upon deposition. Clearly, a rational 
approach in analyzing the consolidation processes in the early stages upon deposition and in the 
near surface layer of the disposed fine tailings is needed and will enhance our ability to design 
and predict the behavior of containment facilities and tailings deposits. 

3 CONSOLIDATION AND CREEP CHARACTERISTICS 

Three sets of consolidation characteristics are selected for the parametric study. The first set of 
compressibility and permeability characteristics are obtained directly form the Seepage Induced 
Consolidation Test on a MFT sample as reported by Znidarcic et al (2011). The second set is 
created by modifying the compressibility characteristics of the MFT sample to account for creep 
effects. It was assumed that the creep effect will be most prominent in lower effective stress range 
and that the effect will gradually diminish as the effective stress increases, but will still be 
noticeable. The hydraulic conductivity function was not changed from the relationships for the 
MFT sample as it can be argued that the hydraulic conductivity depends only on the void ratio 
irrespectively how this void ratio is reached: due to the effective stress increase or due to creep. 
This compressibility relationship is identified as Creep I in the paper. The third set is created by 
again modifying the compressibility characteristics of the MFT sample, but this time the creep 
effects were assumed to be roughly the same for all stress levels (same void ratio change for any 
stress level) creating a “parallel” curve in the semi-logarithmic plot. This sample is identified as 
Creep II in the paper. The hydraulic conductivity relationship is again considered to be unchanged 
due to creep. 

Figure 1 shows the compressibility characteristics for the three materials and Figure 2 shows the 
unique hydraulic conductivity relationship for all three materials. 

Table 1 lists the material parameters characterizing the compressibility and hydraulic conductivity 
relationship used in the analyses. Parameters A, B and Z define compressibility characteristics in 
Equation 1, and parameters C and D define the hydraulic conductivity in equation 2.  

 
 e=A(’+Z)B         (1) 
 
 k=CeD          (2) 
 

in which e is void ratio, ’ is vertical effective stress and k is the hydraulic conductivity. 
Table 1. Model parameters used in the analyses 

______________________________________________________________________ 
Sample  Specific   Compressibility    Hydraulic conductivity 

gravity    A B Z  C  D 
      kPa  m/day 
_____________________________________________________________________________ 
MFT  2.6  3.27 -0.195 0.074  2.16e-6  3.71 
Creep I  2.6  2.54 -0.165 0.01  2.16e-6  3.71 
Creep II  2.6  2.80 -0.222 0.05  2.16e-6  3.71 
_____________________________________________________________________________ 
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Figure 1. Compressibility characteristics for MFT, Creep I and Creep II materials 

 
Figure 2. Hydraulic conductivity relationship used in the analyses 

4 MODELING SCENARIOS  

In order to evaluate the creep effects on the disposal of fine mine tailings three hypothetical 
scenarios were considered: thin lift, thick lift and deep deposit. The thin lift had an initial height 
of 1 m, thick lift 10 m and deep deposit has an initial height of 50 m. While the selected values 
do not represent any particular disposal facility it is believed that they span the values that could 
be found in many mining operations. The goal here was to investigate if the creep effects might 
be more pronounced in one disposal scenario than in others. 

Figures 3, 4 and 5 present the analyses results for column heights of 1m, 10m and 50 m, 
respectively. Each figure has three height vs time curves, one for each material, MFT, Creep I and 
Creep II.  
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Figure 3. Height vs time plots for 1 m tall column and three materials 

 
Figure 4. Height vs time plots for 10 m tall column and three materials 
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Figure 5. Height vs time plots for 50 m tall column and three materials 

Several observations are noted from these results. No dramatic changes in predicted settlement 
rates are observed in these plots irrespectively of the column heights analyzed. The materials 
exhibiting creep effects will produce, as expected, lower final heights. This difference will be 
noticeable only after extended period of time, well beyond the time frame of engineering interest. 
It was assumed in these analyses that the creep effects keep up with the consolidation process, 
though in reality they may lag behind. In that case it is expected that the creep settlements will be 
even more prolonged. 

It is of particular interest to note that the initial settlement rates are not at all affected by creep. 
This is not surprising as these rates are directly related to the hydraulic conductivity at high initial 
void ratio which is expected not to depend on any creep effects. The Creep I material exhibits the 
largest settlement for 1 m column, while the Creep II material has largest settlement for the 50 m 
column. This is the direct consequence of the compressibility characteristics presented in Fig. 1. 
The maximum effective stresses are 2.5 kPa, 25, kPa and 125 kPa for column heights of 1 m, 10 
m and 50 m, respectively. Thus, the compressibility characteristics only up to these stress levels 
are of interest in each analysis. This again highlights that the settlements in soft fine grained soils 
are completely controlled by hydraulic conductivity and compressibility characteristics of the 
material. They determine how much water will be expelled from the slurry (compressibility) and 
how easy this water will flow out (hydraulic conductivity). It doesn’t matter what causes the 
volume change: the increase in the effective stress or creep. The results are the same. A more 
rigorous analysis might result in somewhat slower settlement in case of materials exhibiting creep 
effects. 

5 CONCLUSIONS 

These simplified analyses do not definitely answer the question of the importance of creep effects 
on the field settlement rates and magnitudes for fine grained slurries in mining operations. 
However, from an engineering point of view it appears that the presence of creep in a material 
might not have as significant effect as one might initially imagine. The results indicate that at best 
the creep effects will create larger ultimate settlements, but at least the initial settlement rates are 
completely controlled by the hydraulic conductivity of the material. Again, correct determination 
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of consolidation properties (compressibility and hydraulic conductivity relationships) are of 
paramount importance for any reliable prediction of field performance of soft slurries. An accurate 
determination of hydraulic conductivity at high void ratios is particularly critical.  

The evaluation of creep effects requires excessively long laboratory testing, which is the main 
reason why the question of creep has not been settled yet. Proper theoretical framework and 
reliable laboratory testing procedures have been developed and are available for further 
investigation of this topic. However, significant additional efforts are needed before these 
procedures can be routinely used in engineering practice. In the meantime the analyses similar to 
the ones presented in this paper could be used to at least approximately evaluate the potential 
creep effects in tailings disposal facilities.  
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ABSTRACT 

Recent efforts in numerical modeling of the tailings consolidation processes for oil-sands 
tailings have raised fundamental questions related to the processes of large-strain consolidation 
and sedimentation. At which point does consolidation dominate? What about the sedimentation 
process? What about creep? The numerical modeling of the consolidation of oil-sand tailings 
becomes challenging if the fundamental process has not yet been established. This paper 
examines each of these three theories and how they relate to existing benchmarks. The 
performance of individual processes of large-strain consolidation, sedimentation, and the creep 
processes are studied. The benchmarking of single and multi-stage consolidation models is 
examined in light of their application the layered deposition currently proposed in industry. The 
performance of each theory in light of Standpipes 1 & 3 from the University of Alberta is 
examined in light of how each theory matches reality. The performance of each theory related to 
oil-sand and non-oil-sand materials is examined and reviewed. From this paper it is desired that 
further clarity relating to the reasonable application of each theory can be obtained for future 
studies and applications of the numerical methodology. 

Key Words: Numerical modeling, oil-sands tailings, large-strain consolidation, sedimentation, 
creep 

1 INTRODUCTION 

Oil-sands mining operations in Northern Alberta produce enormous volumes of high water 
content tailings composed of sand, silt, clay, and a small amount of bitumen. The disposal or 
deposition of the tailings poses a challenge to the engineers because of its unique long-term 
settlement behavior. The very slow consolidation behavior of this material is believed to be 
caused by the extensive clay dispersion from the Clark hot water extraction process that dictates 
chemical interaction between clay, water, and residual bitumen and results in a significant 
reduction of the material’s hydraulic conductivity (Jeeravipoolvarn et al. 2009). The University 
of Alberta established two 10 m high, 0.9 m diameter standpipes in 1982 filled with oil-sands 
fine tailings in one standpipe and a mix of the fine tailings and tailings sand in the second 
standpipe to investigate and understand the long-term consolidation behavior of the fine tailings. 
The second standpipe was subsequently emptied and refilled with a new mix of material after 2 
years and termed as standpipe 3 (Jeeravipoolvarn et al. 2009). In the oil-sands industry, fines are 
defined as <45 µm.  

Several researchers (Jeeravipoolvarn et al. 2008a, 2009; Pollock 1988; Suthaker 1995) have 
attempted to numerically predict or match the experimental data using large-strain consolidation 
(LSC) theory (Gibson et al. 1967, 1981; Somogyi 1980). However, the application of large-
strain consolidation theory to predict the compression behavior of oil-sands fine tailings did not 
provide a satisfactory agreement with the experimental data (Jeeravipoolvarn et al. 2008a). This 
issue of disagreement leads to the question: “What is missing in the consolidation theory?” This 
indicates that there is either a lack of proper constitutive relationships for the problem or the 
correct physics of the problem is yet to be understood.  
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In order to look for other possible mechanism affecting the compression behavior of the oil-
sands tailings, some researchers (e.g. Masala 1998) have considered a coupled sedimentation 
and consolidation approach for the numerical simulations to standpipe materials with limited 
success. Masala (1998) used the concept of permeability as the unifying principle of 
sedimentation and consolidation. Masala (1998) noted that coupled models were mathematically 
difficult to solve because the sedimentation equations were introducing discontinuities into the 
solution when using Eulerian coordinate frame. 

Other researchers (Jeeravipoolvarn et al. 2009; Scott et al. 2004) have argued that the tailings 
was, in fact, creeping and not consolidating since a very trivial amount of effective stress was 
developed with a significant amount of settlement (approximately 3.5 m by self-weight over 30 
years). In other words, there appears to have a reduction in void ratio without considerable 
effective stress development for standpipe 1 material. It was, therefore, suggested that the time 
rate of compression be included in compressibility relationship (Bartholomeeusen 2003; 
Bjerrum 1967; Leroueil et al. 1985) in order to consider the creep in consolidation. However, 
the numerical predictions incorporating creep in the consolidation model by Jeeravipoolvarn et 
al. (2008a) found no improvement in the settlement predictions.  

Given the large discrepancy between the numerical predictions on oil-sands fine tailings and 
experimental observation, and complex phenomena, this article presents three different 
approaches; large-strain consolidation, sedimentation, and the creep process of analyzing the 
long-term settlement behavior of oil-sands tailings. 

2 STANDPIPE TESTS 

The 10 m standpipes were established at the University of Alberta laboratory in 1982 and 
monitored for 30 years in a fairly consistent temperature of around 21 C before 
decommissioning in 2012. Standpipe 1 was filled with oil-sands fine tailings. The tailings were 
brought from Syncrude’s Mildred Lake tailings pond. Standpipes 2 and 3 are filled with mixes 
of fine tailings and sand of 48% sand and 82% sand, respectively. They were designed for 
studying the effects of entrained sand on the consolidation behavior (Jeeravipoolvarn et al. 
2009). This study considers the numerical studies of standpipes 1 and 3 materials only because 
the standpipe 2 was discontinued after approximately 2 years of operation and refilled with a 
new mix of material. This new mix was termed standpipe 3. The properties of material placed in 
standpipes 1 and 3 are shown in Table 1.  

Table 1. Tailing properties (After Jeeravipoolvarn et al. 2009). 
__________________________________________________________________________ 
Property             Standpipe 1  Standpipe 3 __________________________________________________________________________ 
Initial solids content (%)                   30.6       74.8 
Initial water content (%)               226.8       33.7 
Sand content (% by dry mass)         11.0       82.0 
Fines content (% by dry mass)         89.0       18.0 
Bitumen content (% by total mass)      3.1        1.2 
Initial bulk density (kg/m3)          1210     1850      
Initial void ratio, e0              5.17      0.87   
Initial fines void ratio             5.00      4.15 
Initial fines water ratio (FWR)          28.2      2.58 
Specific gravity, Gs              2.28      2.58 
Sand fines ratio (SFR)             0.12      4.56 _____________________________________________________________________________ 
Note: Fines content is mass of fines and bitumen divided by total mass of solids; fines void ratio is 
volume to void divided by volume of fines and bitumen; fines water ratio (FWR) is mass of fines and 
bitumen divided by mass of fines, bitumen, and water; and sand fines ratio (SFR) is defined as mass of 
sand divided by mass of fines and bitumen. 

3 CONVENTIONAL LARGE-STRAIN CONSOLIDATION MODELING 
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Oil-sand tailings are compressible and strains are comparatively large. Traditional soil 
consolidation theories with infinitesimal strain requirements are inadequate. One-dimensional 
non-linear large-strain consolidation equation formulated by Gibson et al. (1967, 1981) has been 
used as the basis for long-term consolidation analysis of soft clay layers like oil-sands tailings. 
The governing equation is expressed in terms of void ratio, given in Equation 1: 
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where e is void ratio, f and s are densities of fluid and soil phases,  is effective stress, z is 
material coordinate, t is time, k(e) defines as hydraulic conductivity is the function of void ratio. 

The above equation is reformulated by Somogyi (1980) to facilitate mathematical solution and 
expressed in terms of excess pore pressure instead of void ratio. The reformulated equation has 
been used for modelling the oil-sand tailings behavior by many researchers (Jeeravipoolvarn 
2005; Jeeravipoolvarn et al. 2008a, 2009; Suthaker 1995). The reformulated equation is 
expressed as (Jeeravipoolvarn et al. 2008b): 
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where k is hydraulic conductivity, w is unit weight of water, u is excess pore-water pressure, 
and Gs is specific gravity. 

The large-strain consolidation analysis is performed by using two important constitutive 
relationships: (i) compressibility relationship relating the effective stress and void ratio, and (ii) 
hydraulic conductivity relationship relating the hydraulic conductivity and void ratio. These 
relationships are directly determined from a large-strain consolidation test. A power law 
function or a Weibull function (Jeeravipoolvarn et al. 2008a) provides a reasonable fit relating 
the void ratio in terms of effective stress data and is frequently adopted in the numerical 
simulations. These functions are expressed as: 

Be A   (3) 

 exp Fe A B E    (4) 

where A, B, E, and F are curve-fitting parameters.  
The measurement of hydraulic conductivity is relatively more challenging (Suthaker & Scott 
1996) than measuring the compressibility data and the measured hydraulic conductivity data for 
standpipe 1 shows considerable spread (Figure 2). Such a spread of data could be partly due to 
non-Darcian behavior of the mature fine tailings (MFT) material as the hydraulic conductivity is 
dependent on the hydraulic gradient and bitumen content (Suthaker & Scott 1996, 1997). 
Hydraulic conductivity value can also be affected by a channeling effect (Jeeravipoolvarn et al. 
2008a). The hydraulic conductivity of the fine tailings is often expressed in a power law form in 
terms of void ratio in numerical simulations. 

Dk Ce  (5) 
where C and D are curve-fitting parameters.  

4 COUPLED SEDIMENTATION AND CONSOLIDATION PROCESS 

Because of low initial solids content of oil-sands tailings, the disposal of tailings slurry has 
forced a realization that there could be a point at which the void ratios are high and material 
behavior is governed by sedimentation rather than consolidation theory. For oil-sands fine 
tailings with low solids concentration and high water content, particles may settle together 
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(unlike the fall of particles individually in free sedimentation) as if they were in a spatial 
network. This is known as hindered settling in Kynch’s (1952) terminology and its existence in 
soil has been studied by McRoberts & Nixon (McRoberts & Nixon 1976). During the 
sedimentation process the soil that is formed beneath the hindered settling zone may undergo 
consolidation. Thus, a mathematical treatment of concomitant occurrence of sedimentation and 
consolidation may have possible application. 

Although the theories of sedimentation (Kynch 1952) and consolidation (Terzaghi 1943) were 
developed independently in different areas in the past, subsequent researches (Been & Sills 
1981; Been 1980; Toorman 1996, 1999) were able to link the two to develop a unified theory of 
sedimentation and consolidation. Masala (1998) studied the coupled sedimentation and 
consolidation process on standpipes with limited success.  

The present study utilizes the coupled sedimentation and large-strain consolidation theory 
proposed by Fredlund et al. (2012). The concept of “hindered settling velocity” is required when 
modeling the sedimentation and consolidation processes associated with the use of the extended 
Somogyi formulation. The sedimentation process is governed by the settling velocity when 
effective stress becomes less than a critical value. If a constant settling velocity is assumed, the 
sedimentation process can be described by the Kynch (1952) equation and solved using the 
analytical analysis presented by McRobert & Nixon (1976).  The concentration of particles has a 
significant influence on the settling velocity (Richardson & Zaki 1954). The settling velocity 
can be described as the “hindered settling velocity”.  The simplest expression to describe 
“hindered settling velocity” was presented by Richardson & Zaki (1954). The settling velocity 
expression is shown in Equation 6 and is a function of porosity (or void ratio) and Stokes 
velocity: 
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where vs is hindered settling velocity (m/s), vst is Stokes velocity (m/s), n is porosity, a is 
experimental parameter, Dp is effective particular diameter (m), s is density of solid particles 
(kg/m3), w is density of fluid (kg/m3), µ is mixture viscosity of fluid and solid particles (Pa.s), 
and es is critical void ratio or transitional void ratio when going from the sedimentation process 
to the consolidation process. 

The settling velocity theory (Equation 6) assumes a uniform particle size distribution and is 
limited to laminar flow of small particle. It is assumed that the hindered velocity theory is 
applicable to oil-sands tailings deposition. 

4.1 Determination of parameters for Equation 6 

Four parameters (i.e. Dp, µ, a, and es) need to be determined when using Equation 6. 

4.1.1 Effective particle diameter, Dp 

One of the parameters central to the estimation of hindered velocity settlement is the effective 
particle diameter, Dp. The Dp parameter in the original formulation represented the diameter of 
uniform spherical particles involved in sedimentation. The original theory of sedimentation was 
based on the assumption that a group of particles were of uniform size. For materials such as 
soils it is necessary to estimate an “average” or “effective” particle diameter that can be applied 
to the sedimentation theory. The methods considered for the estimation of the Dp parameter in 
the present study are as follows: 

 The Dp parameter can be assumed to be equal to the D10 of the grain-size distribution. 
The D10 of a particular grain-size distribution is known to provide a possible value 
against which the permeability of the soil can be correlated (Carrier III 2003). 
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Therefore, D10 can be used as a first level approximation of the effective size for the Dp 
particle diameter.  

 Using the size of flocculated groups of particles. 
Hindered settling may occurs as flocculating groups of very fine clays (i.e. floc size). 
There appears to be limited information in the literature regarding how best to estimate 
the floc size. 

 Further literature review may be undertaken to ascertain the most appropriate way to use 
the grain-size distribution to calculate Dp. 

4.1.2 Mixture viscosity, µ 

The viscosity parameter, µ, has a significant influence on the settling rate. The mixture viscosity 
of the fluid and grains can be estimated using the following expression (Guth & Simha 1936) 
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where 0 = fluid viscosity = 1.02 × 10-3 Pa.s for water at normal temperature of 20 C. 

4.2 Richardson & Zaki (1954) parameter, a 

The “a” parameter is empirical and can be determined experimentally. The valid range for the 
“a” parameter is considered to be between 2.5 to 5.5. If the effective grain size diameter is less 
than 0.01 mm, or if the particular Reynolds number is less than 1, then a is equal to 4.65. The 
“a” parameter is smaller when the average grain size is larger (Chapter 5, Winterwerp & van 
Kesteren 2004). 

4.2.1 Transitional void ratio, es 

The transitional void ratio, es, is the void ratio at which the dominating mechanism shifts from 
the sedimentation process to the consolidation process. The determination of such a void ratio is 
a matter of debate with respect to oil-sands tailings. There appears to be no definitive procedure 
for determining the transitional void ratio, es. One way to estimate es may be to quantify it as the 
void ratio corresponding to a small effective stress (e.g. 0.1 kPa to 0.5 kPa) on the soil 
compressibility curve. It is suggested that the selection of the transitional void ratio should be a 
topic for further evaluation and study. Pane & Schiffman (1985) suggested the following 
relationship for the estimation of es: 
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where h0 is initial height, hs is height of settlement interface at the transitional point from 
sedimentation to consolidation, and e0 is initial void ratio. 

These are the input parameters required for the coupled sedimentation and consolidation 
simulation. 

5 COUPLED CONSOLIDATION AND CREEP PROCESS 

Almost all soils exhibit some creep (Vermeer & Neher 1999). Creep is important in the later 
years (for instance during a period of 10 or 30 years) for problems involving large primary 
compression (Vermeer & Neher 1999). A classic example is the uneven settlement of the 
Leaning Tower of Pisa in Italy (Neher et al. 2003). Creep is also known as secondary 
compression/consolidation in many literatures (e.g. Bowles 1996). Secondary compression is 
part of the consolidation of that is observed after pore-water pressure ceases to change 
(Schrefler & Lewis 1998). Secondary compression represents the gradual readjustment of the 
soil particles to more stable equilibrium positions following the disruption caused by the 
effective stress increase and associated compression (Mesri & Castro 1987). The secondary 
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compression behavior of soils is usually defined with the concept of C/Cc ratio. For a majority 
of inorganic soft clays, C/Cc = 0.04  0.01 and for the highly organic plastic clays, C/Cc = 
0.05  0.01 (Mesri & Castro 1987). Secondary consolidation may be much more important 
where a very soft organic clay is under compression. Laboratory testing has shown that oil-sand 
fine tailings have a very high creep parameter. The ratio of C/Cc was found to be 0.085, which 
is high and comparable to other organic soils (Suthaker 1995). Suthaker (1995) argued that there 
can be significant creep taking place at the same time as primary consolidation in the case of 
tailing ponds because the depth of the fine tailings ranges from 40 to 60 m and ponds were filled 
fairly rapidly. The experimental study by the University of Alberta on 10 m standpipe tests on 
oil-sand tailings by Scott et al. (2004) and Jeeravipoolvarn et al. (2009) hypothesized that the 
reduction in volume under little or no effective stress may be caused by a creep mechanism. 
However, the implementation the creep models into consolidation models by Jeeravipoolvarn et 
al. (2008a) did not provide any favorable results. 

The primary criticism of creep formulations is that they become a “dumping ground” for 
unexplained behavior. Creep mechanisms remain difficult to experimentally verify. Creep is 
also traditionally assumed to occur as a secondary mechanism in traditional soft soils. It has 
been suggested that creep must happen during primary and secondary consolidation in the case 
of oil-sand tailings. 

The theory of modeling the creep in this study is based on the work of Nakai et al. (2013) and it 
assumes that the soil behaves as elasto-viscoplastic materials. The theory assumes that the 
incremental strain in normally consolidated soils will have two components, namely elastic and 
plastic strain (including creep) under any increase in stress. The increment in strain can be 
expressed in terms of void ratio. 

The increment elastic strain is: 
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The increment plastic strain is: 
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where  and  are compression and swelling indices,  is coefficient of secondary compression, 
and s is the parameter related to creep rate. 
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where 0( ) ple  is initial plastic strain rate and it can be determined using the Equation 13 with tref = 
1 day. 
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Therefore, the total change in void ratio under an increment in effective stress, d', is: 
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For large-strain consolidation with creep, the creep can be incorporated into Somogyi’s 
formulation (1980) as follows: 
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Equations 15 and 18 can be used to solve the large-strain consolidation with creep. 

6 BENCHMARKING 

The purpose of the benchmarking exercise is to apply large-strain consolidation theory coupled 
with sedimentation or creep to the standpipe experiments and determine whether they can 
provide a better match to the measured data. 

6.1 Standpipe 1 

6.1.1 Material properties 

The material consists of oil-sands tailings taken from Syncrude’s Mildred Lake Tailings 
Impoundment in 1982. It has a specific gravity of 2.28 and an initial void ratio of 5.17. The 
properties used in the large-strain consolidation are shown in Table 2. The curve fits to the 
effective stress – void ratio data by Power function (Equation 3) and Weibull function (Equation 
4) are shown in Figure 1. Although both Power and Weibull functions closely fit to the 
measured data for the larger stresses, the Power function is unable to match the laboratory data 
if the effective stress is smaller than 0.2 kPa. 

The same Power function parameters (A and B) for effective stress – void ratio relationship are 
used for coupled sedimentation and consolidation analysis. However, slightly different 
parameters were used for hydraulic conductivy, i.e. C = 5.0 × 10-6 m/day and D = 3.507. A 
slightly lower hydraulic conductivity has been used in order to match the settlement data. As 
mentioned in section 3, the measurement of hydraulic conductivity of fine tailings is challenging 
and the measured hydraulic conductivity data shows a spread of the data (e.g. Jeeravipoolvarn et 
al. 2008a). The hydraulic conductivity used for coupled sedimentation and consolidation is 
slightly close to the the lower bound as shown in Figure 2. 

The sedimentation is included by considering the hindered settling velocity with following 
parameters for oil-sands tailings: effective particle diameter, Dp = 0.47 µm, mixture viscosity, µ 
= 103.68 Pa.day, Richardson & Zaki parameter, a = 4.65, and transitional void ratio, es = 4.394.  
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For coupled consolidation and creep simulation, the Weibull function parameters (A, B, E, and F 
in Table 2) are used for the effective stress – void ratio relationship. The parameters used for 
hydraulic conductivity are: C = 6.91 × 10-6 m/day and D = 3.573 as shown in Figure 2. The 
value of compression index was obtained from the compressibility curve Figure 1. The swelling 
index and secondary consolidation coefficient are determined using the following relationships: 

0.125


  (19) 

0.05


  (20) 

These ratios are based on the work of Mesri & Castro (1987) who recommended ratios  / = 
0.1 – 0.2 and  / = 0.04 – 0.06. 

Table 2. Modeling parameters for large-strain consolidation for standpipes 1 and 3 (Unit of effective 
stress = kPa and unit of hydraulic conductivity = m/day. 

________________________________________________________________________________________________________ 
Relationship            Parameter    Standpipe 1    Standpipe 3 ________________________________________________________________________________________________________ 
Effective stress – void ratio                    A         3.391            - 

(Equation 3)                   B         -0.308            - ________________________________________________________________________________________________________ 
Effective stress – void ratio          A         5.50           1.08 

(Equation 4)             B         4.97           0.77 
                    E          1.03           1.30 
                   F        -0.67            -0.29 ________________________________________________________________________________________________________ 
Hydraulic conductivity – void ratio       C       6.51 × 10-6       2.76 × 10-3  

(Equation 5)                D        3.824         3.824 ________________________________________________________________________________________________________ 
 
 

 
Figure 1. Compressibility of oil-sands fine tailings in Standpipe 1. 

6.1.2 Boundary conditions 
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The initial head of 10 m is assumed. The upper boundary of the model is freely drained, i.e. 
satisfying the zero excess pore-water pressure at the top. The bottom of the model is 
impermeable for water flow and is restrained to move. 

Figure 2. Hydraulic conductivity of oil-sands fine tailings in Standpipe 1. 

 
Figure 3. Surface settlement of Standpipe 1. 

6.1.3 Results 
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Figure 3 compares the predicted settlements by applying three different theories to standpipe 1. 
It can be seen from Figure 3 that the large-strain consolidation largely overpredicts the surface 
settlement in the long-run. The Power function for effective stress – void ratio relationship 
predicts slightly larger consolidation than the Weibull function. 

When the sedimentation is included, the prediction of settlement interface agrees very well with 
the experimental observation. However, it shows that the sedimentation process could last for up 
to 7 years, which may be questionable.  

When the creep is included in the process, the simulation shows a sign of long term 
improvement, but does not fit as well in the short term. Determination of the creep parameters 
requires an effort as well. 

6.2 Standpipe 3 

6.2.1 Material properties 

Standpipe 3 consists of oil-sands tailings mixed with cyclone tailings sand to increase the 
percent sand in the mixture to 82%. The specific gravity of the material is 2.58 and an initial 
void ratio is 0.87. The Weibull function (Equation 4) is used to fit effective stress – void ratio 
data and the Power function (Equation 5) is used for hydraulic conductivity – void ratio data. 
The parameters used in the large-strain consolidation are presented in Table 2. 

6.2.2 Boundary conditions 

The flux conditions consist of a constant head of 10 m at the top boundary and a zero flux 
boundary on the bottom of the column.  This forces the water to flow from bottom out through 
the top boundary, while simulating a constant water table above the soil region. The deformation 
at the bottom is restrained. 

 
 

 
Figure 4. Surface settlement of Standpipe 3. 
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6.2.3 Results 

As can be seen in Figure 4, the large-strain consolidation is able to predict the tailings surface 
settlement closely except that the prediction appears to consolidate faster in about year 4. This 
indicates that the materials in standpipe 3 can well be predicted well using large-strain 
consolidation theory only. It was reported that the significant amount of effective stresses have 
been developed in standpipe 3 during the consolidation (Jeeravipoolvarn et al. 2009). The large 
amount of effective stresses could be because of higher percentage of sand in standpipe 3, which 
makes it to behave as other normally consolidated soils. 

7 CONCLUSIONS 

The applications of large-strain consolidation, coupled consolidation and sedimentation, and 
coupled consolidation and creep have been examined in this study to benchmark the University 
of Alberta standpipe experimental results on oil-sand fine tailing and mix of materials. It was 
observed that where the generation of effective stress is normal during the consolidation 
settlement, the large-strain consolidation theory is able to predict the material behavior well. 
However, when the generation of effective stress and settlement relation is observed to be 
unusual, the application of consolidation theory coupled with sedimentation or creep process 
may provide some improvements in the predictions.  

The following points can be concluded from the numerical predictions: 

 Using sedimentation can match the behavior, but it may be difficult to accept that this 
process is happening over a long time. 

 One difficulty in sedimentation process could be the estimation of transposal void ratio. 
One empirical approach is to estimate by trial and error. Theoretical approach of the 
estimation of the transitional void ratio would improve analysis in the future. 

 Coupled sedimentation and consolidation may be possible to be utilized in certain 
scenarios. 

 Using creep can improve the predictions, but there are difficulties in obtaining the 
material properties. 

 Using creep has also difficulty in matching the initial dewatering behavior. 

The study shows that it still has difficulty in understanding the mechanism of oil-sands fine 
tailings well and further research is needed on both processes. 
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Strength gain of fine tailings/slimes resulting from secondary 
compression 

I. Contreras, K. Schimpke, and R. Ver Strate 
Barr Engineering, USA 

ABSTRACT 

The offset upstream construction method consists of constructing tailings impoundment dams on 
top of previously deposited fine tailings/slimes. The undrained shear strength of iron ore fine 
tailings/slimes underlying offset dams has been observed to increase over time, which is referred 
to as strength gain. The strength gain consists of two components: (1) increase in undrained 
shear strength due to increasing confining stress from fill placement and (2) increase in 
undrained shear strength under constant effective stress, which occurs after the end of primary 
consolidation (EOP). The second component of strength gain can be explained using the 
secondary compression concept.  

This paper presents field and laboratory testing used to characterize the strength gain of fine 
tailings/slimes due to secondary compression. Results of cone penetration test (CPT) soundings 
in addition to laboratory vane shear and consolidation tests are presented. Findings based on this 
testing are described, and recommendations for implementing strength gain due to secondary 
compression in tailings dam design are included.  

1 INTRODUCTION 

The offset upstream construction method is a technique that has been successfully utilized to 
raise tailings dams without increasing the overall footprint of the tailings basin. In this method, 
the foundation of the offset upstream dam is typically constructed during the winter on top of 
previously deposited fine tailings/slimes which are frozen, as shown in Figure 1. The authors 
have used this construction method to raise dams with combined heights (perimeter and offset 
upstream dams) up to 37 meters (m) tall, with some projected to be up to 55 m tall when the 
ultimate dam crest height is reached. 

 

 

Figure 1. Offset upstream construction method 

 
It has been observed that the undrained shear strength of the fine tailings/slimes underlying the 
offset upstream dams increases over time, which is referred to as strength gain. This strength 
gain consists of two components. The first component is the undrained shear strength increase 
due to loading (i.e. fill placement resulting in an increase in confining stress), which can be 
explained using the undrained shear strength ratio (USSR) at the end of primary consolidation 
(EOP). The second component is the increase in undrained shear strength under constant 
effective stress, which occurs after the EOP. This second component of undrained shear strength 
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increase can be explained by secondary compression. Typically, this second component of 
strength increase is not included in the analysis and design of tailings dams. However, this 
increase may be significant, as demonstrated herein. Strength gain due to secondary 
compression is particularly relevant when evaluating dams constructed over fine tailings/slimes 
under undrained conditions, provided there is sufficient time to allow secondary compression to 
occur and the strength gain to be realized. 

This paper presents the findings from a laboratory and field assessment of the undrained shear 
strength increase of fine tailings/slimes due to effective stress increase and secondary 
compression. However, the main focus of this paper is on the undrained shear increase due to 
secondary compression. Field observations and laboratory testing results are presented to 
provide evidence of strength gain due to secondary compression. Based on the field and 
laboratory tests, conclusions and recommendations for implementing strength gain due to 
secondary compression in tailings dam design are presented.  

2 UNDRAINED SHEAR STRENGTH RATIO (USSR) 

The undrained shear strength increase resulting from loading due to fill placement can be 
explained using the USSR. This section describes how the USSR is used to evaluate the fine 
tailings/slimes undrained shear strength increase observed in the field. 

In practice, the undrained shear strength of soft soils is typically expressed in terms of the 
USSR. The USSR was initially introduced by Skempton (1948a, 1948b), and is often referred to 
as the c/p ratio for staged construction on soft soils. In general terms, the USSR is defined as the 
ratio between the undrained shear strength (su) and the pre-consolidation pressure (σ'p), as 
described by Terzaghi et al. (1996). 

However, in the case of fine tailings/slimes which are deposited hydraulically, the material is 
normally consolidated and the pre-consolidation pressure (σ'p) is equal to the effective 
overburden stress (σ'vo). This is because these deposits have not undergone any of the 
mechanisms responsible for the development of a pre-consolidation pressure (σ'p), such as 
loading greater than current load, aging, desiccation, or cementation. The tailings pond water 
level is typically not lowered enough to cause extensive drying, which would result in 
desiccation within the upper material resulting in a material that is over-consolidated. Also, the 
fine tailings/slimes have not undergone a chemical change, and thus are not bonded or 
cemented. Therefore, for the fine tailings/slimes, the USSR is defined as the ratio between the 
undrained shear strength (su) and the effective overburden stress (σ'vo) such that USSR = su /σ'vo. 

Natural soft clays and silts generally exhibit a constant USSR (Terzaghi et al., 1996). This 
observation is extrapolated to fine tailings/slimes, which classify as fine-grained soils with low 
plasticity. A constant USSR in the field results in a linearly increasing undrained shear strength 
with depth. A constant USSR also indicates that an increase in effective stress, such as that 
generated by fill placement and dissipation of the excess pore-water pressures, results in an 
increase in undrained shear strength, such that the USSR remains constant at the EOP. 

3 SECONDARY COMPRESSION 

Secondary compression refers to the continual decrease in void ratio after excess pore-water 
pressures have dissipated following primary consolidation. During secondary compression, a 
reduction in void ratio takes place at a constant effective stress (i.e. no additional load is 
applied). The major mechanism responsible for secondary compression is particle rearrangement 
to establish an internal equilibrium under constant effective stress (Mesri and Castro, 1987). In 
the field this process occurs over a period of time, typically on the order of years. The rate of 
secondary compression is generally governed by the secondary compression index, C, which 
represents the compressibility with respect to time. 
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The concept of C/Cc, which was developed by Mesri and Godlewski (1977), states that a direct 
relationship exists between the compressibility with respect to time (C) and the compressibility 
with respect to effective stress (Cc). The ratio of these two values () is constant, as shown 
below in Equation 1.  

C/Cc = constant) (1) 

Figure 2 illustrates the C/Cc concept and shows the relationship between void ratio (e), 
effective stress (σ’), and time (t). The value Cc represents the slope of the e – log σ’ curve, while 
the value Crepresents the slope of the e – log t curve. It can be seen from Figure 2 that at a 
given time t, the ratio C/Cc can be computed. This interrelationship holds true during both 
compression and recompression.  

 

 

Figure 2. Interrelationship between Ca and Cc (Mesri, 1987) 

 
The value of the C/Cc ratio falls into a fairly narrow range for various geo-materials, as shown 
in Table 1. It is postulated that this concept also applies to fine tailings/slimes. 

 
Table 1. Values of C/Cc ratio for Various  

Geo-Materials (Terzaghi et al., 1996) 
_______________________________________________ 

Geo-material   C/Cc _______________________________________________ 
Granular Soils   0.02±0.01 
Shale and Mudstone  0.03±0.01 
Inorganic Clays and Silts  0.04±0.01 
Organic Clays and Silts  0.05±0.01 
Peat and Muskeg   0.06±0.01 _______________________________________________ 

 
This interrelationship between C and Cc explains multiple phenomena observed in soils, 
including (Mesri, 1987):  

 
 secondary compression after loading 
 secondary compression after unloading 
 shape of the deformation curve at the transition from primary consolidation to 

secondary compression 
 strain rate effect on pre-consolidation 

 
251



 pre-consolidation pressure resulting from secondary compression 
 secondary compression and time to failure effects on undrained shear strength 
 secondary compression effect on shear modulus  
 secondary compression effect on the coefficient of earth pressure at rest 

The work presented herein focuses on the increase in undrained shear strength due to secondary 
compression. Secondary compression has been observed at tailings basins in the form of 
continued offset dam settlement after dissipation of construction-induced excess pore-water 
pressure. It is also believed that secondary compression is responsible for the observed increase 
in undrained shear strength with time, under constant effective stress, after the excess pore-water 
pressure has been dissipated. These field observations are further described below.  

4 FIELD OBSERVATIONS  

Evidence of secondary compression of fine tailings/slimes has been observed in the field in the 
form of increased corrected CPT tip resistance with time. This observation is further discussed 
in the proceeding section. Additionally, other field observations are described, which were used 
to help develop the laboratory testing program described later.  

4.1 CPT tip resistance versus depth 

Figure 3 shows the change over time in corrected CPT tip resistance (qt) versus elevation within 
a fine tailings/slimes deposit. A change in corrected tip resistance is an indication of a change in 
undrained shear strength, assuming no change in total stress and undrained conditions during the 
test. Figure 3 includes the results of three CPT soundings performed adjacent to each other in 
1997, 2004, and 2006. Included in this figure is the ground surface elevation when each of the 
CPT soundings was performed. Figure 3 illustrates the two components of strength gain within 
the fine tailings/slimes deposit. The tip resistance increase between 1997 and 2004 is mainly the 
result of an increase of effectives stress due to continued fine tailings/slimes deposition and 
some secondary compression. The component associated with effective stress increase can be 
explained by the USSR concept. The tip resistance increase between 2004 and 2006 is the result 
of secondary compression since no increase in effective stress occurred during that period. 

 

Figure 3. Corrected CPT tip resistance vs. elevation 
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It is interesting to note in Figure 3 that the slope of the 2004 data is different than the slope of 
the 1997 data. Similarly, there is a change in the slope between the 2004 and the 2006 data. This 
change in the slope has consistently been observed at other locations within the tailings basin 
where offset upstream construction has been used. This change in slope results in an additional 
increase in undrained shear strength beyond the one generated by the effective stress increase 
(i.e. fill placement), and results in an increased USSR. This increase in USSR is attributed to 
secondary compression. 

4.2 Water content profile 

The fine tailings/slimes assessed in this study are deposited in the field as a slurry, with water 
contents after deposition typically ranging from 40 to 60 percent. Following deposition, self-
weight consolidation of the fine tailings/slimes begins. The water content of fine tailings/slimes 
decreases due to increasing confining stress as additional material is placed above it. This 
additional material is typically either fill placed during dam construction or continued deposition 
of fine tailings/slimes. 

Figure 4 shows the water content profile versus depth obtained at a separate location in the basin 
before offset upstream dam construction. It can be seen from this figure that the water content at 
a depth of 1.5 m is approximately 49 percent, and then decreases with depth to an average of 
approximately 32 percent below a depth of about 10 m. The maximum water content is 
51 percent and the minimum is 26 percent, with an overall average of 36 percent. This 
information was used to select target water contents for laboratory specimens tested as part of 
this study.  

 

 

Figure 4. Water content vs. depth 

In saturated soils, the water content is directly related to the void ratio via the specific gravity 
(e = w Gs); where w is the water content and Gs is the specific gravity. As a result, Figure 4 
provides an indication of the void ratio distribution in the fine tailings/slimes deposit. The water 

 
253



content distribution in this figure shows a clear trend in the data - higher water contents (higher 
void ratio) at the top of the deposit where lower confining stresses are present and lower water 
contents (lower void ratio) at the bottom of the deposit where higher confining stresses are 
present. 

4.3 Excess pore-water pressure dissipation 

Figure 5 shows measured excess pore-water pressure versus time within the fine tailings/slimes 
deposit at a separate location in the basin after an initial lift of offset upstream construction. This 
figure includes the excess pore-water pressure versus time at three depths (4.57 m, 17.98 m, and 
19.81 m) and surface settlement. It can be seen in this figure that the time to EOP is typically on 
the order of 130 days. As described below, this information was used to develop the laboratory 
testing program such that it represents observed field conditions. It is interesting to note in 
Figure 5 that the excess pore-water pressure exhibits little to no dissipation between 60 and 80 
days. This is attributed to placement of a thin fill lift during that period, which generated excess 
pore-water pressures and slowed dissipation. 

 

 
Figure 5. Measured excess pore-water pressure and surface settlement vs. time 

5 UNDRAINED SHEAR STRENGTH INCREASE RESULTING FROM SECONDARY 
COMPRESSION 

According to Mesri (1987), the effect of secondary compression on undrained shear strength can 
be estimated using Equation 2. 

(𝑠𝑢)2

(𝑠𝑢)1
= (

𝑡2

𝑡1
)

𝑐𝛼
𝑐𝑐

⁄
 (2) 

Where (su)1 and (su)2 are the undrained shear strengths at times t1 and t2, respectively.  

If (su)1 and t1 are the undrained shear strength and time at the EOP (i.e. (su)1 = (su)EOP and t1 = 
tEOP), respectively, an estimate of the undrained shear strength (su)2 at time t2 (sometime after 
EOP) can be made knowing the compressibility ratio C/Cc of the deposit. Equation 2 indicates 
that the undrained shear strength increase depends on the amount of time after the EOP and the 
compressibility ratio C/Cc of the fine tailings/slimes. 
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The typical time to complete primary consolidation for the fine tailings/slimes at the site used in 
this assessment is approximately 130 days (0.36 years), as described in the previous section. The 
anticipated time to basin closure at the site is about 18 years, which corresponds to 
approximately 50 times the EOP (i.e., 18/0.36 = 50) and thus the nomenclature t50xEOP is used. 

In general, strength gain due to secondary compression in natural soils is insignificant, and 
perhaps more importantly, takes a long time to be realized. This is because the time to complete 
primary consolidation in natural soils is often very long, typically tens or hundreds of years in 
thick, natural soft clay deposits. As a result, the practice of ignoring strength gain due to 
secondary compression has been carried over and adopted in tailings basin design. However, the 
time to complete the primary consolidation in these iron ore fine tailings/slimes is typically 
much shorter due to their low clay content and relatively high permeability as compared to soft 
clay deposits. Also, fine tailings/slimes are relatively weak as compared to native soils; therefore 
any additional strength that can be realized is beneficial. For these reasons, incorporation of 
strength gain due to secondary compression is both practical and beneficial for tailings dam 
design.  

6 LABORATORY TESTING PROGRAM 

A laboratory testing program was developed with the purpose of assessing the validity of 
Equation 2 for fine tailings/slimes and to quantify the amount of strength gain due to secondary 
compression. Vane shear tests were used to measure the strength gain represented by the left 
side of Equation 2, while consolidation tests were used to assess the compressibility represented 
by the exponent on the right side of Equation 2. By evaluating each component of this equation 
independently, the validity of the equation can be assessed and the mechanism responsible for 
the field observations can be confirmed.  

To assess the compressibility of the fine tailings/slimes, a comprehensive laboratory testing 
program was performed and a C/Cc ratio for the material was measured. The laboratory testing 
included consolidation testing with pore-water pressure measurements to allow accurate 
determination of the EOP. 

To assess the undrained shear strength increase due to secondary compression, a series of 
laboratory vane shear tests (VSTs) were performed. One set of laboratory VSTs was performed 
shortly after the EOP to determine (su)EOP. Another set of laboratory VSTs was performed after 
an elapsed time of approximately 50 times the EOP to determine (su)50xEOP. 

The results of the laboratory consolidation and vane shear testing are described below, as are the 
results of index testing performed on the fine tailings/slimes.  

Index testing 

Prior to consolidation and vane shear testing, tests such as grain size, specific gravity, and 
Atterberg limits were performed on the fine tailings/slimes. The fine tailings/slimes classify as 
low plasticity clay (CL) based on the Unified Soil Classification System (USCS), with a fines 
content (passing #200 sieve) and a clay-size fraction (<0.002 mm) of 94.6 percent and 
10 percent, respectively. The measured specific gravity was 2.93. The Atterberg limits indicate a 
liquid limit of 30.4 percent, a plastic limit of 21.1 percent, and a plasticity index of 9.3 percent. 

6.1 Consolidation testing 

6.1.1 Consolidation test sample preparation and testing procedure 

Compressibility was assessed by performing laboratory consolidation tests on specimens 
prepared from a slurry that was collected in the field. The fine tailings/slimes slurry was 
prepared to obtain three initial water contents (63.7%, 56.8%, and 42.6%) which are 
representative of freshly deposited fine tailings/slimes. These water contents are also similar to 
values measured in the upper portions of the fine tailings/slimes deposit in the field (Figure 4). 
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The material was placed in an oedometer ring with a diameter of 63.5 mm (2.5 inches) and a 
height of 25.4 mm (1 inch). The slurry placement method was intended to simulate the hydraulic 
deposition that takes place in the field. The free water that rose to the surface after solids had 
settled was removed and additional slurry material added until the oedometer ring was filled. 
Any excess material was trimmed with a surgical blade until the top of the fine tailings/slimes 
material was flush with the top rim of the oedometer ring. The water contents reported above are 
after the free water was removed. 

The oedometer ring and specimen were placed in a cell to allow the specimen to be back-
pressure saturated and pore-water pressures to be measured during incremental load application, 
which allowed a more accurate determination of the EOP. The specimen was back-pressure 
saturated until a B coefficient greater than 0.95 was obtained, which indicated that the specimen 
was sufficiently saturated. After excess pore-water pressures dissipated and EOP was reached, 
the load was maintained for at least one secondary compression log cycle to help accurately 
determine the coefficient of secondary compression, C. 

6.1.2 Consolidation test results 

Figure 6 shows the void ratio-effective stress relationships at the EOP for fine tailings/slimes 
specimens. Figure 7 shows data from the consolidation tests in Figure 6 in terms of the 
compression index (Cc) and the secondary compression index (C), using the procedure outlined 
in Mesri and Castro (1987). This data indicates that the measured C/Cc ratio for the fine 
tailings/slimes is 0.0428, which agrees well with the typical values for inorganic clays and silts 
shown in Table 1.  

 

 

Figure 6. Void ratio-effective stress relationship at the EOP 
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Figure 7. Cc vs. Ca from laboratory consolidation tests 

6.2 Strength testing 

6.2.1 VST sample preparation and testing procedure 

The shear strength increase due to secondary compression was measured directly in the 
laboratory through a series of VSTs. The fine tailings/slimes were prepared by adding water to 
obtain an initial water content of 42.6 percent, which corresponds to the water content of one of 
the consolidation test specimens and is similar to typical water contents found in the field near 
the surface of the deposit. The fine tailings/slimes were placed in a stainless steel cylindrical 
container with a diameter of 203 mm (8 inches) and a height of 279 mm (11 inches), specifically 
manufactured for laboratory vane shear testing. The container was equipped with a porous stone 
at the bottom to allow drainage. Similar to the method used to prepare the consolidation test 
specimens, the fine tailings/slimes for the VST specimens were prepared from a slurry to 
simulate the hydraulic deposition that takes place in the field. The free water that rose to the 
surface after the solids settled was removed and additional slurry material added until the 
cylindrical container was filled. Any excess material was trimmed with a surgical blade until the 
top of the fine tailings/slimes material was flush with the top rim of the container.  

6.2.2 VST procedure 

After preparation, the fine tailings/slimes specimens were subjected to one-dimensional 
compression by applying a vertical load (consolidation load) through a stainless steel platen 
placed at the top of the specimen container. A load cell was used to determine the actual load 
applied to the specimen, independent of side friction. The vertical load was applied 
incrementally to minimize soil extrusion between the specimen container and the top platen. 
Vertical deformation was monitored during each load increment until the EOP was achieved. 
Subsequent load increments were applied until the desired consolidation load was reached.  

Two VSTs were then performed on separate specimens under the same consolidation load. The 
first VST was performed after the specimen reached the EOP. The second VST was performed 
on a separate specimen that was first consolidated under the same load as the first specimen, was 
held constant for an elapsed time of approximately 50 times the EOP.  
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The VSTs were performed by pushing a vane (35 mm x 70 mm) into the specimen to the desired 
test depth and then rotating it at a rate of 0.2 degrees per second while maintaining the 
consolidation load. The vane rotation rate was determined to be fast enough to develop 
undrained conditions during the test based on laboratory and field data and the procedure 
described by Blight (1968). The measured shear stress versus rotation relationship was used to 
determine the peak undrained shear strength. 

After completing the VST, disturbed fine tailings/slimes samples were taken at the test depth to 
perform water content measurements. The water content determination was performed for both 
the EOP VST and the 50xEOP VST, as described below.  

6.2.3 VST results 

Figure 8 shows a comparison between a VST conducted in fine tailings/slimes in terms of the 
shear stress-vane rotation relationship at a consolidation stress of 311 kPa shortly after the EOP 
and a VST conducted after an elapsed time of approximately 50 times the EOP at the same 
consolidation stress. It can be seen in this figure that undrained shear strength increases from 
54.9 kPa at the EOP to approximately 64.2 kPa at 50 times the EOP, representing an increase of 
about 17 percent. It is postulated that this strength increase is due to secondary compression. 

 

 

Figure 8. Laboratory VST results at the EOP and the 50xEOP 

6.2.4 Failure envelope for VSTs at the EOP 

A series of VSTs at different consolidation stresses were performed shortly after the EOP. 
Figure 9 shows the undrained shear strength envelope for specimens sheared shortly after the 
EOP. Data in in this figure indicate an average USSR of 0.172 (USSREOP = 0.172). This ratio is 
slightly lower, but still comparable to the average USSR measured in the field using CPT 
soundings, which typically ranges between 0.17 and 0.22. 
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Figure 9. Failure envelope based on laboratory VSTs performed at the EOP 

 
6.2.5 Failure envelope for VSTs at the 50xEOP 

 
Similarly, a series of VSTs at different consolidation stresses were performed after an elapsed 
time of approximately 50 times the EOP. Figure 10 shows the undrained shear strength envelope 
for these specimens. Data in this figure show an average USSR of 0.199 (USSR50xEOP = 0.199). 
This indicates an average increase in the USSR of 16 percent, with respect to the USSREOP. 

 

Figure 10. Failure envelope based on laboratory VSTs performed at the 50xEOP 
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6.3 Water content testing 

Figure 11 shows the water contents measured in a few of the specimens after completion of the 
VST at different consolidation stresses. Data in this figure include the water content of the 
specimens sheared shortly after the EOP and at approximately 50 times the EOP. It can be seen 
in Figure 11 that the water content for the specimens sheared shortly after the EOP is 
29.8 percent for a consolidation stress of 72 kPa and it decreases with increasing consolidation 
stress to a value of 26.3 percent at a consolidation stress of 311 kPa. This reduction in water 
content with increasing consolidation stress reflects the decrease in void ratio of the specimen as 
a result of the increase in consolidation stress. In other words, the reduction of water content 
(and therefore void ratio) with increasing consolidation stress can be associated with the 
increase in shear strength with increase of consolidation load or effective stress. This increase 
can be quantified with the use of the USSR, as previously described. 

 

 

Figure 11. Moisture content after completion of VSTs 

Figure 11 also shows that the water content for the specimens sheared after an elapsed time of 
approximately 50 times the EOP is 29 percent for a confining stress of 72 kPa, and decreases 
with increasing consolidation stress to a value of 25.6 percent at a consolidation stress of 
311 kPa. In general, the water contents at 50 times the EOP are lower than the values for 
specimens sheared shortly after the EOP. This decrease in water content (and in turn void ratio) 
is further evidence of secondary compression. The associated increase in undrained shear 
strength resulting from secondary compression can be quantified using Equation 3, which is 
presented below. 

7 COMPARISON OF MEASURED UNDRAINED SHEAR STRENGTH INCREASE 

Equation 2 can be rewritten to facilitate a comparison between the predicted and measured 
undrained shear strength increase, as follows: 

[
(𝑠𝑢)50xEOP

σ𝑣
′ ]

[
(𝑠𝑢)EOP

σ𝑣
′ ]

=  (
𝑡50xEOP

𝑡EOP
)

𝑐𝛼
𝑐𝑐

⁄
 (3) 
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Equation 3 is similar to Equation 2, but has been normalized by the effective vertical stress, σ′v, 
and the nomenclature changed to reflect undrained shear strength and times at the EOP and 
approximately 50 times the EOP. Equation 3 can then be rewritten as Equation 4 below. The 
value of USSR at the EOP was measured as 0.172 based on the VST results shown in Figure 9. 
The USSR at approximately 50 times the EOP was measured as 0.199 based on the VST results 
shown in Figure 10. Substituting these values into Equation 3, the strength gain due to 
secondary compression can be computed as: 

[
(𝑠𝑢)50xEOP

σ𝑣
′ ]

[
(𝑠𝑢)EOP

σ𝑣
′ ]

=
𝑈𝑆𝑆𝑅50xEOP

𝑈𝑆𝑆𝑅EOP
=

0.199

0.172
= 1.16 (4) 

Based on Equation 4 and the results of the VSTs performed as part of this assessment, the 
increase in the USSR due to secondary compression is approximately 16 percent.  

The right side of Equation 3 can be evaluated based on the results of the consolidation testing 
and the measured C/Cc ratio. Equation 5 allows calculation of strength gain due to secondary 
compression based on the results of compressibility testing performed as part of this assessment. 
The ratio C/Cc for the fine tailings/slimes in this study was found to be 0.0428 (Figure 7). 
Using this compressibility value and the elapsed times for the EOP and approximately 50 times 
the EOP, the right side of Equation 2 becomes: 

 (
𝑡50xEOP

𝑡EOP
)

𝑐𝛼
𝑐𝑐

⁄
=  500.0428 = 1.18 (5) 

Based on Equation 5 and the C/Cc ratio measured by laboratory consolidation testing 
performed as part of this assessment, the increase in the USSR due to secondary compression is 
computed as 18 percent. Equations 4 and 5 represent independent methods of computing the 
increase in undrained shear strength due to secondary compression, and both methods provide 
good agreement. This finding validates that the observed increase in undrained shear strength of 
fine tailings/slimes after the EOP is due to secondary compression.  

8 CONCLUSIONS 

The undrained shear strength of iron ore fine tailings/slimes has been observed to increase with 
time, which is referred to as strength gain, based on the results of CPT soundings and other field 
observations. A portion of this strength gain is attributed to loading by fill placement and the 
resulting increase in confining stress, which is explained by the USSR concept. However, 
additional strength gain has been observed under constant effective stress, which occurs after the 
EOP, and is attributed to secondary compression. 

To verify and further assess strength gain due to secondary compression in fine tailings/slimes, a 
laboratory testing program was performed. The results of the laboratory testing confirmed that 
strength gain occurs in fine tailings/slimes after the EOP under constant effective stress, thereby 
verifying strength gain as a result of secondary compression. 

Strength gain due to secondary compression is typically not included in the analysis and design 
of tailings dams. However, when utilizing the upstream construction method for dam 
construction, where the foundation of the dam is constructed over previously deposited fine 
tailings/slimes, and when sufficient time is allowed for secondary compression to occur, this 
component of strength gain can be significant and can be included in dam design. 
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ABSTRACT  

Tailings are generated as the fine-grained wastes on the washing of run-of-mine coal to meet 
market specifications. Coal tailings are typically sand-sized and finer, and are pumped as an 
aqueous slurry at a solids concentration of typically 25% solids by mass, conventionally to a 
surface tailings storage facility. The physical processes that coal tailings undergo on sub-aerial 
disposal to a surface tailings storage facility include beaching, hydraulic sorting, settling, self-
weight consolidation and desiccation. The settling and consolidation of coal tailings, the topic of 
this paper, have the most profound effect on the volume that the deposited tailings occupy. 
These processes are particularly important where the rate of rise is rapid and/or deposition is 
under water. Settling occurs in the upper part of the recently deposited tailings layer, while 
consolidation occurs simultaneously towards the base of the layer. The two processes of settling 
and consolidation are conventionally tested separately in the laboratory; settling in a column and 
consolidation in a consolidometer. This paper describes a purpose-built, large, slurry 
consolidometer, in which coal tailings slurry is added in three layers at a nominal 25% solids by 
mass, allowed to settle between layers, and consolidated under three different continuous 
loading sequences. Thus the two processes of settling and consolidation are carried out in the 
same testing apparatus, from an initial consistency representative of field conditions. 

Keywords: coal tailings, consolidation, continuous loading, settling, slurry consolidometer 

1 INTRODUCTION 

Coal tailings from the processing of run-of-mine coal to meet market specifications are typically 
sand-sized or finer (<1 mm), although modern coal preparation plants or washeries separate coal 
down to <0.125 mm and the resulting tailings are correspondingly fine-grained. The tailings are 
typically thickened to a solids concentration of about 25% by mass (mass of solids/total mass, 
expressed as a percentage), and delivered by centrifugal pumps to a tailings storage facility 
(TSF). Surface TSFs are the most common, although tailings can also be stored in dis-used open 
pits or in underground workings. This paper relates to coal tailings deposition in surface TSFs 
by sub-aerial deposition. In practice, the tailings are disposed from a single point or multiple 
perimeter discharge points, resulting in the formation of an upper exposed tailings beach with a 
shallow slope (typically about 1%) to the decant pond, where the supernatant water collects and 
can be returned to the processing plant. 

The physical processes that all tailings undergo on sub-aerial deposition to a surface TSF are 
beaching, hydraulic sorting of particles according to their size and specific gravity, settling, self-
weight consolidation and desiccation on exposure to drying by solar and wind action (Williams 
2005). All of these processes affect the geotechnical engineering behaviour and parameters of 
the resulting tailings deposit, and hence affect the volume that the stored tailings occupy. The 
settling and consolidation of tailings have the most profound effect on the volume that the 
deposited tailings occupy. They are particularly important where the rate of rise is rapid and/or 
deposition is under water. 
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The initial settling of tailings from a slurry involves a rapid and very dramatic reduction in 
solids volume, with limited particle contact, and essentially no development of excess pore 
water pressure or effective stress within the solids. As the tailings settle to form a sediment, 
particles come into contact, excess pore water pressures develop and, on drainage and 
consolidation, these transfer to effective stress. The magnitude of consolidation is far less than 
the reduction in volume on settling, and consolidation is a far slower process than settling. 

The settling and consolidation behaviour of tailings are among the key factors used to estimate 
the storage volume required to accommodate the production of tailings from a given processing 
plant, which is crucial in the design of the TSF. However, the accuracy of such estimates relies 
upon the availability of reliable settling and consolidation test data (Morris et al. 2000). In the 
laboratory, settling and consolidation testing of tailings are conventionally carried out in quite 
separate apparatus, with no over-lap between them. 

A laboratory settling column test, carried out in a graduated 1,000 cc measuring cylinder, is 
typically used to estimate the settling behaviour of a given tailings slurry from a relatively low 
solids concentration. However, this test suffers from interaction with the wall of the measuring 
cylinder (Williams and Morris 1988). In reality, the “wall” is so distant in a TSF that it has no 
effect. The wall effect in a settling column test is a function of the wall surface area to volume 
ratio, increasing with increasing area to volume ratio. The presence of the wall increases the rate 
of particle settling due to the enhanced flow of water up the wall, and decreases the rate of 
consolidation in the soil-like sediment that forms at the base of the column due to increasing 
wall friction as effective stresses increase. In addition, the sediment that forms cannot be 
transferred to a consolidometer for subsequent consolidation testing. 

Laboratory consolidation testing of tailings is typically carried out in an oedometer or a Rowe 
cell, which generally require the specimen to be self-supporting; that is, soil-like rather than 
slurry-like. An oedometer specimen must initially be capable of supporting the mass of the top 
cap, so that the test can commence. Tailings settled underwater will have no strength, and hence 
no bearing capacity, at the surface of the sediment. Hence, an oedometer test can only start on a 
tailings specimen that has been pre-consolidated. Many tailings, particularly those that are clay 
mineral-rich, are too slurry-like to be suitable for oedometer testing, and their transitional 
behaviour between slurry- and soil-like cannot be captured in such an apparatus. In fact, tailings 
that do not settle well may never reach a soil-like consistency during deposition, and oedometer 
results would over-estimate their capacity to consolidate. 

A Rowe cell applies stress hydraulically via a pressurised membrane, which makes it more 
amenable to testing slurry-like tailings. However, slurry-like tailings will undergo very large 
deformations on loading, stretching the membrane and causing the top porous disc above the 
specimen to deform. A Rowe cell will also have difficulty capturing the transitional behaviour 
of tailings between slurry- and soil-like consistencies. Both oedometers and Rowe cells are of 
limited height, making it impossible to model the settling of tailings from a slurry consistency. 

This paper describes a purpose-built, large, slurry consolidometer, in which coal tailings slurry 
is added in three layers at a nominal 25% solids by mass, allowed to settle between layers, and 
consolidated under three different continuous loading sequences. Thus the two processes of 
settling and consolidation are carried out in the same testing apparatus, from an initial 
consistency representative of field conditions. 

2 SLURRY CONSOLIDOMETER 

The slurry consolidometer was purpose-built by Wille Geotechnik of Germany to a design 
specified by the Geotechnical Engineering Laboratory within The University of Queensland. 
The slurry consolidometer comprises a cell of internal diameter 150 mm and height of 410 mm 
instrumented with top and base load cells, and 1,000 kPa capacity mid-height and base pore 
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pressure transducers; a 10 kN, electromagnetic load frame, and a 350 kPa pressure controller, as 
shown in Figure 1. The top load cell is connected to the loading piston to measure the applied 
stress, and the base load cell is imbedded in the base of the cell. The difference between the 
measured top and base loads give the combined piston and wall friction losses. The height of the 
cell allows tailings samples to be placed in a number of layers, and allowed to settle between 
layers, to form a test specimen of the order of 300 mm high. The specimen can be drained from 
the top or the base, or from both the top and the base, depending on the field conditions being 
simulated. 

 

   
 

Figure 1: Slurry consolidometer cell and transducers, load frame and pressure controller. 

3 TESTING 

The purpose of the testing using the slurry consolidometer was to develop a testing methodology 
most appropriate for a particular coal tailings. The tailings tested and their sample preparation, 
the test methodology, and the simulation of the settling and consolidation processes, are 
described in the following sections. 

3.1 Tailings tested and sample preparation 

The tailings sample used in the study were coal tailings, flocculated and thickened to 25% solids 
by mass, collected from Jeebropilly Coal Mine, located in the Ipswich Coalfields of south-
eastern Queensland, Australia. These tailings are nominally sand-sized (0.06 to 2 mm), with 
about 5% by dry mass gravel-sized (2 to 5 mm), about 5% silt-sized (0.001 to 0.06 mm), and 
about 5% clay-sized (<0.002 mm). However, the tailings are known to be smectite-rich, and are 
agglomerated both naturally and by virtue of the flocculant added to facilitate thickening. Their 
specific gravity was determined using a pycnometer with helium to be about 1.90, implying a 
coal content of about 55%, with the remainder comprising mainly smectite. The tailings were 
found to have a Liquid limit of 41% and a Plasticity Index of 24%, and they are classified as 
silty sand (SM) based on the Unified Soil Classification System. 
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In order to achieve a precise solids concentration and consistency between test specimens, 
samples were prepared for testing in the slurry consolidometer by first drying them in a 60oC 
oven (the temperature was limited to avoid combustion of the coal content), and then adding 
process water and stirring with a mechanical mixer, to achieve a solids concentration of 25% by 
mass, representing that achieved in the coal processing plant. The average electrical 
conductivity and the pH of the process water were 3,533 μs/cm and 8.7, respectively. 

The test specimens were prepared in three layers. The volume of slurry and required mass of 
solids and water for each layer were calculated to fill about 200 mm height in the cell. Each 
batch of slurry was transferred to the cell using a funnel and tube, as a tremie to the base of the 
cell or top of the previously-placed and settled layer. Care was taken to minimise the amount of 
air mixed in with the specimen during placement, and the excess supernatant water from the 
previous layer was removed prior to the next layer being placed. Although the tailings slurry 
was prepared to 25% solids by mass, a small amount of extra water was required to wash out the 
tailings particles remaining in the funnel and tube, resulting in a reduction in the solids 
concentration to 22 to 23%. Each of the three layers of slurry was allowed to settle for about 
2 hours, and the supernatant water was removed and weighed prior to the next layer of slurry 
being placed. 

3.2 Test methodology 

Three tests were carried out on settled specimens of Jeebropilly coal tailings using the slurry 
consolidometer, with top drainage only (and base pore water pressure measurement), and 
involving three different continuous loading sequences: 

1. Constant rate of loading of 0.03 kPa/min, representing an actual rate of rise of about 
1.3 m/year (assuming a settled and consolidated dry density of 12 kN/m3), which 
was applied for about 7 days to achieve a final applied stress of 300 kPa, 
representing about 25 m height of settled and consolidated tailings. The specimen 
was allowed to settle further and consolidate under its self-weight overnight, before 
loading was commenced. 

2. Geometrically increasing applied stress, inn 40 min time increments, starting from 
0.05 kPa/min, then 0.1 kPa/min, 0.2 kPa/min, 0.4 kPa/min, 0.8 kPa/min, 
1.6 kPa/min, and finally 3.2 kPa/min, for a total loading time of less than 5 hours to 
achieve a final applied stress of 259 kPa (short of 300 kPa due to the loading 
sequence adopted), allowing for the 5 kPa seating stress. The specimen was allowed 
to settle further and consolidate under its self-weight overnight, before loading was 
commenced. 

3. Constant rate of loading of 0.2 kPa/min, representing an actual rate of rise of about 
1.3 m/year (assuming a settled and consolidated dry density of 12 kN/m3), which 
was applied for about 1 day to achieve a final applied stress of 300 kPa. The 
specimen was allowed to settle further and consolidate under its self-weight 
overnight, before loading was commenced. 

The purpose of applying the three different continuous loading sequences was to adequately 
represent the rate of rise of tailings in the field, while minimising the total test duration. 

3.3 Settling process 

The degree of settling of each of the three layers was measured and the overall average settled % 
solids and settled height of the three specimens prepared for the different consolidation tests 
performed was determined, as summarised in Table 1. The greater settled height of the Test 3 
specimen was due to settling and self-weight consolidation not being continued overnight. 
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Table 1: Settled solids concentration and height. 

________________________________________________________________________________________________________ 

Test      Overall average settled solids concentration (%)    Overall settled height (mm) 
________________________________________________________________________________________________________ 

   1            47                  280.0 
   2            49                  258.0 
   3            49                  258.5 
________________________________________________________________________________________________________ 

3.4 Consolidation process 

Continuous loading better represents the continuous deposition of tailings in the field than 
standard consolidation testing, which employs step-wise loading that is maintained until 
consolidation is complete. The standard loading duration is 24 hours, which extends the duration 
of the consolidation test to many days. Both in the field and under continuous loading in the 
laboratory, excess pore water pressures may not fully dissipate at the loading rate applied. For a 
laboratory continuous loading test to be representative of field conditions, the rate of loading 
and the rate of dissipation of excess pore water pressures should match, as closely as possible, 
the rates achieved in the field. The three continuous loading sequences tested using the slurry 
consolidometer were intended to represent typical tailings deposition rates in the field, 
accompanied by the generation and dissipation of excess pore water pressures and consequent 
consolidation settlement. 

The slurry consolidometer has a set seating stress of 5 kPa, before readings are taken. In each 
test, the piston was advanced at a speed of 0.5 mm/min until the applied stress reached 5 kPa, 
when the slurry consolidometer was switched to stress control at the appropriate rate. Seating of 
the piston results in some loss of supernatant water and a minor loss of settled fines (about 5% 
of the total dry mass) from the top of the specimen around the piston, and associated settlement, 
since the piston incorporates an imperfect, low friction seal. This initial settlement is determined 
from the measured final height of the specimen minus the recorded settlement after seating. The 
fines initially extruded around the piston was also recovered and weighed. 

4 TEST RESULTS 

Figures 2 to 4 show the results of slurry consolidation Tests 1 to 3 carried out on the Jeebropilly 
coal tailings specimens, respectively. Figure 5 shows the results of all three tests plotted together 
for the purposes of comparison. 

The values of pore water pressure plotted in Figures 2 to 4 include both excess and hydrostatic 
pore water pressures, with the latter accounting for about 2.5 kPa throughout the tests, due to the 
height of the settled slurry of about 250 mm. In all three tests, the excess pore water pressure 
initially increased in line with increasing applied stress and reached a maximum value of about 
10 kPa, 20 kPa and 40 kPa in Tests 1, 2 and 3, respectively; thereafter dissipating rapidly. In 
Tests 1 and 3, the pore water pressure started to dissipate after about 50 min and about 200 min, 
respectively. The higher magnitude and longer dissipation time for pore water pressure in Test 3 
compared to Test 1 can be attributed to its higher constant rate of loading. In Test 2, in which 
the rate of loading was doubled every 40 min, the pore water pressure continued to rise until the 
middle of the fourth loading increment, before starting to dissipate at a slow rate after about 
130 min. 

In the early parts of all of the slurry consolidometer tests, up until the dissipation of the pore 
water pressure, the stress measured at the base of the cell matched the applied stress, implying 
negligible piston and wall friction. However, after the dissipation of pore water pressures, only 
about 50% of the applied stress reached the base of the cell, indicating high wall friction losses 
due to the development of effective stresses in the specimen. 
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Figure 2: Results of slurry consolidation Test 1. 

 

 
Figure 3: Results of slurry consolidation Test 2. 
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Figure 4: Results of slurry consolidation Test 3. 

 

 
Figure 5: Comparison of results of all three slurry consolidation tests. 

 
269



The high settlements that occurred at the beginning of all three tests, in the absence of pore 
water pressure dissipation, may be attributed to the leakage of water around the piston, the 
compression of inevitable air bubbles (air also becomes entrained in a tailings stream), and the 
rearrangement of particles. In Tests 1 and 3, the settlement curves started to flatten after the 
dissipation of pore water pressure. However, in Test 2 the incremental loading and retarded 
dissipation of pore water pressure, retarded the rate of settlement. 

Figures 6 (a) and (b) show the consolidated specimens removed from the slurry consolidometer 
cell at the completion of Tests 2 and 3. The removed specimens are seen to be self-supporting, 
and amenable to sub-sampling for moisture content, suction and particle size distribution 
determination, although these results are not reported herein. It was also observed that the 
consolidated specimens were still not fully-saturated, as they were seen to contain some air 
bubbles. This would also be the case on deposition of the tailings from the end of an elevated 
pipe in the field. 

 

   
 

(a)                  (b) 

Figure 6: Specimens removed from cell at completion of: (a) Test 2, and (b) Test 3. 

 

The settling of the slurry resulted in the segregation of particles in each of the three layers 
placed, with the coarser-grained particles settling rapidly towards the base of each layer, and the 
finest-grained particles settling last on the top of each layer. The presence of fines on the top of 
the specimen is likely the cause of the build-up of pore water pressures on initial loading, until 
pathways through them develop via essentially hydraulic fracturing and bypassing along the 
wall of the cell (Dobak et al. 2015). Figures 7 (a) and (b) show the top of the specimen removed 
from the slurry consolidometer cell at the end of Test 3. A layer of fines on top of the specimen 
is clearly seen, and the variation in particle size between the top fines layer and the underlying 
coarser-grained tailings is clear in Figure 7. 
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(a)                  (b) 

Figure 7: Top of specimen after Test 3, showing: (a) layer of fines, and (b) underlying coarser particles. 

5 DISCUSSION 

The following sections present a preliminary analysis of the results of the slurry consolidation 
tests based on a presumed effective stress distribution with depth through the specimen to allow 
the estimation of average hydraulic conductivities. 

5.1 Effective stress 

Assuming a parabolic distribution of pore water pressure and wall friction with specimen height, 
the distribution of stress with specimen height will also be parabolic, as shown in Figure 8. 
Parabolic stress distributions are a reasonable assumption given that the top of the specimen is 
the only drainage boundary, and wall friction will be highest towards this boundary. 

 

 
Figure 8: Assumed parabolic distribution of stress with specimen height. 
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Based upon an assumed parabolic stress distribution, the average applied stress over the height 
of the specimen av is given by: 

 

av = top - (2/3) (top - base) (1) 
 

where σtop is the applied stress at the top of the specimen, and σbase is the stress measured at the 
base of the specimen. 

From Equation (1), the average effective stress ’av over the height of the specimen is given by: 

 

’av = av – (2/3) ubase (2) 
 

where ubase is the excess pore water pressure at the base of the specimen. 

Figure 9 shows the estimated average effective stress with time normalised by the total test 
duration for the three slurry consolidometer tests. It can be seen in Figure 9 that the initial 
average effective stress is zero until the pore water pressures begin to dissipate, and that this is 
retarded for about one third of the test duration due to the incremental increase in the rate of 
loading. 

 

 
Figure 9: Estimated average effective stress with normalised time for the slurry consolidometer tests. 

5.2 Hydraulic conductivity 

The average hydraulic conductivity of the slurry consolidometer specimens may be estimated 
using Darcy’s Law: 

 

k = q / (A.i) (3) 
 

where k is the hydraulic conductivity, q is the volumetric rate of seepage, A is the cross-sectional 
area of the specimen, and i is the hydraulic gradient. 
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Assuming i = 1, a reasonable assumption since only limited water collected of the top of the 
piston, and that the change in volume of the specimen is equal to the water released, the average 
hydraulic conductivities over the period during which the initial excess pore water pressure 
dissipates in each of the slurry consolidometer tests may be calculated. Table 5, presents the 
estimated average of hydraulic conductivities for the initial parts of the three slurry 
consolidometer tests. 

 
Table 2: Estimated hydraulic conductivity. 

________________________________________________________________________________________________________ 

Test   Dissipation time (min)   Change in the volume (m3)   Hydraulic conductivity (m/s) 
________________________________________________________________________________________________________ 

 1      225         0.0001413            6E-07 
 2      168         0.0004594            3E-06 
 3      300         0.0002650            8E-07 
Average     231         0.0002886          1.5E-06 
________________________________________________________________________________________________________ 

 

There is acceptable agreement between the estimated hydraulic conductivities for the three 
slurry consolidometer tests. Furthermore, the values obtained are in agreement with typical 
hydraulic conductivities for coal tailings of up to 1E-06 m/s (Williams 2005). 

6 CONCLUSION 

In the laboratory, settling and consolidation testing of tailings to assess their storage volume 
requirements are conventionally carried out in quite separate apparatus, with no over-lap 
between them. A laboratory settling column test is typically used to estimate the settling 
behaviour of a given tailings slurry from a relatively low solids concentration, and laboratory 
consolidation testing of tailings is typically carried out in an oedometer or a Rowe cell, which 
generally require the specimen to be self-supporting; that is, soil-like rather than slurry-like. 

This paper describes three combined settling and consolidation tests performed on a particular 
coal tailings at an initial solids concentration of 22 to 23% by mass, representative of thickened 
coal tailings discharged to a surface TSF, in a purpose-built slurry consolidometer. The 
thickened coal tailings were collected from Jeebropilly Coal Mine in the Ipswich Coalfields of 
south-eastern Queensland, Australia. In each of the slurry consolidometer tests, different 
continuous loading sequences were applied to determine what would adequately represent the 
rate of rise of tailings in the field, while minimising the total test duration. For the particular coal 
tailings tested, a constant rate of loading appears optimal, and can be as high as 0.2 kPa/min, as 
applied in Test 3, since this reduces the duration of laboratory consolidation to only 1 day, 
without compromising the data obtained (induced excess pore water pressures largely dissipated 
during the course of the test). In the field, the equivalent 25 m height of tailings would result in 
correspondingly slower rates of consolidation due to the 100-fold greater flow path length. 

It is considered that the slurry consolidometer offers a powerful new apparatus for the combined 
settling and consolidation testing of tailings to estimate their volume storage requirements in the 
field. Further testing with the apparatus is required to further optimise the test methodology and 
to further develop the interpretation and analysis of the data obtained. The use of the apparatus 
then needs to be extended to a range of tailings types. 
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ABSTRACT 

In order to reclaim ultra-soft tailings (e.g. oil sands) ponds great amount of research and 
technology work has been performed over the years to optimize the dewatering and 
consolidation of Fine Fluid Tailings (FFT), including the use of different chemical flocculants 
and mechanical deposition approaches.  Yet, traditionally flocculation, hence settling, and 
consolidation are treated as two independent processes. Here integrate these two processes, 
proving how implementation of certain types of flocculants influences the consolidation rates 
and strength of the deposit.     

Laboratory studies on small scale settling columns carried out at Deltares tested the settling and 
consolidation rates, and the strength development of FFT samples treated with different 
flocculants dosage under different water chemistry and pH conditions. These systematic tests 
revealed distinct correlations between flocculation and consolidation and strength properties. 
These studies also enabled us to find specific laboratory and analytical tools to assess the 
relevant properties of the tailings. We will show that using what is generally called "zeta 
potential” (in fact “electrophoretic”) measurements allow obtaining fast and reliable information 
about the tailings’ composition, such to estimate the required flocculant dose to optimize 
geotechnical properties. This, combined with the analytical methods to estimate consolidation 
rates from settling column, allowed us to distinctly correlate flocculation with consolidation. 

Keywords: correlating flocculation with consolidation, dewatering, zeta potential, flocculant 
treatment 

1 INTRODUCTION 

Different technologies are used to accelerate settling of Fine Fluid Tailings (FFT) across mining 
industries, e.g. the use of centrifugal force and polymers to speed removal of process water from 
the fluid fine tailings; a filtering technology to dewater tailings before they are deposited in the 
ponds increasing the proportion of solid content; and, addition of CO2 to the tailings line to 
increase dewatering (Canadian Association of Petroleum Producers (www.capp.ca); Canada’s 
Oil Sands Innovation Alliance (www.cosia.ca)). 

The importance of the material composition (i.e. amount and type of fines / clay) and its 
evolution over time has been recognized, which led to a large increase in research in this area 
over the past years. Numerous studies headed in the direction of understanding the optimal use 
of chemical additives (such as polyelectrolytes, often called “flocculants”) to enhance process 
water clarity, tailings dewatering and strength development (Novak and Langford,1977; Mpofu 
et al., 2003). 
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In the present study, we extend the knowledge on flocculation to its correlation with 
consolidation. Specifically, we study the impact of two different types of flocculant on the 
settling and consolidation properties of flocculated natural fine sediments. Ongoing experiments 
at the Deltares Physical Laboratory using the same methods to oil sands FFT will allow 
comparing the finding of this paper to oil sands tailings (completion date around end of 2015). 

In particular, the “bridging” of polymers to fine particles) is linked to the study of the interfacial 
properties of the fine sediments-polymer system in terms of electrophoretic mobility (zeta 
potential) measurements. The zeta potential has proven to be a good indicator for predicting the 
changes (changes in particle size, density and floc strength) of fine sediments materials as a 
function of the fluid properties (changes in salinity, pH, shear stresses) (Chassagne et al., 2009; 
Ibanez et al., 2015; Mietta et al., 2009; Liu et al., 2002; Hu et al., 2003). We will show that these 
changes can in turn be related to changes in settling and consolidation behavior (Merckelbach 
and Kranenburg, 2004; Merckelbach et al., 2002; Winterwerp, 2002).  

2 MATERIALS AND METHODS 

2.1  Materials 

Two different commercially available flocculants from the company BASF were used in the 
experiments. These flocculants are from the product line Zetag, which are dry powder 
flocculants. The cationic flocculant is a high charged polymer with medium molecular weight. 
The anionic flocculant is a medium charged polymer with high molecular weight. 

The tests were done with very fine sediments which composition is quartz, calcite, anorthite and 
muscovite. The average size of the sediment particles is 6 microns and was determined by Static 
Light Scattering. All experiments were done in tap water with a conductivity of 0.5 ms/cm. 

2.2  Electrophoretic mobility measurements (Zeta Potential) 

The electrophoretic mobility of the suspensions was measured using a ZetaNano ZS device, at 
the Physical Laboratory of Deltares, The Netherlands. This mobility is measured using a 
patented laser interferometric technique (Zeta Sizer Nano Serie System 3.0 Operating 
Instructions) known as M3-PALS (Phase Analysis Light Scattering). The electrophoretic 
mobility values (typically in m2/V s units) are given as zeta potential values (V) using the 
Smoluchowski formula:  , where  is the called the electrophoretic mobility 
(velocity of the particle  (m/s) divided by the applied electric field strength  (V/m)) of the 
particle,  is the viscosity of the suspending liquid,  is the dielectric constant of the suspending 
medium, and  is the zeta potential (Hunter 1981). The zeta potential can be used as a proxy for 
the coagulation/flocculation ability of clay and non-clay minerals. When the charge is low 
(nearly zero) coagulation/flocculation is promoted, when it is large (positive or negative) 
coagulation/flocculation is inhibited (Chassagne et al., 2009; Ibanez et al., 2015; Mietta et al., 
2009).  

The zeta potential measurements were carried out as a function of concentration of 
polyelectrolyte in solution.  

2.3 Settling and consolidation test 

With the settling column test the settling behavior of sediments can be recorded with a digital 
camera. The lay-out consists of 3 Perspex tubes with an inner diameter of 0.12 m and a height of 
1 m, preferably placed in a temperature-controlled room.  

At the start of an experiment the column(s) are filled with sediment suspensions. The starting 
time of all columns is synchronized by re-stirring (gently) all columns for a short while after the 
last column has been filled. After the water has come at a stand-still the camera recording is 
started. Pictures were taking automatically at fixed time interval for the entire duration of the 
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experiment (i.e. 4 to 6 weeks).  From the image the interface between clean water and sediment 
bed as function of time is obtained. 

3 RESULTS AND DISCUSSION 

Figure Error! No text of specified style in document..2 and Figure 3.2 illustrate the results 
obtained when studying the settling velocity of flocculated fine sediments (10 g/L sediments) 
and the zeta potential of fine sediemnts particles (0.1 g/L sediments) as function of the amount 
(mg) of added polyelectrolyte. The first experiments are done with a cationic flocculant while 
the second an anionic flocculant. For both experiments the ratio flocculant/sediment (mg/g) was 
the same.  The sediment concentration used in the zeta potential measurements is very low (even 
though the ratio of flocculant to fine sediments is the same in the flocculation and zeta potential 
experiments). This is done in order to insure that at the time-scale of the experiment no 
flocculation occurs in the zeta potential measurements. Zeta potential experiments are 
performed in order to estimate the coverage of individual sediment particles by flocculant. 
Given this coverage, we will show that information can be gained about the flocculation 
behaviour of these particles for the higher sediment concentrations. 

3.1  Cationic flocculant 

Three regions can be defined: 

1. Underdosage of flocculant: For lower dose, the repulsive forces between particles
(negatively charged in the absence or low amount of cationic polymers, implying
negative zeta potentials) do not allow flocculation, and hence settling is minimal.

2. Optimal dosage: Cationic polyelectrolytes attach to the negatively charged
particles, neutralizing their electrokinetic charge and making aggregation possible.
At neutral zeta potential, flocculation is optimal and the supernatant is clear,
indicating that the optimal polymer coverage is reached and the settling velocity is
the highest.

3. Overdosage of flocculant: When the optimum dose is exceeded, flocculation still
occurs, but at a lower rate. This is caused by the “excess” of positive charges at the
fine sediment surface, which increase the time for positive particles to encounter a
negatively charged zone. The resulting flocs are large because of their high
polymers content (particles bind with many polyelectrolytes in between them).
When the flocculant dose is further increased, the particles become highly positively
charged (positive and large zeta potentials), resulting in mutual steric repulsion, and
a decrease in the settling velocity.
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Figure Error! No text of specified style in document..1 Settling rate and zeta potential measurements as 

function cationic polymer concentration. 

 
278



3.2 Anionic flocculant 

For anionic polymer (Figure Error! No text of specified style in document..2) the zeta potential 
is always negative and increases in absolute value with concentration of flocculant, as more and 
more polyelectrolyte “glue” to the sediment particles. Contrary to cationic flocculant, no optimal 
flocculant dose (zero zeta potential) can therefore be determined from zeta potential 
measurements. The reason is that anionic polyelectrolytes bind differently to sediment than 
cationic polyelectrolytes. In the case of cationic polyelectrolytes, the binding of the 
polyelectrolyte to the sediment is due to Coulombic attraction (positive charge of the flocculant 
and negative charge of the sediment are mutually attracted). At optimal flocculant dose, the 
flocculation is enhanced by the charge neutralization of the sediment particles coated by 
polyelectrolyte (Ibanez et al., 2015). 

In the case of anionic polyelectrolyte, it was shown that the binding of the negatively charged 
polyelectrolyte to the negatively charged sediment could only occur in the presence of free 
cations contained in the water (Ibanez et al., 2015). These cations do not induce coagulation in 
the case studied here as their concentration is too low (tap water was used), but serve as 
“bridges” between the flocculant and the fine sediments. Flocculation then occurs by another 
bridging mechanism, namely the attachment of two (or more) sediment particles to the same 
polyelectrolyte: 

 sediment – cation – polyelectrolyte – cation -sediment 

This type of flocculation is promoted in the case of long polyelectrolyte (i.e. polyelectrolyte 
with a high molecular weight, as in the present study). 

Three regions can also be defined: 

1. Underdosage of flocculant: For lower dose, the repulsive forces between particles 
(negatively charged) do not allow for substantial flocculation, and hence settling is 
minimal. When the amount of anionic polymers increases, flocculation is made 
possible through the bridging mechanisms described above. 

2. Optimal dosage: The zeta potential in this region does not vary; it is around -28 mV.  
Flocculation is optimal and the supernatant is less turbid. Contrary to cationic 
flocculation, the supernatant is not clear, indicating that many fine sediments 
particles remain unflocculated. This is due to a deficit of cations in the water: we 
tested that in more saline water the supernatant clarity increased dramatically with 
salinity, as more and more fine sediments particles could bridge to polyelectrolytes 
via cation links. 

3. Overdosage of flocculant: More and more polyelectrolyte is present in the water, 
unbound to fine sediments, due to cation shortage. The zeta potential decreases 
strongly. This decrease does not correspond to the adsorption of polymer to 
individual sediment particles. As the polymer dose increases a gel starts to form and 
the electrophoretic mobility of the fine sediment particles are altered as they have to 
move in a gel and not in water. The mutual steric repulsion between fine sediments 
and polyelectrolyte and the increased viscosity of the suspending medium leads to a 
decrease in settling velocity. 
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Figure Error! No text of specified style in document..2  Settling rate and zeta potential measurements as 
function anionic polymer concentration= 

3.3 Settling columns 

Figure Error! No text of specified style in document..3 shows the interface between clean 
water and sediments as function of time during the settling columns experiments carried out 
with optimum flocculant dosage as highlighted by the zeta-potential study: 70 mg/L for the 
cationic flocculant and; the optimum 5 mg/l for anionic flucculant, The settling is faster and the 
water (supernatant) is clearer when cationic polymer is added than when anionic is used. The 
height of sediment beds at the end of the consolidation test is shown in Figure 3.4. The bed 
height at the end of the consolidation experiment is the highest when cationic polymer is used. 
However, the cationic polymer makes a fluffier layer and consequently its strength is lower. The 
reason is linked to the study presented above, namely that flocculation by cationic 
polyelectrolyte is due to Coulombic attraction. This results in DLA (Diffusion Limited 
Aggregation) which is known to produce large open flocs (Witten, 1981).  With data from the 
consolidation test the permeability and strength parameter can be obtained (Merckelbach and 
Kranenburg, 2004; Merckelbach et al., 2002; Winterwerp, 2002).  = 

 

Figure Error! No text of specified style in document..3 Height interface between clean water and 
sediments as function of time. 
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Figure 3.4 Pictures of the consolidation tests at the end of the experiment. Picture on the left contains 30 
g/l sediment, middle picture is 30 g/l sediment with 70 mg/l cationic flocculant and picture on the right 

panel is composed of 30 g/l sediment and 5 mg/l anionic flocculant. 

Relative permeability and effective stress parameters are given in Table Error! No text of 
specified style in document..1 Permeability and effective stress parameters after Merckelbach 
and Kranenburg (2004).. The formulas used to obtain effective stress and permeability are 
shown below (Winterwerp, 2002): 

Permeability:   (eq.1) 

Effective stress:     (eq.2) 

When cationic polyelectrolyte is used the permeability parameter is the lowest. In addition, the 
bed sediment height is higher and less compact, resulting in a lower effective stress.  

When the consolidation test is performed with anionic polymer the permeability obtained is 
smaller, although it is still higher than the one obtained from the sediments alone. The sediment 
bed formed has almost the same height than the one obtained from the fine sediments alone. The 
sediment bed is more compact than the bed formed by cationic polymer. The effective stress of 
this bed is larger than the bed formed with cationic but it is still lower than sediments. 
Table Error! No text of specified style in document..1 Permeability and effective stress parameters after 

Merckelbach and Kranenburg (2004). 
Sample Permeability 

parameter  
Kk [m/s] 

Effective stress 
parameter 
Kp [Pa] 

Permeability 
[m/s] 

Effective 
Stress 
[Pa] 

Fractal 
dimension 
Nf 

30 g/l sediment 2.4 e-13 6.2 e+06 2.36 e-24 0.00102 2.63 
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Sample Permeability 
parameter  
Kk [m/s] 

Effective stress 
parameter 
Kp [Pa] 

Permeability 
[m/s] 

Effective 
Stress 
[Pa] 

Fractal 
dimension 
Nf 

30 g/l sediment 
+ 70 mg/l 
cationic 

4.6 e-18 2.2 e+13 2.22 e-37 0.00012 2.79 

30 g/l sediment 
+ 5 mg/l anionic 

5.6 e-15 2.0 e+09 1.82 e-29 0.00025 2.72 

4 CONCLUSIONS 

This study correlates flocculation to consolidation and strength development properties 
(indicated here as effective stress).  It was shown that the flocs properties (linked to the 
flocculant properties used to create them) determine the settled bed consolidation and strength 
properties.  

 In particular, the combination of all the tests performed enables to link the physics properties 
(settling / consolidation) of the flocculated material with the geo-chemical properties 
(polyelectrolyte dosage, water chemistry) of the suspending medium. It was confirmed that zeta 
potential measurements provide useful information on the flocculation and settling behavior of 
the material. In particular, it provides a good method to identify the optimum flocculant dosage 
in the case of cationic flocculant. As zeta potential measurements are fast, easy and relatively 
cheap to perform, their systematic use will provide to be an asset for further investigation. Even 
though this preliminary flocculation study was done on a model system, it was already 
demonstrated (Ibanez, 2014) that zeta potential measurements could be useful in the case of 
coagulation of TFT.  

The general results for anionic and cationic polyelectrolyte aided flocculation are: 

Cationic polyelectrolyte: the zeta potential measurement has a clear relation with the settling 
rate. When the zeta potential is close to zero the settling is fastest, this point gives the optimal 
dose of polymer. Settling is improved by cationic polymers, resulting in a clean supernatant. 
Since the flocculation is induced by Coulombic attraction, the aggregation is diffusion-limited 
(DLA), resulting in open flocs with relatively thick settled bed. The permeability parameter is 
low as it is the effective stress.  

Anionic polyelectrolyte: the zeta potential measurements give an indication of the 
polyelectrolyte coverage of individual sediment particles. When this coverage is low, the 
settling rate is low. However, aggregation by anionic polyelectrolyte requires the presence of 
free cations in the water. From very systematic experiments (varying both fine sediment and 
polyelectrolyte doses), it was shown from zeta potential measurements that flocculation is 
limited by the availability of cations (Ibanez, 2015). It is important to note that the concentration 
of cations required to achieve flocculation is below the concentration required for coagulation. 
The structure of the obtained flocs is different than cationic flocs, as they are more compact, 
resulting in a stronger bed with higher stress and a higher permeability than for the cationic bed. 

These results are based on natural (river) fine sediments material. Similar experiments are 
ongoing in our laboratory for Oil Sands FFT.  
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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, consolidation, 
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 describes 
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, 
elimination 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. 

It also presents potential issues with thickener implementation within the Oil Sands industry due 
to the nature of feed and material variability, difficulties in depositing material in the short term 
and long term and drying material efficiently. 
Keywords: thickener, deposition, operations, beach, segregation, lessons, plan 

1 INTRODUCTION 

Around the world many mining operations are managing their tailings depositions using 
thickened 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 encountered 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. However 
there are many complications that can arise downstream of the thickener. This paper presents 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 discussion 
about the key drivers contributing to tailings performance is also presented. Understanding these 
challenges and drivers is critical in developing successful tailings solutions. Useful experience, 
observation and case histories are also presented and the material is encapsulated in a conceptual 
tailings deposition plan. 
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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. Sometimes 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 satisfactory 
underflow, suitable for problem-free deposition. While the majority do not represent outright 
failure of the technology, the challenges should be examined for possible solutions and learnings 
that can help the industry grow. 

There are numerous perceived benefits to utilising a thickened tailings scheme, including 
increased 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 
being 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: upstream 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 
mining industries. 

3.1 Solids content of thickener underflow 

The solids content of thickener underflow defines the initial solids content for tailings 
deposition. The solids content (alternatively measured as slurry relative density) directly affects 
rheology, slurry yield stress and beach slope (Addis and Cunningham, 2010; Wates et al., 1987). 
A recent development has been the introduction of a shear thinning loop, which enables the 
thickener operator to generate a higher solids content for the underflow, while limiting the yield 
stress of the slurry (and associated rake torque), to a manageable maximum inside the thickener. 

Generation of slurries of low relative density (in other words containing excess water) has 
historically 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 profile (in which a relatively consistent lift thickness is established from the head to toe of 
the beach).  
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Off-specification deposition in which solids contents 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. 

Off-specification deposition in which solids contents is too high, while more unusual, may lead 
to pumping and pipeline failure, development of unfavourable beach slopes, loss of capacity, 
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. Strict control of feed variation is fundamental to sound beach deposition 
practice. 

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 
flocculant, 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 amendment, 
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 unfavourable 
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 complex, 
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 {now Alberta Energy Regulator}, 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 
distribution. Beach geometry is influenced primarily by the properties of the tailings at 
discharge, operational 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 tailings 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 
control of subsequent deposition cycles. 
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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 
additional 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 
requirements. 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. 

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 
surficial 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 
challenges 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 bottom 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). 

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 
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thickened tailings, fines can be related in the same way to key deposit behavior including 
consolidation, 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 TECHNICAL RATIONALE BEHIND THE KEY CHALLENGES 

The following provide non-exhaustive technical rationales behind a few key challenges within 
the mining industry. 

4.1 Consolidation 

Rate of consolidation can typically be expressed by a coefficient of consolidation, which is 
proportional to the hydraulic conductivity, and inversed proportional to the coefficient of 
volume change. In general, the higher the hydraulic conductivity, the faster the consolidation 
process will be. The hydraulic conductivity for typical oil sands TT is shown in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The hydraulic conductivity of the oil sands TT exponentially decreases with solids content; and 
as the solids content approaches the liquid limit (60 to 65% solids content), the hydraulic 
conductivity of the tailings approaches 10-8 m/s, which is a typical value for a landfill clay liner 
(Alberta Environment, 2010). The low hydraulic conductivity of the tailings is one of the key 

Figure 1. Hydraulic conductivity for oil sands TT SFR~1. 
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challenges in attempting to consolidate the tailings beyond the liquid limit as required by 
Alberta Energy Regulator. 

Since the consolidation behaviour of typical TT is problematic and slow, various attempts have 
been made to improve the hydraulic conductivity of TT (Yuan and Shaw, 2007; Demoz et al., 
2010; Mohler et al., 2012; Stewart et al., 2012). Although some success has been achieved in a 
laboratory-scale experiment, the enhancement is typically limited during the sedimentation 
phase; and there is little to no improvement during the consolidation phase (Scott et al., 1985; 
Jeeravipoolvarn et al., 2009). Moreover the enhanced hydraulic conductivity tailings can be 
more sensitive to shearing during deposition. Thickened tailings products therefore require 
robust characteristics that can be demonstrated both in laboratory and field conditions. Several 
research programs are currently underway to develop the use of chemicals in enhancing 
consolidation (Moffett, 2010; Soane et al., 2010; Sobkowicz et al., 2013). In addition, strategic 
tailings deposition and drainage schemes have been implemented in an attempt to accelerate the 
process of consolidation (Costello et al., 2010; Shaw et al. 2010; Mikula et al., 2010; 
Jeeravipoolvarn et al., 2010). 

4.2 Segregation 

Segregation or particle sorting impacts various aspects of tailings design and management (e.g. 
beach slope, consolidation, fines capture, etc.). An approximated static segregation boundary for 
oil sands thickened tailings from data obtained in literature (Donahue et al., 2008; Sorta et al., 
2010; Jeeravipoolvarn et al., 2010) is shown in Figure 2. 

Currently oil sands operators produce TT product at a fines content of about 50% and a solids 
content of about 50%. At these values, the TT is located marginally below the static segregation 
boundary of TT shown in Figure 2. However, the dynamic segregation boundary for the tailings 
is known to be significantly below the static one, and is a function of the shear energy applied to 
the sample. This implies that tailings deposition must be conducted under a controlled level of 
shear stress to prevent segregation. Several technologies are currently under investigation, 
including using a tremie diffuser (Costello et al., 2010), or the application of chemical solutions 
to prevent segregation (Moffett, 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Approximated static segregation boundary for oil sands TT. 
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4.3 Shear strength and beach slope stability 

One of the key components of the design of tailings impoundment is beach slope stability. Many 
TT deposits form a gentle beach slope whether by design, or otherwise. However, the presence 
of a slope may introduce a risk of beach slope instability and other more serious repercussions 
such as perimeter dyke overtopping with either the supernatant fluid or the tailings itself. It is of 
primary importance as tailings deposition schemes are looking to reduce land use by stacking 
deposits higher.  

The introduction of paste disposal schemes and steeper beach slopes has placed a greater 
premium on stable tailings beach deposition. Beach slope slumps and failures and material 
movements that suddenly mobilise a large portion of the tailings deposit are to be avoided. 
Figure 3 provides an example of an infinite slope stability calculation for a range of beaching 
angles. Based on a number of reasonable and representative parameters for an oil sands TT, it 
shows that the minimum shear strength required for a notional weaker layer within a stable 
deposit increases with deposit thickness or depth from surface to the weak layer. Unsurprisingly, 
it also illustrates that the minimum strength requirement increases with increasing deposit slope. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Maximum shear strength for a factor of safety of 1.0 versus depth to weak layer for several 
slope angles. 
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The infinite slope stability analysis demonstrates the importance of strength development in a 
tailings deposit and shows that the development of strength in a tailings deposit dictates how 
thick and how steep a deposit can be established. This highlights the fact that each layer in a TT 
deposit needs to be designed to allow material to gain adequate strength before stacking, and to 
limit the total stacked deposit height to prevent flowing or sliding. The actual design of the 
deposit, however, must also be based on consideration of other important 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, 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 
development using geotechnical instrumentation; evaluating the design and the exercise of 
professional judgement; 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 
trafficability 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). 

5 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 
experiences highlight the consequences of the challenges described earlier. 

5.1 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 
deposition 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 objectives. 

5.2 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 
disposal of any excess fluid. Excess fluids could include wash water, overflows, and flushing 
water 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. 
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5.3 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 
optimal conditions. This is simply untrue. In almost all cases the thickener operators are 
profoundly 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 
 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 
below 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 paste thickeners. 

5.4 Thickeners work better 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, 
generating 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 subsequent 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 
milling results in hard rock tailings usually generate 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 process 
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 
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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 conductivity of the mud bed – the conductivity 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 is depends on the sedimentation and 
consolidation properties of the solids within the feed. Since there are essentially two 
independent processes occurring within a thickener under dynamic operation i.e. sedimentation 
of the flocculated 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 
processes into account. 

5.5 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 
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 operations where 
thickening infrastructure is already in-place as there would be significant capital costs for a 
green field project. 

5.6 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 
reduced power consumption of the overall tailings delivery pump system are apparent. 

5.7 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 
performance of thickeners due to inadequate thickener control. 

5.8 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 
construction 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, 
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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. 

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 gathering 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. 

6 A SUCCESSFUL THICKENED TAILINGS DEPOSITION PLAN 

A successful thickened tailings deposition plan is a systematic approach to all aspects that 
influence the performance of the tailings deposit. Some of the primary elements are listed below. 

6.1 Dyke construction schedule 

Dyke construction should be planned at least three years in advance of requirements. Any 
requirement 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 
continuing to maintain the required freeboard. At least six months of contingency space should 
be maintained. 

6.2 Embankment stability 

This item is one of the critical elements. In the case of the oil sands, the rigorous implementation 
of the observational approach is vital in ensuring risk-appropriate and cost-optimized 
containment 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. 

6.3 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).  

6.4 Off-specification intervention plan 

Items include tailings line sanding-out or failure; design and operator interventions; 
interventions 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 
precipitation events through sound drainage and decanting techniques; development of a 
conservative deposition cycle; discharge control; and allocation of storage space for off-
specification discharge, recovery and remediation. 

6.5 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), 
surface crack depth and density and deposit shear strength. 

6.6 Beach deposition 
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The paragraphs above have shown the critical role of beaching in facilitating tailings deposition, 
in allowing dewatering and consolidation, in controlling segregation and in maintaining 
stability. Effective beaching deposition practice is usually a strong indicator of a successful 
tailings scheme. 

6.7 Maximizing drying efficiency 

In cold weather or short summer season climates (such as northern Alberta) 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 behavior of this layer will dictate how soon operations can begin in the 
spring. It is also critical to adjust the deposition schedule based on deposit performance. In 
general lifts require more drying time during the shoulder seasons than in the summer. However, 
this is not a justification for depositing thicker lifts in the summer months for reasons described 
herein. 

6.8 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. 

6.9 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 and static liquefaction. This is not to say that it should not be attempted: the rewards 
are clear, but the attendant risks should be carefully managed. 

6.10 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. 

6.11 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. 
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6.12 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.

7 CONCLUSION 

The technology of tailings thickening has developed over the past decades to become 
synonymous with the successful international practice of mining and extracting many minerals, 
including gold, copper, platinum, diamonds, coal, and other precious and base metals. The 
industry 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. 

The Alberta Oil Sands are venturing into utilising conventional tailings thickening schemes. As 
in other mining areas, early operation has been met with challenges. It would be a pity if the true 
benefit of conventional tailings thickening is overlooked 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 
interventions for local thickened tailings deposition challenges. 
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Pseudo 3-D deposition and large-strain consolidation modeling of 
tailings deep deposits 
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ABSTRACT 
The design of deep deposits requires the numerical modeling of large-strain consolidation to 
represent the release of water with time. Such numerical modeling in the state of practice has 
traditionally involved the practice of running a single 1-D large-strain consolidation numerical 
model at the center of the deposit and inferring long-term performance from such numerical 
modeling. The difficulties with such a methodology are that the 3-D effects of depositing in a 
tailings facility are not fully considered. Full 3-D numerical modeling of the large-strain 
consolidation process has been performed however it remains technically challenging to model 
the deposition process in a 3-D model. Therefore the present paper presents using the pseudo 3-
D methodology and coupling it with a depositional model in order to obtain an accounting for 
the 3-D effects of such a numerical analysis. The deposition process is represented through a 3-
D methodology to determine the true surface of the tailings. The consolidation process is 
modeled through a discretization of the consolidation models into a series of 1-D numerical 
models such as to represent the final surface as a 3-D representation of the consolidation models 
vs. time as well as the tailings volumes as a function of time. The methodology is outlined in the 
paper and its utilization in a typical case study is examined. 

1 INTRODUCTION 
Accurately modeling the combined processes of tailings deposition and large-strain 
consolidation in a deep deposit is challenging. By optimizing the design of the tailings facility 
the cost benefits and profit increases gained by operators can be substantial. 

Several methodologies for modeling the concurrent deposition and consolidation of tailings 
have been implemented with varying degrees of success. One-dimensional models can 
accurately describe the consolidation process including the non-linear nature of the material 
properties but they fail to represent the three-dimensional geometric features of the tailings 
facility. On the other hand, three-dimensional models represent the geometry of the facility well 
but modeling the depositional process can be challenging. 

A pseudo 3-D methodology (Coffin, 2010) that addresses these issues is described and a case 
study that demonstrates its use in the form of a numerical software package will be presented. 

2 DEPOSITIONAL SCENARIO 
The timeline of a pseudo 3-D analysis is described in terms of a set of sequential stages. Each 
stage has a time duration, an action, and if applicable a filling rate and material. The sum of the 
individual stage durations defines the total simulation time. The stage action can be either 
deposition or quiescent. If the stage action is deposition then the filling rate and material type to 
be deposited must be specified. This means that each stage can have a different filling rate, 
different material, and different depositional surface shape. The depositional surface can have 
one of the following three shapes: 

1. Constant elevation 
2. Elevations calculated based on a user-defined slope radiating from the deposition 

point 
3. Elevations defined by a user-imported surface in the form or a grid or triangulated 

mesh 
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For a deposition stage action, the depositional surface is calculated based on the user-chosen 
shape, the filling rate of material, and the time duration for the given stage. Together the filling 
rate and deposition time are multiplied to calculate the volume of material to be deposited 
during the stage. 

For the user-defined slope shape a sequence of deposition points is used to simulate deposition 
from specific locations on the perimeter of the depositional area. A conical shape with slope 
equal to the user-defined value is radiated outward from each deposition point until the surface 
covers the entire depositional area. Currently, the deposition points are assumed to all have the 
same slope and equal filling rates for a given stage. Therefore, the volume of material deposited 
for a given stage is divided equally between all of the deposition points. Also, deposition is 
assumed to be simultaneous from all deposition points for the duration of the stage. Deposition 
points are not applicable to the constant elevation and user-imported surface shapes. 

The user-chosen shape of the depositional surface and the deposition points are used to fully 
define all of the elevations in the depositional surface. An iterative algorithm is used to search 
for the elevation of the depositional surface such that the volume enclosed by the depositional 
surface, the ground surface, and the depositional boundary is equal to the volume of material to 
be deposited. The layer thicknesses over time for each 1-D numerical model are determined by 
interpolating the elevation on each depositional surface at the 1-D numerical model’s location. 

3 PSEUDO-3D METHODOLOGY 
The following methodology is described based on its current implementation in SoilVision 
Systems Ltd. Tailings Management Planner Software (SoilVision TMP software). This software 
is currently under development but able to be run for consulting project analysis. 

There are several geometric components that form the basis for a pseudo 3-D analysis of a 
tailings management facility (TMF). First, a ground surface in the form of a grid or triangulated 
mesh is used to represent the topology of the TMF prior to the deposition of tailings.  Second, a 
depositional boundary is used to define the extents of the area where deposition is to occur.  
These two components define the lower and outer bounds of the depositional area. The upper 
bound is defined by the shape of the depositional surface. The depositional surface may have a 
constant elevation, elevations calculated based on a user-defined slope, or have elevations 
defined by a user-imported surface in the form or a grid or triangulated mesh. Sample geometry 
with each of the geometric components present is shown in Figure 1. 

 

 
Figure 1:  Pseudo 3-D analysis geometry showing ground surface, depositional boundary, and 

depositional surface 
  

Pseudo 3-D numerical modeling divides the bounding box of the depositional boundary into a 
grid of 1-D numerical models. Each “cell” of the grid represents a single isolated 1-D large-
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strain consolidation numerical model. Only cells that lie within the depositional boundary are 
included in the analysis (Figure 2). SoilVision TMP software utilizes the SVFLUX GT / 
SVSOLID GT 1-D large strain consolidation software to solve each large-strain numerical 
model (SoilVision Systems Ltd, 2015). This product has been rigorously tested and verified on 
many consolidation models (SVFLUX™/SVSOLID™ Large-strain consolidation verification 
manual). 

 
  

Figure 2: Depositional boundary divided into grid of columns 

The individual 1-D numerical models are scheduled based on the depositional layering scenario 
for each model and based on their location in the 3-D deposit. In other words, the layer 
thicknesses and their construction times required by the 1-D numerical model are calculated 
based on the location of the column in the deposit and the depositional surface at a given point 
in time. 

Calculations for computing the volume of material in the facility are based on the sum of the 
volumes of each individual 1-D column. Specifically, the top of each column is the interpolated 
elevation on the depositional surface at the column’s center points. The bottom of each column 
is the interpolated elevation on the tailings ground surface at the column’s center point. The area 
of the column’s top flat surface is multiplied by the height of the column to give a volume for 
the column. The total volume is calculated as the sum of the individual column volumes. The 
accuracy of the volume calculations is dependent on the number of column used in the analysis. 

Upon completion of the consolidation analysis the layer elevations at every stage for each 
column are stored. For each stage in the simulation the relevant layers for each column are 
displayed creating a 3-D surface effect. Also, for each stage the volume of tailings in the facility 
is calculated and displayed. 

The pseudo 3-D analysis is performed to provide an indication of the final topology of the 
deposit at various future times. The simulation includes the effect of consolidation on the 
pseudo 3-D columns. In this modeling methodology each of the 1-D numerical models only 
considers vertical flow and stress distribution. Lateral flows or stresses between the columns are 
not considered. Pseudo 3-D analysis is ideally suited for facilities with a high horizontal to 
vertical ratio in their geometry. In a full 3-D analysis it is sometimes difficult to get sufficient 
resolution in the vertical direction in the finite element mesh to maintain solver stability.  

Pseudo-3D analysis alleviates this problem. 

3.1 Discretization Errors 
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As with any numerical simulation there are errors associated with approximations made in the 
simulation. In the presented pseudo 3-D methodology, the discretization of the tailings facility 
into a grid of columns introduces the largest source of error in the numerical simulation. This 
error in approximating the 3-D geometry of the tailings facility presents itself as an error in the 
volume calculations. Increasing the number of columns in the pseudo 3-D analysis will decrease 
this error because the 3-D aspects of the tailings facility geometry will be more closely 
approximated. 

The user can control the error associated with the volume calculations using one of two 
methods: 

1. Specify a relative and absolute error and have the program determine the number of 
columns required to meet the error requirements 

2. Specify the number of columns and have the program report the error associated with 
the chosen column discretization 

3.2 Large-Scale Computations 

The number of columns in the pseudo 3-D analysis required to accurately represent the 
depositional surface topology is dependent on the size of the depositional area. It is common for 
the total number of columns to be in the thousands and tens of thousands. The computation time 
to analyze a single column with consolidation over a period of 100 years can be several minutes 
to several hours. Analyzing thousands of these models sequentially could potentially result in a 
pseudo 3-D analysis time in terms of weeks. Because no lateral effects between columns are 
considered each column’s analysis is completely independent of all other columns. This means a 
pseudo 3-D analysis is very well suited for parallel computations. 

Solution of a pseudo 3-D analysis involves the following three phases: 

1. Computation of initial depositional surfaces 
2. Consolidation of each 1-D numerical model 
3. Assembling the final consolidation surfaces back into the 3D model 

The step involving the most computational effort is Step 2. Each consolidation numerical model 
can be solved independently. The time savings is therefore highly dependent upon the number 
of cores available for the computations. For example, if a pseudo 3-D analysis on a machine 
with a single core takes 1 hour then the same analysis on a machine with 2 cores will take 
roughly half an hour. The time savings is much less for analyses where the 1-D numerical 
models solve in a matter of a few seconds. 

4 NUMERICAL SOFTWARE 
Little is available in terms of software packages that model the combined deposition and 
consolidation processes for a tailings facility. Designs are often based on 1-D consolidation 
theory with a single column used to model the behavior of the entire 3-D geometry of the 
tailings facility. In addition, these designs do not account for depositional scenarios other than a 
perfectly horizontal tailings surface. 

The current approach presented in this paper improves upon these previous efforts in the 
following ways (Table 1).  
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Table 1: Feature listing of SoilVision TMP Software 

Feature Details 
Depositional scenarios Horizontal, sloped, user-defined, and based on deposition 

points surfaces 
 

Variable filling rates Each stage can have a different filling rate 
 

Material property types Many compression and conductivity curves to choose from 
 

Unsaturated Analysis Includes climatic analysis 
 

No. of filling materials Each stage can have a different material 
Filling curve Automatically calculated 

 
Error in volume vs time calculations Can be controlled by user-specified error input values 

 

Parallel Computing User can set the number of computing cores to be used to solve 
the consolidation models 
 

Visualization of input/ouptut 3-D visualization including elevation contouring of the tailings 
facility geometry at all stages in the simulation. 2-D graphs of 
volume vs time and water volume expelled vs time   

5 CASE STUDY 
The following example illustrates a sample pseudo-3D analysis with saturated large-strain 
consolidation solved by the SoilVision TMP software over a period of 200 years. The TMF 
ground surface geometry from a generic example is shown in Figure 3 and the associated filling 
curve is shown in  

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 4. The embankment elevation surrounding the pit is constant at 53.6 m forming the upper 
limit on the storage capacity. From the filling curve the capacity of the pit at 53 m is roughly 28 
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Mm³. The 
specific 
analysis 
settings 

and result of 
running 

the analysis 
with a 

150x150 
grid of 

columns 
are described 

below. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Case study TMF ground surface geometry 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 4:  Filling curve for case study TMF 

5.1 Stage Settings 
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The sequence of stages to be simulated is shown in Table 2. There are 6 years of tailings 
deposition with each year followed by a year of quiescent consolidation. The last stage is 188 
years of quiescent consolidation which gives a total simulation time of 200 years. Note that 
consolidation also takes place during the deposition stages. This case study assumes that the 
water lost due to consolidation is drained from the tailings surface so that no ponding occurs. 
The water table is maintained at the top of the tailings throughout the analysis. 

 
Table 2: Sequence of stage descriptions 

Stage Number Duration 
(days) 

Action Filling Rate 
(m³/day) 

0 365 Deposition 12,000 
1 365 Quiescent Consolidation N/A 
2 365 Deposition 12,000 
3 365 Quiescent Consolidation N/A 
4 365 Deposition 12,000 
5 365 Quiescent Consolidation N/A 
6 365 Deposition 12,000 
7 365 Quiescent Consolidation N/A 
8 365 Deposition 10,000 
9 365 Quiescent Consolidation N/A 

10 365 Deposition 9,000 
11 365 Quiescent Consolidation N/A 
10 68,620 Quiescent Consolidation N/A 

 

5.2 Depositional Surface 

The shape of the depositional surface is defined by three deposition points along the left-hand 
side of the tailings facility and a 0.5 degree downward slope representing the angle of repose for 
the tailings material. The locations of the deposition points along the edge of the embankment 
are shown as red dots in Figure 3. For each stage with a deposition action the depositional 
surface is constructed assuming equal tailings deposition volume and simultaneous deposition 
from the three deposition points. 

 
5.3 Material Properties 

The material properties for the tailings material are assumed to be generic properties for a 
tailings material. The compressibility constitutive relationship relating the void ratio, e , to 
effective stress,   , is represented by the Weibull function which has the following form: 

 
  exp Fe A B E     [ 1 ] 

where ,A  ,B  ,E  and F  are data fitting parameters. The generic parameters for the 
compressibility function are listed in Table 3 and the graph of the function is shown in Figure 5. 
Table 3: Compressibility relationship parameter values 

Parameter Value 

A (kPa) 0.2 
B -3.0 
E 0.2 
F 0.8 
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Figure 5: Graph of compressibility constitutive relationship 
 

The relationship between hydraulic conductivity, k ,  and void ratio, e , is represented using a 
Power function which has the following form: 

 Dk Ce  [ 2 ] 

where C  and D  are data fitting parameters for hydraulic conductivity. The generic parameters 
for hydraulic conductivity are listed in Table 4 and the graph of the function is shown in Figure 
6. The initial void ratio of the tailings as it is deposited is set to 3.0 and the specific gravity is set 
to 2.65. 

Table 4: Hydraulic conductivity relationship parameter values 
Parameter Value 

C (m/day) 0.001 
D 3.0 
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Figure 6: Graph of hydraulic conductivity relationship 
 

5.4 Pseudo 3-D Analysis Results 

A 40-core high-performance server was utilized to expedite the calculations for the pseudo 3-D 
analysis. The 150 x 150 grid of columns resulted in 10,864 unique 1-D model runs each of 
which had to be run out to 200 years. The analysis took just under 12 hours to complete. 

The graph of volume of tailings over time is shown in Figure 7. The consolidation is essentially 
complete by the end of the 200 year simulation time. The total volume of tailings deposited was 
24.455 Mm³ therefore the cumulative volume of water lost due to consolidation was about 2 
Mm³ after 11 years and about 11 Mm³ after 200 years. Snapshots of the tailings facility at key 
points in time are shown in Figures 8-10. The effect of consolidation is evident near the edges of 
the tailings where the columns have less thickness leading to less settlement. In contrast, the 
columns near the middle of the tailings facility have a greater thickness leading to more 
settlement. 
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Figure 7: Graph of volume of tailings versus time 

 

 

Figure 8: TMF at year 1 
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Figure 9: TMF at year 11 

 

Figure 10: TMF at year 200 

6 CONCLUSIONS 
The methodology for performing a pseudo 3-D analysis of a TMF was described in detail and a 
case study was presented to illustrate the concepts and results of the analysis. The following 
advantages and disadvantages exist for the pseudo 3-D analysis methodology. 

6.1 Advantages 

 The analysis is stable and reliable because it is based on solving relatively simple 1-D 
numerical models 

 The analysis is well suited for parallel computing 
 Different depositional scenarios can be handled 
 Climatic effects can be coupled with consolidation 
 The analysis is ideally suited for facilities with a high horizontal to vertical ratio in 

their geometry 
 The effect of bottom drainage can be easily represented in the numerical model 
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6.2 Disadvantages 

 This methodology does not consider lateral seepage or lateral deformations 
 The new method overall represents an improved methodology for the combination of 

depositional modeling and 1-D large-strain consolidation. The approach allows 
tailings planners increased rigor when calculating tailings volumes, decanted water 
volumes, and surface shapes as a function of time. 
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Challenges with conducting tailings dam breach studies  
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Knight Piésold Ltd., Vancouver, BC, Canada  

ABSTRACT 

Engineering practitioners currently use a combination of guidance documents, published papers, 
and professional experience to support tailings dam breach and inundation studies. There is 
considerable knowledge and information available in this relatively new field of practice, but 
standardized and comprehensive guidelines specific to tailings dams are not available. 
Practitioners face several key challenges: (a) the more established and mature guidance is 
typically focused on water storage dams; (b) the available literature may only address specific 
aspects of dam breach assessment and inundation modelling; (c) the available literature sometimes 
relies on historical data that may not be consistent with the proposed application; and (d) the 
results are highly sensitive to the selected modelling inputs. This paper reflects on the currently 
available literature on dam breach and inundation studies, compares how the major components 
for these studies are approached, and discusses how the resulting conclusions may vary. Key 
aspects of tailings dam breach and inundation assessment typically considered include: initial 
conditions and hydrology; boundary conditions; breach parameters; tailings mobility and outflow 
volume; and flood routing and inundation mapping. This paper quantitatively compares several 
of the key parameters proposed by various authors and comments on the factors that control their 
applicability.  

Key words: tailings, dam breach, modelling, breach parameters 

1 INTRODUCTION 

Tailings dam breach studies are becoming generally expected and often required for operating 
and planned Tailings Storage Facilities (TSFs). The requirements to conduct these studies 
increased in British Columbia and Canada following the Mount Polley dam breach accident in 
August of 2014. The guidelines that are typically followed by practitioners around the world for 
tailings dam breach analyses were originally developed for water retaining dams, and as such, are 
not fully applicable to tailings dams. The recently issued Technical Bulletin Application of Dam 
Safety Guidelines to Mining Dams by the Canadian Dam Association (CDA) does not prescribe 
procedures for conducting tailings dam breach analyses, but is rather limited to identifying “some 
specific issues that should be considered during the design and safety evaluation of mining dams” 
(CDA 2014). 
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Tailings dam breach studies are being requested for various purposes listed below. The suitability 
of these studies for such purposes is not reflected on, or discussed in this paper.  

1. Determine the dam hazard classification based on potential incremental 
consequences of failure to socio-economic and environmental values 

2. Preparation of inundation maps in support of emergency preparedness and response 
planning 

3. Part of the environmental studies for a proposed new project or expansion of an 
existing project 

4. Part of alternatives assessments to evaluate various TSF locations or alternative 
tailings storage technologies 

Dam breach studies include characterization of a hypothetical dam breach, flood wave routing, 
inundation mapping, and evaluation of impacts to socio-economic and environmental values. 
Standardized procedures and guidelines for conducting tailings dam breach studies do not exist at 
this time in Canada, the US, or other developed jurisdictions. Mining and dam safety practitioners 
are making efforts to standardize the procedure and are struggling with the practicalities of 
conducting meaningful assessments when every step of the process is inherently uncertain.   

A range of methods may be applied in each step of the analysis depending on the extent of 
information available and the level of accuracy needed. CDA “Dam Safety Guidelines” (2007a, 
revised 2013) suggest that a preliminary assessment be done using simple and conservative 
procedures to obtain a first approximation of the level of consequences. These guidelines further 
recommend that complexity and accuracy be increased if a greater level of detail is needed to 
confirm the dam classification, support a detailed emergency response plan, or to inform risk 
management decisions. This level of assessment would typically involve modelling the breach 
process itself and modelling the flood wave propagation downstream. A wide range of options is 
left open to practitioners in terms of how to conduct the assessment. The most appropriate 
approach and the accuracy of the results that can be achieved will be driven by the availability, 
resolution and accuracy of the input data. Increased complexity does not always result in increased 
accuracy, and as such, complexity should not be an objective, but rather a tool to be used carefully. 
Considering all this, a preliminary high level assessment may very well provide a sufficient level 
of detail to meet some of the stated purposes of a dam breach study. 

Tailings dam breach studies in Canada are generally required to follow the CDA guidelines (CDA 
2007a), but there are several other guidelines and published literature that are also commonly used 
in these studies. The CDA Technical Bulletin Inundation, Consequences and Classification for 
Dam Safety (2007b) recommends that Chapter 2 of the Federal Energy Regulatory Commission 
(FERC) Engineering Guidelines for the Evaluation of Hydropower Projects (1993, revised 2015) 
be used for estimating the embankment dam breach parameters and the peak outflow discharge. 
These guidelines are based on the work of Fread (1981) and Macdonald & Langridge-Monopolis 
(1984), and are also summarized in the Dam Safety Guidelines of the Washington State 
Department of Ecology (Barker & Schaefer 2007). Works by Froehlich (1995a, b), Von Thun & 
Gillette (1990), Wahl (1998, 2004), Pierce (2010), Costa (1985), and Walder & O’Connor (1997) 
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are also often used to predict peak discharges or breach parameters; however, all these are based 
on water retaining dams, or landslide and other naturally formed dams (as in Costa 1985).  

A frequently cited reference specific to tailings dam breaches is by Rico et al. (2007) that presents 
empirical relationships for outflow volume, runout distance and peak discharge based on past 
tailings dam failures. Even though there are over 200 known cases of tailings dam failures 
worldwide, the documentation of these cases is often incomplete. Relationships developed by 
Rico et al. (2007) are based on 28 historic tailings dam failures for which complete data on runout 
distances and outflow volumes were available. The peak discharge relationship presented in their 
paper is based on water retaining and naturally formed dams from Costa (1985), as peak discharge 
information was available only for three tailings dam cases.   

The empirical data base of Rico et al. (2007) was further expanded through the work of a CDA 
technical committee for tailings dam breach analysis, which was presented in October 2015 during 
the 2nd CDA Workshop on Tailings Dam Breach Analysis – Advancing the State of Practice. 
Additional information specific to tailings dams is available in a paper by Clemente et al. (2013), 
which summarized the findings of the workshop organized by the Tailings Dams Committee of 
the U.S. Society on Dams (USSD) in 2011.  

This paper is intended as a starting point for ongoing discussion about what approaches and 
methods are best suited to specific aspects of tailings dam breach and inundation studies. Some 
practical tools are proposed with the objective of providing practitioners with information that 
will allow them to use the available literature and avoid potential difficulties that have been 
identified through our experience. An example is reviewed relating to the predicted range of 
outflow volumes and peak discharges. The paper explores how the in situ tailings properties, 
combined with the hydrological conditions, can physically constrain the range of possible outflow 
volumes. Peak discharge depends on the outflow volume, physical characteristics of the breach 
(height, width, and side slopes), and an estimate of the time for breach formation. The calculation 
and analysis methods that are presented in the available literature can result in a broad range of 
hypothetical values, some of which are outside of the physical constraints for a given tailings dam.  

2 MODES OF DAM FAILURE  

A dam is defined as a barrier constructed for the retention of water, water containing other 
substances, fluid waste, or tailings (CDA 2007a). Furthermore, if a breach of the perimeter 
containment can trigger liquefaction and flow of the contents of the stack beyond the perimeter 
containment, then that perimeter containment must be considered as a dam, even if there is no 
pond with visible water on the surface of the stack (CDA 2014). It should be noted, however, that 
modelling a breach of a dam that retains both water and tailings is considerably different from 
modelling a breach of a facility with very little or no water stored. These different processes are 
described in more detail in this section. 
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There are three different potential dam failure modes based on how a component failure occurs to 
cause loss of the system function (CDA 2007a): 

 Overtopping – Water flows over the crest of the dam contrary to the design intent. 

 Collapse – Internal resistance to the applied forces is inadequate. 

 Contaminated seepage – Contaminated fluid escapes to the natural environment. 

Only failures due to Overtopping and Collapse that lead to catastrophic dam breach are considered 
in this paper. 

CDA guidelines (2007a, b) recommend that dam breach evaluations consider two initial 
hydrologic conditions: 

 Sunny day failure – “a sudden dam failure that occurs during normal operations”, 
which may be “caused by internal erosion, piping, earthquakes, mis-operation 
leading to overtopping, or another event”.  

 Flood induced or rainy day failure – “a dam failure resulting from a natural flood of 
a magnitude that is greater than what the dam can safely pass”. 

These initial hydrologic conditions apply to both the impoundment levels and to the flow 
conditions at the facility and in the downstream drainage network that will be impacted by the 
passage of the breach flood wave. The impoundment levels for both scenarios and the flows in 
the downstream channels are defined by the CDA (2007a) for the sunny day scenario, but the 
choice of downstream flows for the flood induced scenario is left to the engineer conducting the 
study. In addition, a sunny day failure is typically modelled as occurring due to collapse of the 
dam rather than overtopping, while the flood induced failure is modelled to occur due to 
overtopping. 

One of the main differences between a water retaining dam failure and a tailings dam failure is in 
the outflow volume and the solids content in that volume. A breach of a water retaining structure 
typically results in the discharge of the entire impounded volume of water above the breach, which 
has a relatively low solids content. A breach of a tailings retaining structure, in contrast, could 
result in the discharge of the entire supernatant pond volume, but does not have to result in the full 
discharge of the impounded tailings volume. Furthermore, for TSFs that have a supernatant pond, 
a tailings dam breach typically results in two discharge mechanisms: (a) an initial flood wave, and 
(b) slumping or flow of liquefied tailings. These mechanisms occur in sequence following a 
catastrophic failure of a TSF dam for all cases where there is a supernatant pond present, and are 
distinctly different in terms of the potential risk they pose to the downstream environment.  

An initial flood wave would occur immediately following the failure of a TSF dam. The free water 
within the TSF supernatant pond would start to discharge and mobilize both tailings from the 
impoundment and construction materials from the TSF dam. The flood wave would propagate 
downstream causing significant erosion and inundating the downstream receiving environment 
(Fig. 1a). The extents of inundation are largely driven by the size of the impoundment, the rate of 
breach development, the peak discharge and the downstream topography, with consequences 
potentially extending downstream for tens or hundreds of kilometres. The flood wave would carry 
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the tailings solids and dam construction materials, as well as the material eroded along the way, 
resulting in high solids concentrations. Some of the coarser material carried with the flood wave 
could deposit along the way, while the fine sized tailings would be carried in suspension until the 
flow velocities are low enough for this material to settle (e.g. in a lake or ocean). 

This discharge mechanism is the main focus of most dam breach analyses and inundation studies 
because it poses the greatest risk to life safety and has the greatest potential to cause physical 
damage to the downstream environment. The initial flood wave is often modelled as water, or a 
Newtonian fluid, which is a simplifying assumption that results in conservatively high flow 
velocities and discharge rates, and longer runout distances. Heavily sediment laden water is a non-
Newtonian fluid, but modelling this type of fluid requires knowledge of the rheology (viscosity 
and yield stress), which is dynamic and impractical to predict. Furthermore, a non-Newtonian 
fluid option is not available for some of the flood routing software. It should be noted, however, 
that research conducted for a hypothetical breach using water and a non-Newtonian fluid has 
shown that the differences in peak discharge at various points downstream are within 5%, while 
the differences in depth are on the order of 10% (Bernedo et al. 2011). This finding was specific 
to the study and further work is needed in this area; however, considering that the shear stress 
imposed by the passage of the flood is orders of magnitude larger than the yield stress of the 
tailings slurry, this result is perhaps not so surprising. The errors associated with assuming that 
the released fluid flows like water is well within the modelling accuracy, considering the 
uncertainty inherent in all the assumptions and simplifications required in the modelling process, 
and potentially there may be little to be gained by using a non-Newtonian model; however, more 
research is needed in this area.  

The flow of liquefied tailings, or the second discharge mechanism, would occur following the 
initial flood wave, as some portion of the tailings mass would be expected to undergo static 
liquefaction resulting from the loss of confinement and the local steepening of slopes created by 
the initial discharge. Tailings that are not mobilized in the initial flood wave may slump through 
the breach in a paste-like fashion until the tailings mass stabilizes downstream (Fig. 1b). Similarly, 
for facilities with little or no free water stored, the flow of liquefied tailings would be the only 
consequence of a loss of confinement.  

 

Figure 1: (a) Erosion caused by the initial flood wave following the Mount Polley dam failure (MPMC, 
2015); and (b) Cone of depresion of slumped liquefied tailings caused by the Kolontár dam failure 

(Oszvald, 2015) 
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Flow of liquefied tailings cannot be modelled as water. The viscosity and the yield stress of 
liquefied tailings play a significant role in the flow, which would behave like Bingham plastic 
fluid (Jeyapalan et al. 1983; Seddon 2010; Kulesza 2011). Some historic cases indicate that the 
cone of depression of the tailings mass remaining in the TSF forms at angles of 3.5˚ to 6˚ (Fig. 1b), 
while the liquefied saturated tailings stabilize downstream at slopes of 1˚ to 4˚ (Lucia et al. 1981, 
Blight & Fourie 2003), with the deposition of the slumped tailings largely depending on the 
tailings rheology, downstream topography and stream/valley slopes. The inundation extent from 
the flow of liquefied tailings would be considerably less than from the initial flood wave, but the 
slump would deposit far more solids in the first few kilometres downstream of the breach location. 

3 CHALLENGES WITH TAILINGS DAM BREACH ASSESSMENTS 

Tailings dam breach practitioners are faced with numerous uncertainties when making 
assumptions and simplifications necessary to conduct these analyses. Some specific challenges 
related to determining the initial hydrologic conditions and the breach characteristics are discussed 
in this section. 

3.1 Determining Initial Hydrologic Conditions 

3.1.1 Water Levels in the Impoundment 

The water levels in the impoundment are defined to be (CDA 2007b): 

 The normal operating pond level for a sunny day scenario, and  

 A water level that would cause overtopping in a flood induced scenario, as the 
failure is due to a natural flood of a magnitude that is greater than what the dam can 
safely contain or pass. 

The flood levels are not always simple to define for several reasons. TSFs are typically constructed 
and raised throughout operations during the life of a mine. The design basis for flood management 
is often to store the inflow design flood (IDF), unlike water dams where the IDF is safely passed 
through a spillway. Passing a flood through an active tailings facility during operations is not 
common practice due to the potential environmental and societal concerns. Therefore, a TSF may 
not have a spillway until closure. 

TSFs are often designed with sufficient capacity above the maximum operating water level and 
can store the IDF in addition to freeboard for wave run-up. In many cases, especially in recent 
practice, the PMF has been used as the IDF. The PMF, which would be caused by the probable 
maximum precipitation event (PMP), is considered to be the theoretical maximum flood that could 
plausibly occur at a particular time of year in a design watershed (WMO 2009). However, there 
are often no clear guidelines as to what duration PMP event should be used for the PMF 
determination, with PMP durations ranging from 6 hours to 72 hours, but events as long as 30 
days have been found in practice. The duration of the PMP can have a dramatic impact on the 
volume of the storm inflow and consequently on the magnitude of the dam breach outflow. 

Breaching of a dam is typically assumed to start at the peak of the inflow hydrograph for the flood 
event that would cause overtopping. In some instances, the starting water level required to 
simulate overtopping in conjunction with a PMF needs to be specified above what can reasonably 
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occur in the facility. In facilities designed with very large storage capacities, the additional volume 
that needs to be incorporated into the model may require consecutive occurrence of more than one 
PMF, which is theoretically impossible. Consequently, facilities that have additional storage to 
prevent overtopping end up with unrealistically large outflow volumes in the flood induced 
overtopping scenario, resulting in unrealistically high incremental impacts. In such cases, 
overtopping of the facility may not represent a credible failure scenario. Unrealistic results hold 
no value to the mine owner or other stakeholders, and provide little insight into the actual risk 
posed by the facility. 

3.1.2 Hydrologic Conditions in the Downstream Drainage Network 

A sunny day failure scenario is modelled to be coincident with mean annual flow conditions in 
the downstream channels (CDA 2007b). A flood induced failure is modelled to be coincident with 
a flood of a magnitude that is greater than the IDF for the facility, where the IDF is defined based 
on the dam classification. If the IDF is equivalent to the PMF, then the failure of the facility must 
be modelled under the PMF conditions. In such cases, pre-breach flood flows in the channels 
immediately downstream of the facility must be simulated for PMF conditions and then prorated 
with a distance from the facility depending on the size of the model. For models that extend for 
tens and hundreds of kilometers and through several watersheds, it may not be a reasonable 
assumption that PMF flows occur in all the watersheds concurrently. It would perhaps be more 
reasonable to assume that the PMF is occurring in watersheds immediately downstream of the 
dam and that some other large event (but smaller than the PMF), such as the 200 year flood, is 
occurring concurrently in more distant watersheds. There are no specific guidelines defining the 
flood events to be considered for the downstream tributaries and specifying the geographic extent 
of the applicable floods. 

A review of over 30 publically available dam breach studies conducted in British Columbia after 
the Mount Polley dam breach event revealed that practitioners use flood flows ranging from the 
2-year event to the PMF as the baseline condition for downstream water courses. Assuming a 
small natural flood (e.g. 2-year event), as opposed to a large flood (e.g. 1000-year event) would 
result in larger incremental consequences but smaller overall inundation during a flood induced 
scenario. Conversely, a larger natural flood would result in smaller incremental but larger overall 
inundation. 

Additional uncertainty is embedded in estimating an event as large as 1000-years, as confidence 
in the predicted estimate decreases as the extrapolation is made further beyond the number of 
years with reliable record. In general, statistical analysis of annual exceedance probabilities for a 
single station should not extend beyond 2 to 4 times the number of years of record (CDA 2007c). 
This means that in order to estimate a 1000-year peak flow with reasonable confidence using 
frequency analysis, the historical flood record would need to be 250 to 500 years long. 

3.2 Determining Breach Characteristics 

The quantitative assessment of the potential consequences of a flood from a TSF dam breach 
requires estimating the volume of water and tailings released in the breach, the peak outflow 
discharge, the physical characteristics of the breach (height, width, and side slopes), and an 
estimate of the time of breach formation. These characteristics are used to develop a dam breach 
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outflow hydrograph, which is subsequently routed through the downstream drainage network to 
simulate the inundation limits. 

3.2.1  Breach Outflow Volume in the Initial Flood Wave 

With water retaining dams, it is reasonable to assume that the entire volume of water above the 
lowest point of the breach would be discharged when the breach occurred. This is not the case 
with tailings dams, and a review of past failures reveals that discharge volumes ranging from a 
few percent to a 100% of the impounded volume are possible (Tailings.info 2015). The 
considerable range indicated by these data is likely due to various factors including the volume of 
stored water, the type and volume of stored tailings, the dam height and construction method, the 
type and size of failure, and the failure trigger. 

Rico et al. (2007) developed an empirical relationship (Equation 1) which predicts that 
approximately 37% of the impounded volume (VT in Mm3) comprising supernatant water, tailings 
solids and interstitial water, is released in the breach outflow volume (VOUT in Mm3). This 
approach is quite commonly used by practitioners in Canada to estimate outflow volumes, but 
may at times result in unrealistic estimates, as discussed below. 

VOUT = 0.354 x VT
1.01   (1) 

Another approach is to consider the available free water in the supernatant pond (including 
concurrent storm water if applicable for the given scenario) that has the potential to mobilize a 
certain mass of tailings and embankment construction material. This potential mass of solids can 
be estimated as a function of the free water volume assuming instantaneous mixing at 65% solids 
content by mass, for example. The assumption of 65% solids is based on the “flowability” of 
slurry and is considered a conservative upper limit to Newtonian-like fluid behavior. This 
assumption does not apply to all types of tailings and should be developed on a case by case basis. 
The tailings deposit at the time of a breach is described by the mass of solids in the deposit, the 
density of the solids, and the average dry density of the deposit. All of the tailings could discharge 
during the breach using this approach if the impounded volume of tailings is relatively small with 
a lot of free water available. Conversely, if the volume of tailings is large relative to the volume 
of free water, only a small portion of the tailings may be mobilized. This approach is further 
discussed in a companion paper presented in this conference (Fontaine & Martin (2015). 

Table 1 compares the outflow volume estimates in the initial flood wave for a hypothetical TSF 
with 300 Mt of stored tailings solids using Rico et al. (2007) with values calculated using the 
available free water approach and assuming instantaneous mixing of 65% solids by mass, a solids 
density of 2.65 t/m3, and a tailings dry density of 1.4 t/m3. The volume of free water is the only 
variable in this example. It is illustrated that the two approaches in this example converge at a free 
water volume of 19 Mm3, and then diverge again. The approach by Rico et al. (2007) when 
compared with a physically based mixing model appears to over-predict outflows at lower free 
water volumes and under-predict outflows at higher volumes. 
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Table 1: Breach Outflow Volume Calculation (values shown in m3 x 106) 

 
Estimates of the outflow volume were produced using Rico et al. (2007). These volumes were 
then used to back calculate the percent solids by mass in the predicted outflow. The results 
indicated that the outflow would contain 74%, 72%, 70%, 65% and 54% solids for a pond volume 
of 1 Mm3, 5 Mm3, 10 Mm3, 19 Mm3, and 40 Mm3, respectively.  

In the case of a 5 Mm3 pond, the Rico et al. (2007) estimate of 82 Mm3 of outflow is certainly 
more conservative than the 23 Mm3 of outflow estimated using the approach of 65% solids mixing 
by mass. However, the outflow volume of 82 Mm3 would require instantaneous mixing of 72% 
solids by mass, which would be more representative of a tailings deposit with a dry density of 1.3 
t/m3 and a moisture content of 39%. The outflow tailings characteristics would only be marginally 
different from the original tailings stored in the facility with a dry density of 1.4 t/m3, solids 
content of 75% and a moisture content of 34%. This is not a realistic scenario, since the sudden 
mobilization of 5 Mm3 of water caused by a dam failure would undoubtedly result in an initial 
flood wave, and would not be restricted to slumping of liquefied tailings. This example 
demonstrates the importance of considering the actual physical processes that would likely occur 
and of conducting a critical review of the estimated values. 

3.2.2 Peak Discharge for the Initial Flood Wave 

Determining the peak discharge during a dam breach is essential for downstream flood wave 
routing. Various equations have been proposed for estimating the peak discharge, many of which 
are based on reviews of past water retaining dam failures. However, estimating the peak discharge 
during the actual dam breach is challenging and there is uncertainty in the data on which the 
empirical relationships are based.  Consequently, the calculated values that are based on these 
empirical relationships are also uncertain. 

Peak discharge values estimated using several published relationships are compared in this paper. 
These relationships can be grouped into two categories: (1) peak outflow based on a dam factor 
represented by a product of the outflow volume and the height of water above the bottom of the 
breach; and (2) peak outflow based on multiple linear regression of these two parameters. The 
peak discharge values shown in Table 2 were calculated for a hypothetical dam breach with an 
outflow volume (VOUT) of 23 Mm3 (tailings solids and water combined) and a dam height above 
the bottom of the breach (HW) of 60 m. 

This example shows that the equations using the dam factor have a similar exponent and resulted 
in similar peak discharge values. The only difference is in the Macdonald & Langridge-Monopolis 
(1984) envelope equation, which resulted in considerably higher values, as expected for an 

Volume of Free 
Water

Volume of Stored  
Tailings(1)

Total Impounded 
Volume 

Outflow Volume (1) 

(Rico et al. 2007)
Outflow Volume (1) 

(65% Solids)
1 214 215 80   (37%) 5   (2%)

5 214 219 82   (37%) 23   (10%)

10 214 224 84   (37%) 45   (20%)

19 214 233 87   (37%) 87   (37%)

40 214 254 95   (37%) 181   (71%)

1. Volume of stored tailings and outflow volume include interstitial water.
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envelope approach. The equations based on multiple linear regression resulted in approximately 
50% to over 100% higher values than the dam factor equations. 

If the dam height is doubled to 120 m and the outflow volume is kept the same, the calculated 
peak discharge values estimated from the three methods start to deviate considerably, as shown 
in Table 3 (same equations used as shown in Table 2).  

Table 2: Peak Outflow Estimates for a 60 m High Dam (values shown in m3/s) 

 

Table 3: Peak Outflow Estimates for a 120 m High Dam (values shown in m3/s) 

 

The larger discrepancy between peak outflows compared to Table 2 is likely due to the range of 
dam heights, outflow volumes, and peak discharges in the data sets for which the relationships 
were developed. The highest dam for all five references used is the Teton Dam, USA, reported at 
86.9 m above the breach. In all five data sets there are a few dams higher than 30 m, and only one 
or two higher than 50 m. The highest outflow volume for the water retaining dams is well below 
50 Mm3 in most data sets. There are two cases with outflow volumes larger than 300 Mm3 (Teton 
Dam, USA, and Oros Dam, Brazil), but there are very few between 50 Mm3 and 300 Mm3 in each 
of the data sets. In comparison, the Rico et al. (2007) data set, which is based on tailings dam 
failures, has all outflow volumes below 10 Mm3. Finally, the peak outflow discharge for all data 
sets is below 10,000 m3/s, with only one to three higher peak discharges reported in each study. 
The highest peak discharge was estimated for the Teton Dam, USA, at about 65,000 m3/s. Rico et 
al. (2007) used Costa’s (1985) data set for peak discharges estimated for constructed and landslide 
generated dam failures. Three peak discharge estimates for tailings dam failures were added to 
this data set, which ranged between 200 m3/s and 1,400 m3/s. 

Modelling of the breaching process of a tailings dam with a long, flat tailings beach seems to 
“confuse” the dam breach models. The process of down-cutting through the solids contained in 
the dam and the adjacent beach must be different than the breaching process for a water retaining 
dam, which is not yet captured in the existing tools or empirical equations. It is challenging to 

Methodology Macdonald(1,2) Froehlich(3) Pierce(4,5) Rico, Costa(6)

Dam Factor (Vw x Hw) 6,682 - 6,025 6,724

Multiple Regression - 14,378 10,266 -

Envelope Equation 21,828 - - -

 1. Macodnald & Langridge-Monopolis (1984) dam factor equation (Source: Wahl 2004): QP = 1.154(VOUT * Hw)0.412

 2. Macodnald & Langridge-Monopolis (1984) envelope equation (Source: Wahl 2004): QP = 3.85(VOUT * Hw)0.411

 3. Froehlich (1995a) multiple regression equation: QP = 0.607(VOUT
0.295 * Hw

1.24)

 4. Pierce et al. (2010) dam factor equation: QP = 0.0176(VOUT * Hw)0.606

 5. Pierce et al.(2010) multiple regression equation: QP = 0.038(VOUT
0.475 * Hw

1.09)

 6. Rico et al. (2007) and Costa (1985) dam factor equation for constructed dams: Qmax = 325[(VOUT*10-6) * Hw]0.42

Methodology Macdonald(1,2) Froehlich(3) Pierce(4,5) Rico, Costa(6)

Dam Factor (Vw x Hw) 8,890 - 9,170 8,996

Multiple Regression - 33,960 21,853 -

Envelope Equation 29,022 - - -
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select conservative, yet realistic, peak outflow values for downstream routing. Conducting a 
sensitivity analysis on a range of outflows is a reasonable approach to address some of the 
uncertainty. Determining what that range of outflows should be, and whether a three- to four-fold 
increase is realistic is open for discussion. 

3.2.3 Breach Dimensions and Time of Failure 

Similar to peak discharge empirical relationships, there are numerous relationships developed for 
the breach parameters (e.g. average width, eroded volume, side slopes) and the time for breach 
formation. These empirical relationships are based on water retaining dams. Such relationships 
do not exist for tailings dam breaches, but it is reasonable to expect that there would be differences 
and that the time for breach formation may be the most affected parameter considering the 
existence of tailings beaches. 

The physical characteristics of the breach and the time for breach formation greatly impact the 
peak discharge and the outflow hydrograph. This is captured in physically based dam breach 
models that use hydraulics and sediment transport principles (e.g. BREACH). Peak discharges 
predicted by empirical relationships do not depend on the breach characteristics, except for the 
height above the breach. However, the connection between the peak discharge and the breach 
characteristics is made when developing the outflow hydrographs by matching the peak discharge 
while keeping within the predicted physical dimensions and breach formation time (e.g. in HEC-
HMS or HydroCAD). The breach dimensions and time of failure are also needed as inputs to 
hydrodynamic models (e.g. HEC-RAS) when the breaching process is simulated that way. 

Several proposed relationships are reviewed in this paper for the same hypothetical dam 
configuration that was used for the peak discharge calculations, i.e. a 120 m high dam and an 
outflow volume of 23 Mm3. Additional assumptions include the downstream dam slope of 2H:1V 
and a dam crest width of 25 m. The results are shown in Table 4. 

There is a wide range of values evident in the calculated parameters. The eroded volume varies 
thirteen-fold, the average breach width twenty two-fold, and the time to failure eight-fold. If the 
average breach width was 27 m with breach side slopes of 0.5H:1V (as per Macdonald & 
Langridge-Monopolis 1984), the breach would be of a triangular shape, 54 m high, and would not 
develop to the bottom of the dam, which is contrary to the common assumption of the breach 
cutting down to the dam foundation. The breach formation time of 0.27 hours using Froehlich 
(1995b), is equivalent to a down-cutting rate of greater than 400 m/h. This is much faster than the 
range of reasonable values of 10 m/h to 100 m/h based on case study data (Walder & O’Connor 
1997). The 10 m/h to 100 m/h range of down-cutting rates is consistent with rates back-calculated 
from other studies (Froehlich 1995b, Macdonald & Langridge-Monopolis 1984).  
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Table 4: Dam Breach Characteristics for a 120 m High Dam  

 

Wahl (2004) conducted a quantitative analysis of the uncertainty of predicting the breach 
parameters and peak outflows of embankment dams using regression based methods. He 
concluded that the uncertainty is large for all methods, where the breach width is generally within 
±1/3 order of magnitude, the failure time is ±1 order of magnitude, and the peak discharge is ±0.5 
to 1 order of magnitude, with Froehlich equation (1995a) resulting in the lowest uncertainty of 
±0.32. Barker & Schaefer (2007) acknowledge that peak discharge rates computed using the 
Froehlich equation (1995a) result in the lowest predicted error, but may also result in values 
substantially higher or lower than the values that may actually occur. 

4 CONCLUSIONS 

Tailings dam breach modelling is becoming an accepted part of the planning process for operating 
and proposed TSFs, with various objectives ranging from dam hazard classification to alternatives 
assessment. In order to conduct a dam breach analysis, a failure mode must be selected, the size 
of the breach must be approximated, the volumes of released tailings and water must be estimated, 
and the resulting runout pattern of the released material must be modelled. The considerable 
uncertainty involved in each step of the analysis, combined with the lack of standardized or 
mandated approach for completing such an analysis, results in substantial uncertainty in the 
modelled results. It is important that all dam breach modelling results be viewed in the context of 
this framework and its limitations, and that clients, regulators and the public be educated in this 
regard.  

Modern tailings storage facilities are designed to contain mine tailings and associated water, often 
for all conceivable conditions; therefore, it is sometimes difficult to foresee a credible failure 
mode for properly engineered structures. Furthermore, physical constraints need to be considered 
and applied where appropriate throughout the process, as was discussed for some of the 
fundamental parameters including outflow volume and peak discharge. Simply applying an 

Volume Eroded, Ver
(1,7) Average Width, Bavg

(5,6,8) Side Slope, Zb

(m3) (m) RATIO H:1V

Macdonald, 1984 469,024 2.08 27 0.5

Froehlich, 1995 2,461,385 0.27 141 0.9 - 1.4

Von Thun and Gillette, 1990 6,177,000 1.80 355 0.33 - 1.0

FERC Guidelines, 1993 - 0.1 - 1.0 120 - 600
(1 to 5 x H) 0.25 - 1.0

 1. Macodnald & Langridge-Monopolis (1984) volume eroded equation: Ver = 0.0261*(VOUT*Hw)0.769

 2. Macodnald & Langridge-Monopolis (1984) failure formation time equation: tF = 0.0179*VER
0.364

 3. Froehlich (1995b) failure formation time equation: tF = 0.00254*VOUT
0.53 * Hw

-0.9

 4. Von Thun& Gillette (1990) failure formation time equation: tF = 0.015*Hw

 5. Froehlich (1995b) average width equation (K0 = 1.4 for overtopping and 0.9 for piping): Bavg = 0.1803*K0*VOUT
0.32 * Hb

0.19

 6. Von Thun& Gillette (1990) average width equation (Cb = 55): Bavg = 2.5*Hw + Cb

Methodology
Failure Formation 

Time, tF
(2,3,4) (hours)

 7. In the absence of an empirical calculation for volume eroded, the average width is used to calculate
     an approximate volume based on the given dam dimensions (shown in Italics).

 8. In the absence of an empirical calculation for average width, the erosion volume is used to calculate  
     an approximate width based on the given dam dimensions (shown in Italics).
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empirical relationship can result in unrealistic or impossible results. Modelling unrealistically 
large breaches without due consideration of the physical constraints may produce unrealistically 
large consequences. Such unrealistic results provide no value to stakeholders and provide little 
insight into the actual risk and potential impacts posed by the facility. 

Even though the mining and dam safety communities are making efforts to standardize the 
procedures for tailings dam breach studies, conducting meaningful assessments is challenging 
when there is such a high level of uncertainty throughout the assessment process. In this paper, 
we reviewed some of our recent experience and discussed challenges faced along the way. 
Practitioners must rely on good professional judgement and experience when carrying out and 
presenting their work. Streamlining and standardizing the process of conducting tailings dam 
breach studies would not necessarily remove the uncertainties and improve on the results 
significantly, but would help the engineering practitioners conduct these studies in a similar 
fashion and make the results more comparable. It is the authors’ hope that discussions around the 
dam breach assessment process continue and are perhaps incorporated into future guidance 
documents.  
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ABSTRACT 

This paper presents a review of tailings dam incidents, and examines the role water management 
on the causes and consequences of these incidents. The incident review includes data compiled 
by the US Society on Dams, International Commission on Large Dams, the United Nations 
Environmental Programme, and other available sources. The incident data (from 1900 through 
2014) was evaluated and classified for dam characteristics, operating conditions, incident cause, 
and incident effects. 

The number and type of incidents (ranging from a minor release with subsequent repair and reuse 
to a dam breach and tailings release), are shown as functions of history, dam height, and incident 
cause. The results demonstrate that both ponded and interstitial water are contributing factors in 
the causes and consequences of these incidents. 

Elimination of future tailings dam incidents would be aided by managing ponded water in the 
tailings impoundment so that the probabilities for overtopping the dam, seepage and piping, and 
dam slope instability are reduced. In addition, transition of the tailings from a saturated deposit 
with a resulting high potential for flow to an unsaturated deposit with no potential for flow would 
reduce the likelihood of downstream consequences from a tailings dam incident. 

Key Words: Tailings impoundment; Mine waste management; Dam failures 

1 INTRODUCTION 

This paper presents a review of documented tailings dam incidents, with the intent of drawing 
from this information to identify best practices or lessons learned for future operations. The effect 
of water and water management on the causes and consequences of these incidents is included in 
the review. 

1.1 Water Storage Dam Data 

The International Commission on Large Dams (ICOLD) and its US counterpart, the US Society 
on Dams (formerly the US Committee on Large Dams or USCOLD) have actively documented 
design issues and performance of water storage dams. ICOLD created the World Register of Dams 
in 1958, has maintained and updated this register (ICOLD, 2011a). ICOLD has continued to 
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publish guidelines on dam design, construction, and monitoring, in order to disseminate 
information on dam safety (ICOLD, 1987, 2013). 

ICOLD first approved a proposal in 1964 to study known failures and incidents arising from rock 
foundations and accidents to large dams. USCOLD published two reviews of water storage-dam 
incidents (USCOLD, 1976, 1988). From the updated review published in 1988, over 500 water-storage 
dam incidents were tabulated. These documents also outlined the terms for classification of incidents 
(ranging from failures with complete abandonment of the dam to varying levels of accidents with 
repairs to the dam or outlet works). Incident causes were grouped into categories (overtopping, slope 
stability, earthquake, foundation, seepage, structural, erosion, or subsidence). The results from 
USCOLD (1988) are summarized graphically in Figure 1. This graph shows that major failures were 
due to overtopping and erosion, and major repairs were associated with spillway and outlet works. 

 

 

Figure 1. Incident summary for water storage dams.  

The U.S. Bureau of Reclamation has maintained a record of dam incidents in their inventory. 
From the incidents and number of dams in operation, a failure frequency was estimated (von Thun, 
1985). For earthfill and rockfill dams in the U.S. constructed after 1960 and within a dam height 
range of 50 to 300 feet (15 to 91 m), the estimated annual failure frequency is 6.2x10-4. 

1.2 Tailings Dam Data  

The Tailings Dam Committee of ICOLD has published compilations of tailings dams (ICOLD, 
1989) and guidelines on tailings dam analysis and design (including ICOLD, 1982, 2011b). A 
more specific reference on tailings dam analysis and design is Vick (1990). 
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The USCOLD Tailings Dam Committee (under the chairmanship of Steve Vick) conducted a 
survey of tailings dam incidents in 1989, with the results published by USCOLD in 1994 
(USCOLD, 1994). The results of this survey were presented in a format similar to the USCOLD 
water storage dam review. The USCOLD review identified 185 worldwide tailings dam incidents 
from 1917 through 1989, from publications, questionnaires, and anecdotal information. 
Impounding structures not related to mill tailings (such as coal refuse structures, ash dams, or 
industrial waste lagoons) were not included in the review. 

In 1996, the United Nations Environmental Programme (UNEP) published a survey of tailings 
dam incidents conducted by Mining Journal Research Services (UNEP, 1996). This survey 
included the incidents in USCOLD (1994), as well as incidents that occurred after 1989. UNEP 
(1996) identified 26 incidents that were independent of the 185 incidents identified in USCOLD 
(1994). 

In 2001, the ICOLD Committee on Tailings Dams and Waste Lagoons published a tailings dam 
incident survey incorporating the incident data base from USCOLD and UNEP (ICOLD, 2001), 
resulting in a data base of 221 incidents with varying level of detail. This data base was 
summarized in Strachan (2002). There are other tailings dam incident reviews that are independent 
of the USCOLD and ICOLD reviews discussed above. These include Szymanski (1999), Davies 
et al. (2000), Martin and Davies (2000), Cambridge (2001), Davies (2002), Martin et al. (2002), 
Rico et al. (2007), and Azam and Li (2010). The updated survey of tailings dam incidents 
discussed in this paper is based on the data sources outlined below. 

1.3 Update of Tailings Dam Incident Data  

The updated review of tailings dam incident data expands the total number of independent 
incidents to 288. The level of detail for each incident varies from knowledge of a failure at a 
location and date (and nothing else) to detailed knowledge of a failure after cleanup, investigation, 
determination of cause, and litigation. 

Table 1. Summary of Incident Data Sources. 

 
Source of Data 

Number 
of Incidents 

Percent of 
Incident Total 

USCOLD, 1994 185 64 
UNEP, 1996 26 9 
ICOLD, 2001 10 3 
Lottermoser, 2007 26 9 
Caldwell, 2014 4 1 
Villavicencio, 2014 15 5 
WISE, 2015 22 8 
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1.4 Incident Terms 

In this review, the term “tailings dam” is used, and refers to the embankment or confining portion 
of tailings impoundments, tailings storage facilities, tailings management areas, or tailings 
disposal facilities. Tailings are limited to mill process tailings (or tailing). Coal refuse or ash 
disposal facilities, heap leach facilities, and waste rock storage facilities were not included in the 
incident review. 

The definitions used in this review are consistent with the definitions used in previous USCOLD 
publications. The term “incident” is used to be consistent with these publications, and includes 
failures (indicating breach of the dam and loss of process water or tailings), accidents (indicating 
repairs made to the dam with no loss of process water or tailings), and groundwater issues 
(indicating seepage or groundwater impact issues that were inconsistent with design intent). 

Unknown incidents comprise events that were known at a location and date, but with no additional 
information. When additional information is available, data on dam type, dam fill type, dam 
height, active/inactive status, incident type, and the cause of the incident are included. The 
incident data varies, and includes in many cases some, but not all of this information. 

2 DISCUSSION OF REVIEW RESULTS 

The results from the updated incident review are discussed in the following sections. The results 
are of use for general information, with the limitations in the data understood. The documented 
tailings dam incidents in the data set comprise a subset of the total number of incidents that have 
occurred. The reported incidents in recent years comprise nearly all actual incidents, due to low 
likelihood of unreported incidents. The percentage of reported incidents in the early 20th century 
is likely to be low, due to a high likelihood of unreported incidents. Detail in types of dams and 
other distinguishing information is highly variable. Incident causes are shown based on the cause 
reported in the source of information. Actual causes may be due to a series of events, which are 
not reflected in the documented results. 

2.1 Incident History 

Figure 2 shows the incident history, in terms of number of incidents in five-year increments from 
1900 to 2015. The increase in the number of incidents in the 1960s corresponds with construction 
of larger-capacity mills and availability of large earthmoving equipment for dam construction. 
Similar charts showing incident history have been presented in Azam and Li (2010) and other 
publications. Martin et al. (2002) present the incident history in comparison with water storage 
dam incidents (from data in ICOLD, 1995). A similar trend is shown with water-storage dams, 
corresponding with dam construction with large earthmoving equipment in the 1960s. Figure 2 
also shows that most of the recorded incidents are dam failures. 
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Figure 2. Incident review history and incident type. 

2.2 Incident Location 

Figure 3 summarizes the incidents by country. The incidents are on continents and in countries 
where there has been significant mining activity. The relatively large number of incidents in the 
U.S. reflects the number of facilities in early operation and more thorough incident reporting. 
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Figure 3. Incident type and location. 

2.3 Dam Height 

Figure 4 shows incidents with dam height in 5-foot (1.5-m) increments. The larger number of 
incidents with dam heights of less than 50 feet (15 m) is most likely due to two factors: (1) the 
larger number of tailings dams constructed at lower heights, and (2) the larger number of tailings 
dams constructed earlier in the 20th century that were not designed, constructed, and monitored to 
current standards of practice. 

 

Figure 4. Dam height and incident type. 
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Figure 5 shows incidents with dam height in terms of whether the dam was in operation or inactive 
at the time of the incident. 

Figure 5. Dam height and active/inactive facility. 

2.4 Incident Causes 

The reported cause of incident is shown in Figure 6 with respect to the incident type. The incident 
causes are consistent with the causes reported in USCOLD (1988 and 1994), and are summarized 
below. 

 Slope instability – movement of the dam slope 

 Earthquake – effects from a seismic event 

 Overtopping – water overtopping the dam crest 

 Foundation – seepage or piping of solid materials in the dam foundation 

 Seepage – seepage or piping of solids materials within the dam 

 Structural – deficiencies in the spillway, decant system, or tailings delivery system 

 Erosion – erosion damage on the dam slopes 

 Mine subsidence – subsidence resulting in process water or tailings flow into 
underground workings 

Incidents with an unknown cause are also included in the figure. 

For the failures shown in Figure 6, slope instability, earthquake, and overtopping are the leading 
reported causes. 
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Figure 6. Incident cause and incident type. 

The incident cause information is shown in terms of active or inactive facilities in Figure 7. The 
figure shows that the majority of incidents were associated with dams in active operation. 

 

Figure 7. Incident cause and active/inactive facility. 
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The incident cause information is shown in terms of dam type in Figure 8. Where reported, tailings 
dam types are separated into four categories: upstream, downstream, centerline, and water 
retention. These types are summarized below. 

Water retention dams refer to dams designed like a typical water-retention structure with a clay 
core or other hydraulic barrier, and constructed in one or more stages.  

Upstream dams refer to the embankment being constructed in stages, with the embankment crest 
at each stage located upstream relative to the embankment crest of the previous stage (defined in 
Vick, 1990 and other references). Upstream dams were the first tailings dams that were 
constructed, with the embankment material comprised of tailings. Because of subsequent 
embankment raises being over previously deposited tailings, the shear strength and drainage 
characteristics of the underlying tailings are critical to the stability of the embankment. 

Downstream dams refer to an embankment constructed in stages, with the embankment crest at 
each stage located downstream of the previous stage. The type of construction results in 
subsequent embankment raises being over previously constructed fill material or natural ground, 
and not tailings. 

Centerline dams refer to an embankment constructed in stages, with the embankment crest at each 
stage located directly above of the previous stage. The type of construction results in subsequent 
embankment raises being over previously constructed fill, natural ground, or tailings. 

The results of incidents with dam type in Figure 8 show that, although no type of dam is immune 
from incidents, the majority of incidents are associated with upstream-constructed dams. This is 
partially due to the large number of upstream-constructed dams that have been in operation, and 
the fact that many of these dams were constructed in the early 20th century in by trial-and-error 
methods. Many of the dams in the unknown column in Figure 8 are likely to be upstream-
constructed dams. 
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Figure 8. Incident cause and dam type. 

3 CONCLUSIONS 

From the data summarized in Figures 6, 7, and 8, most of the incidents are associated with the 
water management aspects of the dam, with incidents due to either water overtopping the dam or 
water seeping through the dam affecting slope stability or propagating erosion. 

3.1 Water Management 

The water management aspects are consistent with recommendations from the Mount Polley 
Independent Review Panel Report (IEEIRP, 2015) and summarized in Wilson and Robertson 
(2015): 

. . . implementation of best available tailings technology, . . . based on the principles outlined as 
follows: 

1. Eliminate surface water from the impoundment. 

2. Promote unsaturated conditions in the tailings with drainage provisions. 

3. Achieve dilatant conditions throughout the tailings deposit by compaction. 

 
These principles can be achieved with slurried tailings impoundments utilizing dams constructed 
by upstream, centerline, or downstream methods; co-disposal with waste rock; as well as 
impoundments utilizing thickened, paste, or filtered tailings processing. The key factors are proper 
design, construction, operation, and monitoring to manage surface water and tailings porewater. 
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As discussed in Wilson and Robertson (2015), elimination of surface water and promotion of 
unsaturated conditions is not consistent with environmental management strategies for chemical 
stability of sulfide-bearing tailings by maintaining saturated conditions. However, the potential 
for a tailings dam incident with a release takes precedence over maintaining a water cover and 
saturated tailings conditions in a tailings dam. 

3.2 Failure Frequencies 

In comparison with water storage dams, earthfill and rockfill embankments comprise 
approximately 73% of the dams in operation, and approximately 75% of recorded incidents were 
associated with earthfill and rockfill embankments (USCOLD, 1976, 1988). As mentioned in 
Section 1.1, estimates by the U.S. Bureau of Reclamation indicated an annual water-storage dam 
failure frequency of 6.2x10-4 (von Thun, 1985). Estimates for water storage dams in Martin and 
Davies (2000) indicated an annual failure (not incident) frequency of 1x10-4. 

For tailings dams, Martin and Davies (2000) estimated that there are approximately 3,500 tailings 
dams in operation worldwide. From this number, estimates of annual failure frequency were 1x10-

3, and estimates of annual incident frequency were 1x10-2 (Martin and Davies, 2000). Tailings 
dam failure frequency in British Columbia was estimated in Appendix I of IEEIRP (2015). For 
1969 through 2015, there have been roughly 110 to 120 tailings dams in operation. With seven 
failures over this period, the annual failure frequency is approximately 1.7x10-3.  

The higher annual failure frequency of tailings dams compared to water storage dams can be 
explained with the differences in construction and operation, where water storage dams are 
constructed in one stage, filled, and operated. If there are issues with the dam, water can be 
released to facilitate maintenance and repairs. Tailings dams are constructed in multiple stages 
and gradually filled with tailings. If there are issues with the dam, ponded water may be removed, 
but the tailings remain in place. However, the higher annual frequency of failure (or any failure) 
with tailings dams is not acceptable (as discussed in Vick, 1999; Martin et al., 2002), from 
corporate liability and cost, environmental, regulatory, or public relations standpoints.  

3.3 Recommendations 

Methods to reduce the frequency of incidents and failures include the following: 

 Managing tailings facilities to minimize ponded water on the impoundment surface, 
and maintaining tailings beaches to keep ponded water away from the upstream 
slopes of tailings dams. 

 Operating tailings facilities to optimize tailings densities by consolidation and 
drainage or by mechanical methods (such as thickening or filtration). 

 Educating personnel involved with tailings facility operation and management to 
recognize proper tailings dam performance and best management practices, and 
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know established procedures and actions to take when unforeseen conditions are 
observed. 

 In evaluating new tailings facilities, considering alternative tailings management 
methods and their associated costs through the entire mine life cycle (including 
closure and post-closure periods). 

4 REFERENCES 

Azam, S. and Q. Li (2010) Tailings Dam Failures: A Review of the Last 100 Years, Waste Geotechnics, 
Geotechnical News, December, 50-53. 

Cambridge, M. (2001) A Review of Tailings Dam Failures, Water Power and Dam Construction, May, 40-
42. 

Caldwell, J.A. (2014) Tailings facility failures in 2013/2014. Proceedings Tailings and Mine Waste 2014; 
Keystone, Colorado, October 5-8.  

Davies, M. (2002) Tailings Impoundment Failures: Are Geotechnical Engineers Listening? Waste 
Geotechnics, Geotechnical News. 31-36 

Davies, M., Martin, T., Lighthall, P. (2000) Mine tailings dams: when things go wrong. Tailings Dams 
2000, Association of State Dam Safety Officials, U.S. Committee on Large Dams, Las Vegas, Nevada: 
261-273. 

Independent Expert Engineering Investigation and Review Panel (IEEIRP) (2015) Report on Mount Polley 
Tailings Storage Facility Breach, Province of British Columbia, January 30. 

International Commission on Large Dams (ICOLD) (2013) Dam Safety Management: Operational Phase 
of the Dam Life Cycle, Bulletin 154, Paris: Commission Internationale des Grands Barrages. 

International Commission on Large Dams (ICOLD) (2011a) World Register of Dams, Paris: Commission 
Internationale des Grands Barrages. 

International Commission on Large Dams (ICOLD) (2011b) Improving Tailings Dam Safety – Critical 
Aspects of Management, Design, Operation, and Closure, Bulletin 139, Paris: Commission 
Internationale des Grands Barrages. 

International Commission on Large Dams, Committee on Tailings Dams and Waste Lagoons (ICOLD), 
(2001) Tailings Dam, Risk of Dangerous Occurrences, Bulletin 121, Paris: Commission Internationale 
des Grands Barrages. 

International Commission on Large Dams, Committee on Tailings Dams and Waste Lagoons (ICOLD), 
(1995) Dam Failures Statistical Analysis, Bulletin 99, Paris: Commission Internationale des Grands 
Barrages. 

International Commission on Large Dams, Committee on Mine and Industrial Tailings Dams (ICOLD), 
(1989) Bibliography of Mine and Industrial Tailings Dams and Dumps, Bulletin 44a, Paris: 
Commission Internationale des Grands Barrages. 

International Commission on Large Dams (ICOLD) (1987) Dam Safety - Guidelines, Bulletin 59, Paris: 
Commission Internationale des Grands Barrages. 

 
340



International Commission on Large Dams, Committee on Mine and Industrial Tailings Dams (ICOLD) 
(1982) Manual on Tailings Dams and Dumps, Bulletin 45, Paris: Commission Internationale des 
Grands Barrages. 

Lottermoser, B. (2007) Mine Wastes: Characterization, Treatment, and Environmental Impacts. Berlin: 
Springer. 

Martin, T.E., M.P. Davies, S. Rice, T. Higgs, P.C. Lighthall (2002) Stewardship of Tailings Facilities, 
Mining, Minerals, and Sustainable Development, World Business Council for Sustainable 
Development, No. 20, April. 

Martin, T.E., and M.P. Davies (2000) Trends in the Stewardship of Tailings Dams, Tailings and Mine Waste 
’00, Balkema, pp 393-407. 

Rico, M., Benito, G., Slaguerio, A.R., Díez-Herrero, A., Pereira, H.G. (2007) Reported tailings dam failures: 
A review of the European incidents in the worldwide context. Journal of Hazardous Materials. 152: 
846-852. 

Sovacool, B. The costs of failure: A preliminary assessment of major energy accidents, 1907-2007. Energy 
Policy. 36: 1802-1820. 

Strachan, C. (2002) Review of tailings dam incident data, Mining Environmental Management, January, 7-
9. 

Szymanski, M.B. (1999) Evaluation of Safety of Tailings Dams, BiTech Publishers, Ltd. 

United Nations Environment Programme (UNEP) (1996) Environmental and Safety Incidents Concerning 
Tailings Dams at Mines. Paris: Mining Journal Research Services. 

U.S. Committee on Large Dams, Committee on Tailings Dams (USCOLD) (1994) Tailings Dam Incidents. 
Denver: U.S Committee on Large Dams. 

U.S. Committee on Large Dams, Committee on Dam Safety (USCOLD) (1988) Lessons from Dam 
Incidents USA II, ASCE. 

U.S. Committee on Large Dams, Committee on Failures and Accidents to Large Dams (USCOLD) (1976) 
Lessons from Dam Incidents USA, ASCE/USCOLD. 

U.S. Department of Interior, Bureau of Reclamation (USBR) and U.S. Army Corps of Engineers (USACE) 
(2015) Best Practices in Dam and Levee Safety Risk Analysis, Version 4.0, July. 

Von Thun, J.L. (1985) Application of statistical data from dam failures and accidents to risk-based decision 
analysis on existing dams, U.S. Bureau of Reclamation Engineering and Research Center, Denver. 

Vick, S.G. (1999) Tailings Dam Safety – Implications for the Dam Safety Community, Proceedings, 
Canadian Dam Association 1999 Annual Conference, Sudbury, Ontario. 

Vick, S.G. (1990) Planning, Design, and Analysis of Tailings Dams, BiTech Publishers. 

Villavicencio, G., Espinace, R., Palma, J., Fourie, A., Valenzuela, P. (2014) Failures of Sand Tailings: Dams 
in a Highly Seismic County. Canadian Geotechnical Journal. 51(4): 449-464. 

 
341



Wilson, G.W. and A.MacG. Robertson (2015) The Value of Failure, Waste Geotechnics, Geotechnical 
News, June, 24-28. 

World Information Service on Energy (WISE) (2015) Chronology of Major Tailings Dam Failures, August 
15. <http://www.wise-uranium.org/mdaf.html>. 

 
342



Tailings mobilization estimates for dam breach studies 
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ABSTRACT 

Quantitative assessment of potential consequences caused by a flood from a dam breach of a 
tailings facility requires an estimate of the volume of water and tailings released during the breach. 
A methodology for estimating the volume of tailings mobilized by the free water stored in the 
pond and the resulting initial flood wave following a dam breach is presented. Tailings 
mobilization can be estimated as a function of the stored water volume and the physical 
characteristics of the tailings deposit. The result is an estimate of the total outflow consisting of 
volumes of free water, and tailings and interstitial water that could be potentially mobilized. This 
approach indicates that a larger operating pond would mobilize more tailings than a smaller pond. 
Similarly, a tailings deposit that is more consolidated or only partially saturated would result in a 
smaller volume of tailings being released in a breach. These are the primary attributes of stored 
tailings affecting the potential consequences of a breach. An understanding of these attributes 
allows the practitioner to use the results of the analysis as a decision making tool for decreasing 
the consequences of failure. 

Key words: dam breach, methodology, solids content, outflow volume, risk 

1 INTRODUCTION 

Tailings dam breach studies are often expected and required for operating and planned Tailings 
Storage Facilities (TSFs). The Technical Bulletin Application of Dam Safety Guidelines to Mining 
Dams issued by the Canadian Dam Association (CDA) does not prescribe procedures for 
conducting tailings dam breach analyses, but is rather limited to identifying “some specific issues 
that should be considered during the design and safety evaluation of mining dams” (CDA 2014). 
The guidelines (CDA 2007a, CDA 2007b, FERC 1993, FEMA 2013) that are typically followed 
for tailings dam breach analyses were originally developed for water retaining dams, and as such, 
are not fully applicable to tailings dams. 

The key difference between a water retaining dam failure and a tailings dam failure is in the 
outflow volume and the solids contained in that volume. A breach of a water retaining structure 
typically results in the discharge of the entire impounded volume of water above the breach. The 
outflow has a relatively low solids content originating from the embankment material and 
mobilization of settled sediments from the reservoir. A breach of a tailings retaining structure, in 
contrast, could result in the discharge of the entire supernatant pond volume, but does not have to 
result in the full discharge of the impounded tailings volume. A dam breach of a TSF that has a 
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supernatant pond typically results in two discharge mechanisms: (1) an initial flood wave, and (2) 
slumping or flow of liquefied tailings. These mechanisms occur in sequence following a 
catastrophic failure of a TSF dam for all cases where there is a supernatant pond present, and are 
distinctly different in terms of the potential risk they pose to the downstream environment. The 
initial flood wave would propagate much farther causing extensive erosion and larger inundation 
downstream, while the flow of liquefied tailings would cause deposition in the areas immediately 
downstream of the facility with a smaller inundation footprint. This paper focuses on estimating 
the volume of tailings released from the facility with the initial flood wave. More tailings may be 
released in addition to the tailings released with the initial flood wave, which is further discussed 
in a companion paper (Martin et al., 2015). 

Quantitative assessment of potential consequences caused by the initial flood wave from a breach 
of a tailings facility requires an estimate of the volume of water and the tailings released during 
the breach. The volume of the outflow in the breach is a key piece of information used to estimate 
the peak discharge, physical characteristics of the breach (width and side slopes), and an estimate 
of how quickly the breach would occur (time of failure). These characteristics are used to develop 
a dam breach hydrograph, which is subsequently routed through the downstream drainage 
network to estimate the inundation limits of the flood.  

The volume of water in the facility can be estimated reasonably accurately with an understanding 
of pond volumes for both sunny day (normal operating level) and rainy day (flood induced) failure 
scenarios. The approach to estimating the volume of tailings released in a breach is not clearly 
defined in available literature. A common approach is to estimate the volume of released tailings 
as a percentage of the stored tailings in the facility at the time of the breach, which is largely based 
on the judgement of the practitioner. Estimates ranging between 10% and 100% are not 
uncommon. While useful for high level studies, this approach does not take into consideration 
the physical mechanisms controlling the volume of tailings released.  

Rico et al. (2007) developed an empirical relationship (Equation 1) which predicts that 
approximately 37% of the impounded volume (VT in Mm3) comprising tailings solids, supernatant 
and interstitial water, is released in the breach outflow volume (VOUT in Mm3). This approach is 
quite commonly used by practitioners to estimate outflow volumes, but may at times result in 
unrealistic estimates. About 250 known cases of tailings dam failures worldwide have been 
compiled; however, the basic information is often incomplete. Relationships developed by Rico 
et al. (2007) are based on 28 historic tailings dam failures for which complete data on runout 
distances and outflow volumes were available. 

VOUT = 0.354 x VT
1.01            (1)  
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The approach proposed in this paper is to consider the available free water in the supernatant pond 
that, through the process of solids entrainment and mixing, has a potential to mobilize a certain 
mass of tailings and embankment construction material. Tailings mobilization can be estimated 
as a function of the volume of stored water and the physical characteristics of the tailings deposit, 
such as the total mass of deposited solids, density of the solids, degree of saturation, and average 
dry density. The mass of mobilized tailings is estimated as a function of the water volume by 
assuming full mixing of the free water with the tailings solids and interstitial water at a selected 
solids content limit. The result is an estimate of the total outflow volume which consists of the 
initial supernatant pond volume, tailings solids, and interstitial water that would be potentially 
mobilized. 

2 METHODOLOGY 

The estimate of tailings mobilization should follow a repeatable methodology that considers the 
physical characteristics of the tailings facility. The proposed methodology includes four key steps: 

1. Define the Tailings Deposit Characteristics 

2. Define the Supernatant or Storage Pond Volume  

3. Estimate the Solids Content of the Breach Outflow 

4. Predict the Breach Outflow Volume 

The approach for each step and the equations used to develop an estimate are provided in the 
sections that follow. 
2.1 Define Tailings Deposit Characteristics 

The first step is to establish an estimate of the characteristics of the tailings deposit at the time 
when the consequences of a breach are going to be examined. The storage volume and 
characteristics of the tailings deposit will change throughout operations and closure, and an 
estimate of tailings mobilization is limited to a representative point in time. The tailings deposit 
characteristics should initially include estimates of the following: 

 mass of tailings solids stored, 

 average dry density of the tailings deposit, 

 tailings solids density, and 

 degree of saturation of the tailings. 
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Estimates of the above parameters are usually readily available as design basis criteria during 
evaluation of a new project or from actual characterization data for an existing facility. The 
remainder of the tailings deposit characteristics can be calculated using first principles and these 
initial estimates. Various calculated parameters include: 

 volume of the tailings deposit, 

 volume of tailings solids, 

 volume of voids, 

 porosity, 

 void ratio, 

 volume and mass of interstitial water, 

 moisture content, and 

 tailings bulk density. 

A hypothetical project is defined for the purpose of this paper to demonstrate the methods 
presented. This project has a tailings facility sized based on a mill throughput of 20 million tonnes 
per year (20 Mt/yr) with a mine life of 10 years. The total mass of tailings solids (MS-INIT.) retained 
at the end of mine life is 200 Mt. The average dry density (ρD) of the deposit is 1.4 tonnes per 
cubic metre (1.4 t/m3). The tailings solids density (ρS) is 2.7 t/m3 (specific gravity of solids 
multiplied by the density of water). The degree of saturation (S) of the tailings deposit is 100%. 
These initial characteristics can be used to calculate other tailings deposit characteristics as 
presented below. 

The total volume of the tailings deposit: 

VT = MS-INIT. / ρD            (2) 
VT = 143 Mm3 

The volume of the tailings solids: 

VS = MS-INIT. / ρS            (3) 
VS = 74 Mm3 

The volume of the tailings voids: 

VV = VT - VS            (4) 
VV = 69 Mm3 

The porosity of the tailings deposit: 

n = VV / VT            (5) 
n = 0.48 

 
The void ratio of the tailings deposit: 

e = VV / VS            (6) 
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e = 0.93 
The volume of the tailings interstitial water: 

VIW = S × VV  where S = 1.0 for this example    (7) 
VIW = 69 Mm3 

The mass of the tailings interstitial water: 

MIW = VIW × ρW  where ρW = 1.0 t/m3
      (8) 

MIW = 69 Mt 
The moisture content of the tailings deposit: 

%W = MIW / MS-INIT.            (9) 
%W = 0.34 = 34 % 

The bulk density of the tailings: 

ρBULK = (MS-INIT. + MIW) / VT             (10) 
ρBULK = 1.9 t/m3 

2.2 Define Supernatant Pond Volume 

The second step is to establish an estimate of the volume of supernatant water stored within the 
impoundment. This estimate may also include concurrent storm water storage if applicable for the 
chosen scenario. The estimated volume should be consistent with the representative point in time 
used to develop the tailings deposit characteristics. This volume is referenced as the amount of 
free water throughout this paper. Testing a range of values may be appropriate for facilities with 
fluctuating water storage. The mass of water is required for the tailings mobilization estimates; a 
density of water of 1 t/m3 is used in the following calculations. 

The hypothetical project for this paper considers a tailings facility with an operating pond storage 
volume (VW) of 10 Mm3.  

The mass of the free water in the operating pond is: 

MW = VW × ρW  where ρW = 1.0 t/m3
      (11) 

MW = 10 Mt 
2.3 Estimate the Solids Content of Breach Outflow  

The mobilization of tailings during a breach can be calculated using first principles by estimating 
the gravimetric solids content of the resulting outflow. The selected solids content estimate is up 
to the practitioner and should be developed on a case by case basis. A rationale for the selected 
solids content of the breach should be provided and should be consistent with the purpose of the 
study. The practitioner conducting the study should specify the ratio at which mixing would occur. 
A solids content of 50% is one part water and one part solid, by mass. A solids content of 35% is 
two parts water and one part solid. 

The simplifying assumption is that the free water mixes instantaneously with the tailings deposit 
during breaching until the resulting slurry reaches the specified solids content. A solids content 
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(%s) limit can be applied with an understanding of the “flowability” of the resulting breach 
outflow. This is a key parameter for the proposed methodology and the practitioner should use 
the available resources to make a reasonable and defensible estimate (or estimated range of 
values). For example, lab test data may be available from process test work, rheology testing, or 
geotechnical lab testing. This information may provide a basis for the solids content estimates.  

A solids content of 55% was selected for the hypothetical project considered in this paper, which 
represents a typical solids content of a thickened slurry. 

%s = 0.55 
The solids content of the resulting breach outflow is a value defined by the practitioner and is 
directly used to estimate the tailings mobilization volume. The solids content of the outflow can 
be calculated as a ratio of the mass of mobilized solids in the outflow (MS-MOB) to the total mass 
of the outflow that includes solids and water. This ratio is defined in Equation 12 as follows:  

%s = MS-MOB / (MS-MOB + MIW-MOB + MW)          
 (12) 

where MIW-MOB = MS-MOB × %w  
2.4 Predict the Dam Breach Initial Flood Wave Outflow Volume 

The volume of tailings mobilized by the initial flood wave is estimated as a function of the free 
water in the supernatant pond and the tailings (including solids and interstitial water) that can mix 
with this free water. First, the mass of mobilized tailings solids (MS-MOB) is determined by 
reorganizing Equation 12 to derive Equation 13. The mass of mobilized tailings solids for the 
hypothetical project used in this paper is: 

MS-MOB = MW / ((1 / %s) - 1 - %w)            (13) 
 valid for %w < (1 / %s) - 1 

MS-MOB = 21 Mt 
The estimate of the tailings solids mobilized by the initial flood wave must be compared with the 
total solids stored within the tailings facility as a limiting condition. More tailings than existing 
within the facility cannot be mobilized. The estimate of mobilized tailings should be adjusted to 
the lower of the two values. Consequently, facilities with large volumes of stored water may result 
in 100% tailings released in a breach, while facilities with smaller volumes of water would result 
in partial release of stored tailings. The hypothetical project used in this paper would result in a 
partial release of stored tailings: 

MS-MOB ≤ MS-INIT              

21 Mt < 200 Mt 
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The resulting breach outflow volume can then be determined using the mass of mobilized tailings 
solids. The breach outflow volume includes free water, tailings solids and interstitial water. The 
mass of the mobilized tailings interstitial water is: 

MIW-MOB = ((MS-MOB / ρD) - (MS-MOB / ρS)) × S × ρW        (14) 
MIW-MOB = 7 Mt 

The volume of the mobilized tailings is: 

VT-MOB = (MS-MOB + MIW-MOB) / ρBULK          (15) 
VT-MOB = 15 Mm3 

The resulting breach outflow volume is: 

VOUT = VW + VT-MOB            (16) 
VOUT = 25 Mm3 

The resulting percentage of volume of the impoundment released in the breach is: 

%VOUT = VOUT / (VW + VT)            (17) 
%VOUT = 0.16 = 16 % 

The conclusion of the tailings mobilization estimate for this particular analysis is that this 
hypothetical tailings facility containing 200 Mt (143 Mm3) of tailings and a supernatant pond of 
10 Mm3 has the potential to mobilize 15 Mm3 of tailings during a breach of the facility under 
normal operating pond conditions and assuming that the tailings will mix to a 55% solids content. 
The mobilized tailings volume would consist of approximately 21 Mt of tailings solids and 7 Mt 
of interstitial water. The total breach outflow is estimated to be approximately 25 Mm3, which 
represents 16% of the total volume of the impoundment (stored tailings and free water). The 
estimated breach volume in this case is approximately 2.5 times the pond volume at the time of 
the breach (bulking ratio). 

3 SENSITIVITY 

Estimating the volume of mobilized tailings is subject to uncertainty. There are a number of 
physical attributes of stored tailings that will affect the flowability in the event of a dam breach; 
the three basic parameters considered in this methodology are: 

 volume and location of stored water, 

 density of the tailings, and 

 degree of saturation of the tailings. 

These three physical attributes, together with the estimated solids content of the breach outflow, 
play a controlling role in the tailings mobilization estimate. The following sections discuss the 
sensitivity to these key parameters. 
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3.1 Sensitivity to Supernatant Pond Volume 

The volume and location of the supernatant water has a direct impact on the resulting breach 
outflow volumes. The location of the pond is not a specific topic of this paper; however, it is noted 
that the storage of water away from tailings dams is preferred in the majority of cases to minimize 
the likelihood and potential consequences of a breach developing. Water that is unavailable to 
develop a breach would have no impact on the potential breach outflow if that condition is 
maintained (e.g. water separated by a significant tailings beach, stored in a separate location in or 
external to the facility, stored below the breach invert). 

The initial flood wave outflow volume is predicted to have a linear relationship with the initial 
volume of supernatant water. More water storage is a direct indicator of increasing breach outflow 
volume as demonstrated on Figure 1, which shows the relationship of the supernatant pond 
volume and the predicted initial flood wave outflow volume at solids contents between 25% and 
65% in 10% increments. The comparison assumes the same initial tailings deposit characteristics 
as described in Section 2.1.1. The ratio between the pond volume and the outflow volume can be 
estimated from Figure 1 for the tailings facility considered in this paper. This represents a bulking 
ratio that appears to range from 1.3 to 4.7 for outflow solids contents of 25% and 65%, 
respectively. There is a significant jump in bulking ratio between 55% and 65% solids, which is 
attributed to the non-linear relationship between the mass of mobilized solids and the assumed 
solids content. 

 

Figure 1: Sensitivity of Breach Outflow Volume to Pond Volume 
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3.2 Sensitivity to Initial Dry Density 

The density of the stored tailings will also have an impact on the mobility of tailings during a dam 
breach. Tailings mobility decreases as density increases. Increased density is typically achieved 
through initial settlement and longer-term consolidation. Improvements in density can be 
accelerated by passive processes such as drainage provisions and consolidation under self-weight 
or active processes such as dewatering and compaction. Tailings consolidation releases interstitial 
water and increases the mass of solids per unit volume, thereby increasing the volume of water 
required to mobilize the tailings. It is recognized that there are other physical processes associated 
with increasing in situ tailing densities that will affect the mobility of the solids, but these are not 
considered in this conceptual model. 

Figure 2 shows the relationship between the predicted breach outflow volume and the average dry 
density of the tailings. The comparison was done for a pond volume of 10 Mm3 consistent with 
the example project included in this paper. The solids contents of the outflow are again shown 
between 25% and 65% solids in 10% increments for comparison. The breach outflow volume has 
a non-linear relationship with the density of the tailings, although below approximately 35% 
solids, the relationship is relatively linear. Above 45% solids content and below a density of 
approximately 1.3 t/m3, the breach outflow volume estimates increase rapidly for the lower density 
tailings. This is consistent with what is expected in reality considering that a tailings density 
approaching 1.0 t/m3 is typically representative of finer tailings and slimes that were deposited 
below the tailings facility pond. The moisture content for these materials would be 40 to 60% or 
greater, which would make them more likely to flow. These materials are often isolated from the 
tailings dam by a higher density coarse tailings beach that typically forms closer to the dam near 
tailings discharge locations. 

A significant jump is again evident for the breach outflows between 55% and 65% solids, and is 
present even at higher densities. This difference is more pronounced for the density and breach 
outflow volume relationship than for other tested relationships presented in this paper. This is 
related to the density and moisture content of the tailings deposit under consideration. The 65% 
solids content curve begins to deviate considerably from the other curves as the dry density 
decreases. A similar trend but at a lower density is apparent for the 55% solids content curve as 
well. 
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Figure 2: Sensitivity of Breach Outflow Volume to the Average Dry Density of the Tailings 

The tailings deposit for this hypothetical project was described as a “soil” with an average dry 
density of 1.4 t/m3, a degree of saturation of 100% and a moisture content of 34%. Characteristics 
of a flowing slurry (water content and solids content) do not technically apply to a soil; however, 
if these characteristics were applied to the tailings deposit then the theoretical solids content for 
lower density tailings would be similar to the higher solids contents used for breach outflow 
estimates (e.g. a soil with density of 1.1 t/m3 has a solids content of 65%). A summary of tailings 
dry density and theoretical water and solids content is provided in Table 1. 

Table 1: Theoretical Water Content and Solids Content of Settled Tailings 

Average Dry 
Density (t/m3) 

Degree of   
Saturation (%) 

Moisture    
Content (%w) 

Water Content 
(w.c.) 

Solids Content 
(%s) 

1.0 100 61% 39% 61% 
1.1 100 54% 35% 65% 
1.2 100 46% 32% 68% 
1.3 100 40% 29% 71% 
1.4 100 34% 26% 74% 
1.5 100 30% 23% 77% 
1.6 100 25% 20% 80% 
1.7 100 22% 18% 82% 
1.8 100 19% 16% 84% 
1.9 100 16% 13% 87% 
2.0 100 13% 11% 89% 

1. Water content (w.c.) = %w ÷ (1 + %w) 
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The reason for the observed deviation on Figure 2 is in the increasing moisture content associated 
with the decreasing tailings density. Explained in mathematical terms, at any selected mixing 
solids content, there will be a corresponding moisture content where the denominator in Equation 
13 becomes zero and the solution goes to infinity. For example, if the selected solids content for 
mixing is 65% then a tailings moisture content of 54% would invalidate Equation 13. A moisture 
content of 54% is consistent with tailings density of 1.1 t/m3, as shown in Table 1. In other words, 
a soil with 65% solids content cannot be mixed with more water and remain at 65% solids. This 
means that if the moisture content of the tailings under consideration is near this limit then the 
mobilization estimate will asymptotically reach infinity, because such mixture cannot occur. The 
physical constraints described by Equation 13 should be carefully considered when making 
“conservative” assumptions. There is a difference between conservative and unrealistic.  

3.3 Sensitivity to Degree of Saturation  

The degree of saturation of the tailings will have an impact on the mobility of tailings in a breach, 
but to a lesser extent than pond volume and deposited tailings density. The relationship is non-
linear, and varies depending on the solids content.  

Figure 3 shows the relationship of predicted breach outflow volume with saturation of the tailings. 
The comparison was again made for the hypothetical project with a pond volume of 10 Mm3 and 
a tailings density of 1.4 t/m3. The solids contents of the outflow are again shown between 25% 
and 65% solids in 10% increments. The increase between 55% and 65% solids is substantial. The 
trend for a breach outflow with 65% solids content is considerably more sensitive to the degree 
of tailings saturation, whereas for solids contents below 55% the breach outflow is relatively 
insensitive to the degree of saturation. The bulking ratio between pond volume and outflow 
volume can also be estimated from Figure 3. This ratio ranges from 3.0 to 4.7 for 65% solids 
content, 2.1 to 2.5 for 55% solids contents, and around 1.3 to 1.8 for solids contents less than 45%.  
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Figure 3: Sensitivity of Breach Outflow Volume to the Degree of Saturation of the Tailings 

Degree of saturation does not appear to be a significant driver in estimating the breach outflow 
volumes compared to the pond volume and tailings density. The reduction in mobilization is less 
than approximately 10% for breach outflows with less than 45% solids content, and more 
pronounced for higher solids contents. Partial saturation does reduce tailings mobilization 
potential and should be included for completeness. Saturation is important when considering the 
ability of tailings to flow if the breach process is not driven by erosion. Saturation would be more 
important when considering mobility of liquefied tailings in facilities containing little water or 
locally in tailings beach zones adjacent to the dam. 

4 DISCUSSION AND CONCLUSIONS 

This paper proposes a methodology for estimating the volume of water and the tailings released 
with the initial flood wave during a dam breach of a tailings facility. The breach outflow volume 
can be calculated as a function of stored water and physical characteristics of the tailings deposit. 
The presented approach indicates that a larger operating pond would mobilize more tailings than 
a smaller pond. The following sections include some concluding thoughts and discussion on 
opportunities for applying the methodology presented in this paper.  
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4.1 Solids Content in the Breach Outflow 

There are several physical attributes of stored tailings that affect the flowability of tailings in the 
event of a facility breach. Three of these physical attributes are considered in this paper: the 
volume and location of stored water, the tailings density, and the tailings degree of saturation. All 
three are influenced by the estimated solids content of the breach outflow, which plays a 
controlling role in the tailings mobilization estimate. Instantaneous mixing to a given solids 
content is not a realistic assumption. The solids content in the outflow would vary as the breach 
process develops; however, it is impractical to vary the solids content in the calculations, which 
would add a different layer of uncertainty to the estimate. A simpler approach is to choose a 
representative solids content for the entire initial flood wave. The selected solids content estimate 
is at the discretion of the practitioner and should be developed on a case by case basis. The 
practitioner should take into consideration the physical constraints that limit the range of 
reasonable values. 

There is an opportunity to investigate a reasonable upper bound solids content during project 
development. Test programs for tailings physical and rheological characteristics are common 
during project development. Simple slumping tests can demonstrate the relationship between 
solids content and yield stress, or how the tailings behave when confinement is removed. The 
results of simple tailings testing could be used to provide a reasonable rationale for the selected 
solids content or range of values. 

Developing ranges or envelopes that could be considered “standard” ranges for solids content in 
initial flood wave outflows for a given type of tailings would help standardizing the process. 
Limited opportunity exists to develop empirical correlations for past tailings facility failures; 
however, complete information is often not available for these events. Another option would be 
to consider the limitations of material erosion and entrainment seen in natural flooding. 

4.2 Risk Assessment 

The assessment of potential consequences caused by a breach of a tailings facility requires an 
estimate of the volume of water and the tailings released during the breach, particularly in the 
initial flood wave. The estimate of tailings mobilization presented in this paper follows a 
repeatable methodology that considers the physical characteristics of the tailings facility. 
Including these physical attributes in estimating the mobilized tailings volume provides a 
quantitative tool in estimating the potential consequences of a breach.  

The positive effect of altering the physical conditions in a TSF by reducing the amount of water 
stored within a facility, increasing the tailings density, and decreasing the degree of tailings 
saturation was demonstrated in this paper. Each of these changes can be shown to reduce the 
potential breach outflow volume. A reduction of volume of water lost and tailings mobilized 
would reduce the potential downstream consequences of a failure of a facility. 
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Risk assessment considers the “likelihood” and “consequences” of an event occurring to develop 
an understanding of the risk of that particular event. The engineering design of a tailings facility 
adopts factors of safety and design event levels that reduce the likelihood of occurrence to the 
extent practical. Another opportunity to further reduce the risk, if likelihood cannot be lowered, 
is to reduce the consequences of an event. The methodology for estimating tailings mobilization 
volumes presented in this paper provides an opportunity to investigate possible reductions in the 
potential consequences of a dam failure without applying extensive and costly analysis. 
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ABSTRACT 

In 2014, the failure of at least three tailings facilities was reported on the internet: Mt Polley in 
British Columbia, the Duke Energy Eden facility in North Carolina, and the Minas Geras failure 
in Brazil. This paper collates publicly available information about the 2014 tailings failures and 
examines the subsequent social and regulatory responses in the three different jurisdictions in 
which the failures occurred. The paper proceeds to update tailings failure statistics in the light of 
these and 2012 and 2013 tailings failures. The authors have no personal knowledge of any of these 
failed facilities, but draw instead on public reports and professional experience in discussing the 
perpetually fascinating and perplexing issue of continued failure of mine tailings facilities 

1 INTRODUCTION 

Tailings facilities continued to fail in 2014. We, the authors, are aware of three major tailings 
facility failures in 2014. In Mexico there was a reported “spill” from a mine, but it is not clear this 
constitutes a tailing failure—so is not further addressed here. The information we have comes 
from the internet—we have no personal information or knowledge not available to those who use 
the internet.  

In this paper, we briefly describe failure statistics, rates, the failures and the subsequent response 
of the politicians, regulators, professionals, and the industry to the failures. Hence we re-examine 
the statistics of failure of tailings facilities and the ways the failure rate may be reduced. 

2 MAJOR FAILURES IN 2014 

2.1 Duke Energy 

2.1.1 Failure description 

In February 2014 the ash tailings facility at the Duke Energy, Dan River Steam Station, Eden, 
North Carolina, USA failed and coal flyash tailings flowed out into the Eden River.  

Apparently old pipes beneath the facility corroded and failed. The tailings and supernatant water 
flowed into the broken pipes and out to the river. The tailings flowed many miles down the river 
and was highly visible to the many folk who live along the river. 
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About 82,000 short tons of toxic coal ash and 100,000m3 of contaminated water was released 
from the 27 acres facility. Since the failure, much of the tailings has been removed (dredged) from 
the river. 

2.1.2 Investigations & legal 

The U.S. Environmental Protection Agency has updated regulations on the operation of fly ash 
facilities. In essence the new regulations require the ash to be managed in facilities that replicate 
the details of landfills. This includes basal liners, placement of “dry” ash, and regular covers.  

America’s legal system sprang into action. One report reads: 

A federal judge ordered Duke Energy to pay a record $102 million criminal penalty for a 
humbling litany of ignored warnings that preceded last year’s coal ash spill into the Dan 
River. But Duke didn’t measure the water flowing from the pipes, to detect leaks, as a 
consultant recommended in 1986. No inspections of the flow from the larger pipe were done 
for nine years because of heavy undergrowth and snakes. 

In March 2015 a shareholder filed suit against the board of directors and former board members 
and executive of Duke Energy accusing them of “breaches of fiduciary duties, waste of corporate 
assets, and unjust enrichment. This misconduct has exposed the Company to billions of dollars in 
actual and potential liability.” 

The suit further alleges “The Dan River disaster was a foreseeable consequence of Duke’s years 
of intentional neglect of its coal ash ponds. Rather than take appropriate action to move the 
company toward compliance with the law, Duke, with the board’s knowledge, used its influence 
in the North Carolina state government to attempt to maintain the status quo.” 

Duke has denied these claims. The suit is not going forward for now. The court is awaiting the 
outcome of five similar suits filed in the Delaware Court of Chancery that deal with essentially 
the same allegations and issues. 

2.1.3 Discussions 

First of all, let's note that the portfolio selected for the Mount Polley panel review (next section) 
would not have included this type of embankment. 

To the best of our knowledge, many US power companies are undertaking major projects to 
upgrade their ash tailings facilities and comply with the new EPA regulations. Interestingly in 
1985 the Stava Dam collapsed, killing 268 people, destroying 63 buildings and demolishing eight 
bridges, thus gaining the status of Very Serious failure, due to “forgotten” pipes. No Black Swan 
can be invoked for this 2014 failure! 

2.2 Mt Polley 

2.2.1 Failure description 
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On August 4th, 2014 part of the perimeter embankment of the tailings facility at Mt Polley, British 
Columbia, Canada (commissioned in 1997) failed and tailings flooded local streams and lakes. 
About 7.3Mm3 of tailings, 10.6Mm3 of water and 6.5Mm3 of interstitial water were released. 

2.2.2 Investigations & legal 

An expert panel appointed by the British Columbia regulators concluded that the embankment 
failed as a result of a local layer of glaciolacustrine clay, the strengths of which was apparently 
not understood by the tailings facility designers. Additional factors that caused failure and 
exacerbated the consequence of failure include embankment downstream slopes that were too 
steep and high water levels in the pond, hence reduced beaches. The embankment was constructed 
as a “modified” centerline embankment, but, in practice, more closely resembled an upstream 
embankment— this too may have played a part in the failure.  

The expert panel exonerated the regulators who had approved a factor of safety (FoS) of 1.3 
instead of 1.5 which it may be argued is the valued required by relevant and potentially appropriate 
standards. To date no official assignment of responsibility or blame has been assigned, although 
there are reportedly still selected panels examining the issues. Note that recent papers (Oboni, 
Oboni 2013, Oboni, Oboni, Caldwell, 2014) have shown the very significant influence of that 0.2 
difference in the initial value of FoS on the probability of failure pf at service inception and also 
at various phases of the embankment's life. 

The expert panel concluded in essence that the only “safe” tailings facility is one where there is 
no water on the surface of the tailings and no water in the voids of the tailings. The other 
recommendations made by the panel to improve tailings facility safety include: independent peer 
review boards (Morgenstern, 2010, Caldwell, 2011); better performance modelling and 
performance monitoring; use of best management practices (such as filter pressed tailings and 
underground mine back-filling). 

2.2.3 Discussions 

Tailings professionals have debated the failure and the expert panel report, but to date none have 
come to any definitive conclusions. Some professional organizations are reportedly upgrading 
their tailings practice guidelines, but none are currently published.  

Based on a 2013 paper (Oboni, Oboni 2013), a dam with an initial FoS=1.3, belonging to CAT II 
or III (Silva et Al., 2008), merely looking at the way it was reportedly investigated, designed and 
managed, would have had an initial pf of about 10-2, to compare with “historic” rates of failure of 
10-4 or 10-3 (during two different decades), i.e. one to two orders of magnitude more likely to fail. 
Conclusion? Certainly not a Black Swan here and actually a quite foreseeable end! 

Some professionals have written articles pointing out that the no water in or on the tailings is not 
practical if the tailings are acid generating. Such professionals argue that the risk of acid drainage 
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impact is so much greater than the risk of tailings facility failure, that water on and in the tailings 
should continue. With a known rate of failure (Oboni, Oboni, 2012; Bowker, Chambers, 2015) 
and solid experience on acid drainage around the world, a comparative, unbiased risk analysis 
could be indeed produced bringing solid answers to that discussion. 

Some mines have noted that their mine sites are in such wet and cold locations that it is not 
possible to adopt filter pressed tailings. It is true that some places in British Columbia are just too 
snow-bound and rainy to practically place filter pressed tailings.  

The British Columbia government has convened groups to further examine the issue of tailings 
facility failure, but no public reports are yet available. 

The public was at first incensed. Now there are still isolated minor protests calling for no 
resumption of mining at Mt Polley— at the time of writing this paper, newspaper reports are that 
the provincial government will soon approve resumption of mining subject to unreported 
conditions. 

It is reported that the salmon fry in Quesnel Lake where many of the tailings flowed are more 
numerous and larger than in previous years. Apparently they are thriving on the nutrients swept 
into the lake. Some are concerned these fry will be overly affected by elevated copper levels. 

2.3  Herculano Mine 

2.3.1 Failure description 

While workers were working on the tailings facility at the Herculano mine, Itabirito, Região 
Central, Minas Gerais, Brazil, on September 8, 2014, the facility failed, killing two and effectively 
obliterating a third worker who has never been found. 

2.3.2 Investigations & legal 

Almost nothing has been reported on the failure, its investigation, or subsequent events. Informal 
discussions with junior Brazilian engineers inform us that the “government is investigating and 
will report in due course.” 

2.3.3 Discussions 

From the scant reports on the internet, it appears that the tailings facility was an old one. Sometime 
before the failure, fresh tailings had been placed near the upgradient side of the facility. The 
workers were reportedly there to implement stabilization works. Apparently they dug through an 
outer crust into liquid tailings which flowed out with deathly consequences. 
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3 FAILURE COMPARISON 

We note the following common features of the 2014 tailings failures: 

 Existing facilities that had been used for many years, reportedly following the “as it 
is impossible to anticipate everything, why bother” principle described in the first half 
of past century (Merton, 1936). 

 Antiquated design and management practices, meaning poor initial conditions and 
overall structure category, as shown above for the cases where some data were 
available leading to substandard pf. 

 Absence of risk assessment or even of common health and safety programs. Let's note 
that typical, common practice, risk matrices can only correctly and unambiguously 
compare a small fraction, reportedly less than 10%, of randomly selected pairs of 
hazards. Furthermore, they can assign identical ratings to quantitatively very different 
risks, a phenomena often referred to as “range compression” and can mistakenly 
assign higher qualitative ratings to quantitatively smaller risks and vice versa. These 
inaccuracies can lead to mistaken resource allocation. (Oboni, Oboni, 2012) 

 No peer review. Independent peer review of water dams is a long-standing practice. 
It is disgraceful that all regulators do not insist on it. Until they do, and peer reviews 
are performed very seriously, we see no hope of reducing the incidence of tailings 
facility failure (Morgenstern, 2010, Caldwell, 2011) 

 Limited engineer involvement that appears to have been aware of potential problems 
but not heard or acted on. Alarming disconnect comes from the poor definition of 
potential consequences of mishaps and their societal ripple effects. This aspect is 
indeed mostly ignored in codes, leaving professionals ample room to biases and 
censoring applied to potential losses (Oboni at Al., 2013, CDA, 2014). 

 Overconfident mining companies that did not act when prudence may have so 
dictated. Risk assessments are almost always censored and biased towards “credible 
events”. However history, even recent, has shown that major failures occur when 
“incredible events” occur, or long chains of apparently benign events are produced 
and the public has now got that clearly in mind, generating widespread controversy 
and projects' opposition (Oboni at Al., 2013). 

 Absence of significant regulatory oversight or involvement. Risks assessments are 
“at risk” if plagued by conflict of interest or overly optimistic cognitive biases, or 
censure. (Oboni, Oboni, 2014). 

While there are similarities in root causes, there is an amazing difference in the response of the 
societies affected by the failures. From swift and dramatic, with new regulations and large fines 
for the responsible parties, to the usual committee meetings, review reports soon ignored, calls for 
action yet to be undertaken, finally a sort of void: no reports, no action, and the mere hope of 
something in the unspecified future. 
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4 DISCUSSING FAILURE STATISTICS AND RATES 

4.1 4.1  Defining failures 

In the recent years two studies have tackled (Oboni, Oboni, 2013; Bowker, Chambers, 2015), 
from a slightly different point of view, the estimation of the TD accident rates, on top of the very 
narrow portfolio tackled by the Mt. Polley Review Panel. The 2013 study looked at major 
accidents reported by various sources (UNEP, 1996, 1998; USCOLD, 1994) considering those 
that had a widespread media/public opinion impact. The 2015 study looks at Serious (S) and Very 
Serious (VS) failures defined as follows: 

Type Release greater than And/or Loss of life And/or Travel distance 

Serious (S) 100,000m3 YES N/A 

Very Serious (VS) 1Mm3 ≥ 20 >20km 

The common practice approach of using oversimplified consequence functions (with “and/or” 
clauses as just defined above) is often used in research papers because of scope/budget limitations, 
but should not be accepted for a rational world-wide approach to decision making and tailings 
risks management for an industry that has significant societal impacts like mining. Tailings 
accidents generate multiple direct and indirect consequences on the environmental, human, H&S, 
operational and reputational areas (CDA, 2014) and we believe it is time for the mining industry 
as a whole to adopt a uniform consequence function. Such a function would allow a better 
understanding/comparison of potential risks of tailings dams failures and, of course, also to better 
address emergency situations/communication, as discussed later (Section 5.2). Each one of the 
consequences' “dimensions” would need to be expressed as ranges, to include uncertainties. 
(MVREIB, 2012).  

4.2 Discussing rates of occurrence 

The 2015 study states that catastrophic tailings spills are occurring with increasing frequency 
around the world. The report states that half the serious (Serious and Very Serious) dam failures, 
33 of 67 in the past 70 years, have occurred in the 20 years between 1990 and 2009. 

In order to allow a comparison between the 2013 and 2015 studies, a rate of failure of 67 over 70 
years, with a world-portfolio of estimated 3,500 dams, was evaluated as 67/(3,500*70) = 2.7*10-

4. The same was performed for 33 accidents over 20 years leading to 33/(3,500*20) = 4.7*10-4.  

From Appendix 1 of the 2015 study the following rates were extracted: 

Period Interval years Very serious/ Serious failures Very serious 

1990-2009 20 33/(3,500*20) = 4.7*10-4 16/(3,500*20) = 2.3*10-4 

1990-1999 10 18/(3,500*10)= 5.1*10-4 9/(3,500*10)= 2.6*10-4 

2000-2009 10 15/(3,500*10)= 4.3*10-4 7/(3,500*10)= 2.0*10-4 
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The 2013 study was a “quick and dirty” approach, based on general failure data and certainly less 
complete records than the 2015 one. The 2013 paper showed that for the 1974-1984 decade the 
world-wide rate was 10-3; and for the 1994-2004 decade it was 2*10-4. The rate was constant in 
the US in those two decades at 7-8*10-4. It is comforting that the results of the “quick and dirty” 
2013 study reached globally comparable results to the 2015 very deep and solid analytical 
approach. We note that the selection of the time frame has a large influence on the conclusions of 
the 2015 study and therefore we recommend these comparative studies to be performed with 
constant duration (for example decade by decade) to avoid the hazard of drawing misleading 
conclusions. “Averaging” over 70 years, during which so many conditions have changed, may 
indeed mask decennial spikes. To prove this it is enough to look at the Table above which shows 
that the accident rates have actually decreased by 15%-24% from the 1990-1999 to the 2000-2009 
decades using the 2015 study's own data. 

The three major failures in 2014, described in this paper, indicate a rate very near 10-3 (thus similar 
to the 1974-1984 decade stated in the 2013 study). However, that again may simply be the result 
of a local spike. Time will tell if climate changes, and/or other factors, are starting to influence 
world-wide statistics. 

5 DISCUSSING FAILURE CONSEQUENCES AND THEIR EVOLUTION 

5.1 Mortality 

Let's first discuss tailings dam failure accident mortality (Figure 1), a relationship obeying the 
Bendford law, expressed up to date, for tailings dams by:   

Casualties(1962-2014)=499.9*e(-0.2372*number of accidents)  with a R2=0.987 

Should future accidents significantly alter the graph and the relationship, this would indicate that 
some parameters have changed, possibly in the number of people exposed downstream, working 
on or by the dams, climate change, etc.  

There have been:  

 68 VS,S accidents between 1917 and 2009 (92 years);  

 67 between 1940 and 2009 (69 years), and  

 54 between 1962 (date of the first recorded casualties) and 2009 (47 years).  

 6 events with more than 50 casualties add up to 1503 casualties occurred from Wales 
to Bulgaria, China, Italy and the US. 

 The total casualties for the whole accidents record totals 1996.  

 The average casualties count per VS,S accident is in the order of 1996/47=42 to 
1996/68=30 (NB: this equates, for example, to evaluating the average number of 
casualties for deadly car accidents). 
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However, to better express the hazard we should look at the total casualties/total accidents or 
1996/226 = 8-9 (NB: this equates, for example, to evaluating the average number of casualties per 
car accident). This last number is what has to be expected from a generic tailings accident and the 
relationship described in Figure 1 should allow to determine if the future rates will align with past 
records and detect anomalies. Finally, if we try to evaluate the rate of casualties for the whole 
industry, we can use, as an approximation 1996/(92*3,500)= 6.2*10-3 and 
1996/(47*3,500)=1.21*10-2 casualties/year dam: both these values are at least two orders of 
magnitude above commonly accepted thresholds for mortality in hazardous industries (Comar, 
1987, Wilson & Crouch, 1982, Renshaw, 1990) and well above ANCOLD (2003) threshold of 
“safety.”  

 

Figure 1 – Accidents’ casualties vs. number of accidents causing casualties between 1962 and 2014 
included. 

In the 2013 study it was shown how tailings accidents had come close to the Whitman's societal 
tolerance threshold, the exceedance of which has been seen, in other instances, in other industries, 
to have crippling effects on the industry (Oboni, Oboni, 2013). 

5.2 5.2  Failure consequences scale 

The nuclear industry has long understood that there needs to be two approaches regarding the risk 
of their facilities. On one side there need to be a simple scale to be used after an incident to 
communicate the outcome to the public and media. Indeed we read in INES (INES 2013): “The 
primary purpose of INES is to facilitate communication and understanding between the technical 
community, the media and the public on the safety significance of events. The aim is to keep the 
public as well as nuclear authorities accurately informed on the occurrence and consequences of 
reported events.” On the other side there need to be a comprehensive metric for risk management 
and decision making encompassing the various dimensions of potential accidents' consequences.  
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The INES looks at three components:  

 people and the environment,  

 barriers and controls,  

 defence in depth. 

For a tailing dam failure the evaluation of consequences on people and the environment should 
look at how many 1) live lost, 2) damaged surface (including type and value following a schematic 
scale), and 3) persistency of the damages (or ease of cleanup, or ease to return to previous state) 
(Klinke and Renn 1999).  

If we look at volume released vs. lives lost (Fig. 2), it would be preposterous to see any 
correlations. The same could be performed with the dam height or the runout distance with the 
same conclusions. 

 

Figure 2 – Volume in m3 vs lives lost in TD accidents 

Codes (CDA, 2014) remain silent on most dimensions quantification, leaving ample margin to 
interpretations and biases. 

The damaged surface is an interesting parameter as it is somewhat influenced by the total volume, 
the height of the dam and the volume released, but, from a consequences perspective, only is 
meaningful, whereas dam's parameters (height and volume) are not. 

Lastly the persistence of the damage encompasses the availability of cleanup means, the funds 
allocated for it, the type (toxicity) of released material, and the fragility of the ecosystems present 
in the damaged area. 

From past records the mining industry seems quite far from releasing the appropriate information 
in the immediate aftermath of a tailings accident. Lack of information often conducts media to 
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consider that all tailings are “toxic”, that all failures are “catastrophic” and generate “huge 
environmental disaster”, this should not occur. 

5.3 Predictions 

Predictions formulated in the 2015 study consider 11 VS,S failures costing approximately 6B$ 
between 2010 and 2019. The average cost of each spill being 543M$, as measured by the attempts 
of regulators to recoup cleanup costs from mine operators. Using the 2013 rates for the 1994-2004 
decade we would have a prediction of 7 failures over ten years.  

Finally the 2014 study (Oboni, Oboni, Caldwell, 2014) showed that, as dam life evolves, possible 
hits from natural or man-made hazards happen, and the probability of failure rises in an 
exponential way, and more significantly so if the dam starts with a low FoS (1.3) and poor overall 
conditions (investigations, design, construction, maintenance). This observation is particularly 
important during cycles of low base metal/coal/oil&gas valuations. 

6 FINDINGS AND RECOMMENDATIONS 

We reiterate that the aim of zero tailings failures is impossible to achieve. There will continue to 
be tailings failures. In fact, in the long term all tailings facilities will spiral toward significant 
increases of their pf and when they fail the tailings will go to downstream rivers, lakes, and the 
ocean as they did at every failure to date.  

We have demonstrated that consequences are not necessarily correlated, in one way or another, 
with dam height or pond volume. As in many industries the “scary stuff” is not necessarily the 
riskier one. 

Our practice and research have shown that the probability of failure is, or will be, often way higher 
in smaller structures than in major ones, simply because more care is taken for larger structures 
than for “insignificant ones”. And examples like Stava or Bafokeng are there to show that 
“extreme” consequences can actually occur. 

We have also demonstrated that the rate of fatalities in the tailings “industry” lies way above the 
generally accepted “safe” thresholds for hazardous industries. 

The number of existing, operational, and closed tailings storage facilities around the world makes 
it necessary to prioritize the mitigation tasks, if we want to achieve a higher quality, be it at 
corporate or at national levels. The unfolding drama of the Kings Mine in Colorado and the 
attention it has stirred are there to show what the social consequences can be. 

One of us worked with the UMTRA Project in the US, reportedly closing tailings facilities to be 
stable for 1,000 years to the extent reasonably achievable. Closure works were designed to remain 
stable in the probable maximum precipitation, the probable maximum flood, and the probable 
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maximum earthquake. The investment was very high, paid with public money, and most likely 
unsustainable for most mines around the world. 

The trend is nowadays to only consider mines with no water on or in the tailings. Maybe acid 
generating tailings facilities should not be developed, for it is not possible to keep the tailings wet 
and safe in perpetuity. 

Clearly professional practice re tailings facilities can be improved. But we do not believe this will 
ever reduce the incidence of tailings failures, however successful such practice improvement is. 
The onus for improving tailings facility safety lies with the owners and the public by way of its 
regulators. Law must be clear, specific and demanding. Codes have to avoid complacency and 
simplistic approaches. Regulations must be clear and demanding. Regulators must be able and 
willing to challenge substandard practice.  

And the mining industry must accept that some ore bodies should not become mines, that some 
places are not suitable for mining, however valuable the ore body, and some tailings practice 
should not be implemented regardless of how cheap they are. 
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Assessing credible modes of failure: Afton TSF dam breach study 
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ABSTRACT 

The Afton Tailings Storage Facility is located in the semi-arid Interior Region of British 
Columbia and has been in care and maintenance since 1997, after approximately 20 years of 
operation. In response to the British Columbia Chief Mine Inspector’s orders issued in August 
2014, following a dam breach incident at the Mount Polley Mine, dam breach analysis and 
inundation studies for the Afton Tailings Storage Facility were conducted. Defining realistic and 
credible modes of failure that were consistent with the Canadian Dam Association Dam Safety 
Guidelines for conducting these studies proved challenging due to the hydrologic conditions and 
certain features of the Tailings Storage Facility dam design. The selection of initial hydrologic 
conditions and breach locations has a considerable effect on the predicted volume of tailings 
mobilized, the characteristics of the flood wave, and the extent of the downstream impact. 
Inundation results based on modes of failure that are not credible do not provide real value to the 
owner, regulators, or the public because they offer little insight into the actual risks posed by a 
facility. This paper examines the challenges in defining credible modes of failure used in dam 
breach and inundation studies for mining dams, and presents a case study based on the Afton 
Tailings Storage Facility.  

1 INTRODUCTION 

Dam breach analyses and inundation studies were conducted for the Afton Tailings Storage 
Facility (TSF) in response to orders from the British Columbia (BC) Chief Mine Inspector, which 
were issued in August 2014 for all HIGH, VERY HIGH and EXTREME classification tailings 
dams following a dam breach incident at the Mount Polley Mine. Knight Piésold (KP) completed 
the studies according to the Canadian Dam Association (CDA) “Dam Safety Guidelines” (2007a). 
These studies required the identification of credible modes of failure for the Afton TSF, which 
proved challenging because of the site hydrologic conditions and certain features of the Tailings 
Storage Facility dam design.  

The Afton TSF dam breach evaluation was completed for two initial hydrologic conditions, 
known as sunny day and flood induced conditions, as recommended in CDA (2007a, 2007b).  

 Sunny day failure – a sudden dam failure that occurs during normal operations, which 
may be caused by internal erosion, piping, earthquakes, mis-operation leading to 
overtopping, or another event. 

 Flood induced or rainy day failure – a dam failure resulting from a natural flood of a 
magnitude that is greater than what the dam can safely pass. 

The downstream inundation and the resulting impacts from an outflow flood wave were evaluated 
for both of these failure scenarios. The studies were done for the facility as it existed in early fall 
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2014. However, it should be noted that in late fall 2014 and early winter 2015 the pond in the 
Afton TSF was largely dewatered, which further reduced the likelihood of a catastrophic dam 
failure and associated downstream effects. 

Dam breach and inundation studies are typically completed for Emergency Preparedness and 
Response Planning purposes. These studies are also used to determine the dam hazard 
classification based on the incremental consequences to downstream socio-economic and 
environmental values and loss of life. It is important that these studies be based only on credible 
modes of dam failure. Inundation results based on modes of failure that are not credible do not 
provide value to the owner, regulators or the public, since they offer little insight into the actual 
risks posed by a facility. 

2 AFTON TAILINGS STORAGE FACILITY 

2.1 Facility Location 
The Afton TSF is located 12 km west of the City of Kamloops between Highway 5 and Highway 
1, as shown on Figure 1.  

The climate in the project area is typical of the dry BC Interior Region, with generally low total 
precipitation and high evaporation, and correspondingly low streamflow rates. Located in the rain 
shadow of the Coast Mountains, this area has a semi-arid steppe climate characterized by 
generally cool, dry winters and hot, dry summers, with low humidity (Demarchi 2011). A 
discontinued Environment Canada climate station (Kamloops Afton Mines) was located near the 
Afton TSF at an elevation of 700 masl. Temperature and precipitation records for this station for 
the period of 1977 to 1993 indicate mean annual temperature and precipitation values of 7.3°C 
and 305 mm, respectively (Environment Canada 2015). Evaporation records are not available for 
this site, but the annual potential evapotranspiration (PET) was estimated to be approximately 
565 mm (KP 2013) using the Thornthwaite equation (Thornthwaite 1948). 
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Figure 1: Afton TSF Location Map 

2.2 Facility History 

The Afton TSF was constructed in 1976 and 1977 by Teck Resources Ltd (Teck). Production at 
the Afton Mine began in 1977 and the TSF’s embankments were progressively raised throughout 
the operating period to store the increasing volume of tailings and water generated from milling 
the Afton, Ajax, Crescent, and Pothook ore reserves. An estimated 37 million tonnes of tailings 
solids were deposited into the TSF between 1977 and 1997. 

The facility has been under care and maintenance since mining operations ceased in 1997. 
Ownership of the TSF was transferred to Abacus Mining Inc. upon Abacus Mining’s acquisition 
of the Ajax Project from Teck in 2002. KGHM subsequently acquired a controlling interest in the 
Ajax Project and the Afton TSF in 2011.  

New Gold Inc. (New Gold) acquired the rights to the New Afton Copper-Gold Project from Teck 
in January 2007, and the New Afton Mine began commercial production in July 2012. The project 
area is located directly to the east of the existing Afton TSF and consists of process plant facilities, 
a new TSF (shown as New Afton TSF on Figure 2), and an underground mining operation. The 
New Afton Mine has a projected mine life of 12 years (New Gold 2012). 
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2.3 Facility Overview 

The general arrangement of the Afton TSF is shown on Figure 2. The Afton TSF consists of the 
following major components: 

 Two zoned earthfill/rockfill dams with engineered filter zones. The two dams are 
referred to as the East Dam and the West Dam. The East Dam is classified as HIGH 
hazard and the West Dam as EXTREME (KP 2014a). The West Dam is further 
divided into the north section and the south section. 

 The tailings solids and the surface water pond. 

 The spillway channel, which is located near the north end of the East Dam. 

 Two seepage collection ponds located downstream of the West Dam that are referred 
to as the Northwest Seepage Pond and the Southwest Seepage Pond. 

 Diversion structures located at the south side of the TSF that divert Alkali Creek 
around the TSF to Cherry Creek. The diversion scheme is comprised of the East 
Diversion Dam across Alkali Creek, the West Diversion Dam across a smaller valley, 
and the Alkali Creek Diversion Channel. The diversion structures are sized to divert 
the 1:200 year peak flow event. 

Figure 2: Afton TSF – General Arrangement 

The area downstream of the West Dam drains into an 11 km long section of Cherry Creek that 
discharges into Kamloops Lake. There is a settlement located about 1.4 km downstream from the 
West Dam, as well as a number of farms farther downstream. The population inhabiting these 
areas may be at risk should the West Dam breach. The East Dam is located adjacent to New 
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Gold’s New Afton Mine. Any runoff in the area downstream of the East Dam drains through a 
portion of the New Afton Mine site and ultimately discharges into the historic Afton Open Pit. 

3 PHYSICAL CHARACTERISTICS AND HYDROLOGY FOR THE TSF 

3.1 TSF Embankments 

A layout and schematic cross section of the Afton TSF are presented on Figure 3. The Afton Mine 
ceased operations before reaching the full mine life and the dams were never raised to their 
ultimate design height. Consequently, the dams were overbuilt in terms of crest width, which is 
approximately 100 m at an elevation of 706 m. Table 1 outlines the TSF embankment parameters 
for each dam and the spillway. A portion of the East Dam is buttressed by a mine rock dump that 
is higher than the East Dam itself, as shown in the section on Figure 3, which makes the dam 
particularly stable in that location. Furthermore, it is worth noting that the West Dam was 
constructed with relatively flat downstream slopes (flatter than 2H:1V). 

 

Figure 3: Afton TSF Plan and Section 
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Table 1: TSF Embankment Parameters 

Parameter  Value 
TSF dam crest elevation  706 m 
TSF dam crest width  100 m 
TSF dam maximum height 

Northern end of the West Dam 
Southern end of the West Dam 
East Dam 
East Dam at spillway location 

  
75 m 
30 m 
Buttressed 
16 m 

Spillway    
Invert elevation  704 m 
Width  50 m 

The spillway invert was constructed 2 m below the dam crest in the East Dam and was designed to 
pass the Probable Maximum Flood (PMF). The spillway consists of a 50 m wide riprap lined 
opening in the East Dam that transitions to an unlined earthen channel, as shown on Figures 4 and 
5. The spillway channel curves along the toe of the East Dam and leads to a set of five culverts that 
discharge onto a haul road that runs along the perimeter of the Afton Open Pit. The tailings beach 
at the entrance to the spillway has been reclaimed. 

 

Figure 4: Riprap lined spillway entrance with reclaimed tailings beach in the foreground and mine rock 
dump on the right side of the frame, looking downstream (northeast) 

 

Figure 5: Spillway channel with roadway crossing in background, looking downstream (northeast)  

The north end of the Afton TSF has beaches developed to the dam crest elevation of 706 m with 
no potential for water storage in that area of the TSF. This beach area, as shown with a polygon on 
Figure 2, has been reclaimed. Part of this reclaimed area is shown on Figure 6. 
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Figure 6: Reclaimed tailings beach, looking southwest from the north end of the East Dam 

3.2 Tailings Volume in the Afton TSF  

The TSF is estimated to hold approximately 37 Mt of tailings from the former Afton Mine. 
Assuming a dry density of 1.4 tonne/m3, the approximate volume of stored tailings is 27 Mm3, 
which includes solids and interstitial water.  

3.3 TSF Pond Water Levels 

The water levels in the tailings pond have not been monitored during the care and maintenance 
period and the actual annual variation of the water level in this facility is not known. It is 
anticipated that the water level has been several metres below the spillway invert at all times for 
the following reasons: (a) the Afton TSF is a non-operating facility, and as such, there is no 
requirement for water storage; (b) the natural inflows from Alkali Creek are diverted around the 
facility; (c) the upstream catchment area of the TSF is minimal; and (d) the historical climatic 
conditions indicate that the annual evaporation is higher than the annual precipitation, leaving the 
facility in a natural deficit condition.  

 

The 2013 Dam Safety Review estimated the pond water level to be at elevation 699.5 m based on 
2013 LiDAR topography (KP 2014a) as shown on Figure 7. This level equates to a freeboard of 
6.5 m to the dam crest and 4.5 m to the spillway invert. In 2014, the pond level was assessed to be 
at an elevation of between 699.5 m and 700.0 m (KP 2014b). The slightly higher water level in 
2014 was attributed to the Alkali Creek Diversion Channel construction program, which included 
the temporarily diverted flow from the diversion channel into the TSF during the channel 
upgrades (KP 2014b). Given the observed water levels, the facility layout and the local climate, 
the authors estimate that a freeboard of about 4 m to the spillway invert and 6 m to the dam crest 
will likely be available throughout most of the year. 
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Figure 7: TSF pond on July 9, 2013, looking northeast. 

The depth area capacity relationship for the Afton TSF was developed using the 2013 LiDAR 
data. This relationship defines the available volume above the stored tailings that is potentially 
available for water storage. The TSF capacity between the tailings surface and the spillway invert 
is approximately 3.3 Mm3; the capacity to the dam crest is approximately 5.6 Mm3.  

3.4 PMF Hydrograph Development  

The CDA guidelines (CDA 2007a, 2013) require all dams to contain or pass the Inflow Design 
Flood (IDF) without an uncontrolled release of the reservoir. Considering the EXTREME hazard 
classification of the West Dam, the IDF for the Afton TSF is the PMF, and hence, the TSF and the 
spillway were designed to pass the PMF.  

It was assumed in the dam breach study that if the PMF were to occur, the upslope Alkali Creek 
diversion structures would fail and runoff from the entire catchment area would flow into the TSF. 
For this situation, the TSF has an upslope catchment area of 55.6 km2 (KP 2014b). A PMF 
hydrograph for Alkali Creek was developed using a unit hydrograph rainfall-runoff modelling 
approach and an estimated 24-hour Probable Maximum Precipitation (PMP) of 221 mm (KP 
2013). The modelled PMF hydrograph resulted in an estimated flood volume of 7.6 Mm3. 

4 DEFINING CREDIBLE MODES OF FAILURE 

CDA Guidelines specify that “To assess the potential consequences [of a dam breach], the 
potential failure modes for the dam and the initial condition downstream from the dam should be 
determined…” (CDA 2007a). Defining credible modes of failure for the TSF proved to be 
challenging because it was hard to envision the possibility of a dam failure given the aridness of 
the local climate, the large capacity of the spillway, and the apparent robustness of the 
embankment design. The challenges related to selecting the breach locations and the initial pond 
water levels for plausible failure scenarios are discussed in the following sections, along with a 
summary of the credible failure modes that were ultimately selected and assessed for this study. 

4.1 Challenges with Selecting Credible Dam Breach Locations along the Embankments 

Locations for a hypothetical and worst case dam breach were assessed for each dam. Breaching 
through the deepest dam section is a conservative and common approach, as it usually results in 
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the largest outflow volume and the highest peak discharge, and therefore represents the worst case 
scenario. However, failure through the deepest dam section does not represent the worst case 
breach location for the Afton TSF. The highest dam wall for the Afton TSF is the West Dam at its 
north end. A large area along this end of the West Dam, including the deepest dam section, has a 
reclaimed tailings beach developed to the crest of the dam. A pond cannot form adjacent to the 
dam in this area because of this reclaimed tailings beach area. Considering that the pond water 
cannot reach this area, a failure of the dam through this deepest section would not result in the 
largest possible outflow flood wave and associated downstream inundation in either the sunny day 
or the flood induced scenario. For that reason, a hypothetical failure location was selected closer 
to the middle section of the West Dam in an area where the tailings beach is not developed to the 
dam crest elevation. This hypothetical failure location is identified as the Northwest Dam Breach 
on Figure 3. 

The south end of the West Dam is located across a tributary catchment to Cherry Creek. This 
section of the West Dam has a tailings beach developed to approximately 6 m below the dam 
crest, and a pond may develop adjacent to the dam. Accordingly, a hypothetical breach location 
was chosen through the deepest section of this part of the West Dam, which is identified as the 
Southwest Dam Breach on Figure 3. 

The East Dam is largely buttressed by a mine rock dump that is higher than the dam itself (Figure 
3), while the north end of the East Dam has a reclaimed tailings beach developed to the crest of the 
dam. Therefore, the only credible location for a potential breach of the East Dam is the spillway 
location, which is identified as the East Dam Breach on Figure 3. 

4.2 Challenges with Credible Failure Modes for the Sunny Day Dam Breach Scenario  

The initial pond volume selected for the TSF affects the estimates of volumes of water and tailings 
that would be released in a dam breach, which in turn impacts the extent of the downstream 
inundation. The discharge can occur through two mechanisms: 1) an initial flood wave forming as 
the pond water from the facility is released; and 2) a slumping of liquefied tailings as a result of 
containment loss (Martin et al. 2015). A larger pond volume generally mobilizes a larger volume 
of tailings than a smaller pond.  

The CDA guidelines recommend using the maximum normal water level as the initial pond 
conditions for a sunny day failure scenario (CDA 2007b). As discussed in Section 3.3, the annual 
TSF pond water level fluctuations are unknown. However, given the dry climate and relatively 
small catchment area of the facility (with diversions operating), a small pond volume is expected 
year-round for this facility. A fairly standard and conservative initial condition assumption would 
be to select the initial pond water level at the spillway invert, but this would not be consistent with 
observed and expected conditions. Such an unsupported assumption (water level set at the 
spillway invert elevation of 704 m) would correspond to an estimated pond volume of more than 
3.3 Mm3, and would result in an unrealistic estimate of the breach outflow volume of water and 
tailings. 
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As mentioned in Section 3.1, the Afton TSF embankments are relatively large with approximately 
100 m wide crests and relatively flat side slopes. The expected small pond volume associated with 
a sunny day dam breach scenario is unlikely to provide sufficient erosion potential and material 
mobilization to scour the embankments down to the existing ground elevation. Therefore, it is 
reasonable to expect that the amount of tailings volume released would be smaller compared to a 
breach that eroded through the full height of the embankment, resulting in substantially less 
downstream inundation. In fact, with only a small pond volume present in the TSF, it is likely that 
a sunny day failure would only result in an embankment failure followed by localized slumping of 
liquefied tailings. 

4.3 Challenges with Credible Failure Modes for the Flood Induced Dam Breach Scenario  

The CDA Guidelines indicate that a flood induced failure is a failure “occurring coincident with a 
flood of magnitude greater than the dam can safely pass” (CDA 2007b). Considering that the West 
Dam classification is EXTREME and the IDF for the facility is the PMF, the facility has been 
designed to safely pass the PMF. As there is no theoretical basis for the occurrence of a flood 
larger than the PMF, it is difficult to conceive of a flood induced dam breach unless the spillway is 
blocked or the dam fails through collapse rather than overtopping. 

If the initial water level was set at the maximum level of 700 m observed during the 2014 Dam 
Safety Review (KP 2014b) prior to the onset of a PMF, the peak water level in the facility during 
a PMF event would be 0.8 m below the dam crest assuming a functioning spillway. If the initial 
water level was set at the invert of the spillway prior to the onset of the PMF, the facility would 
still retain 0.4 m of freeboard during the PMF. Overtopping of either the east or west dams would 
require that the 50 m wide, 2 m deep spillway be fully or partially blocked, or that there was a 
lower elevation section present somewhere along the embankments, which was not identified in 
the LiDAR survey or dam inspections conducted in 2013 and 2014. Overtopping is therefore very 
unlikely. Furthermore, considering the large size of the spillway, the sparse ground cover in the 
drainage basin, and the active nature of the neighbouring site, it is not expected that there would 
be an unobserved blockage of the spillway under the current conditions of this facility. As such, it 
is difficult to conclude that arbitrarily increasing the volume of water stored in the facility and/or 
blocking the spillway to force overtopping during a flood event represents a credible failure 
scenario.  

4.4 Credible Modes of Failure Analysis 

A credible mode of failure analysis was completed for the Afton TSF to identify the worst failure 
mode for each scenario for each dam. This analysis is summarized in Table 2. This analysis did 
not take into consideration whether the failure is likely, but only considered the mechanisms that 
would lead to a catastrophic breach. Any hypothetical failures that were considered even remotely 
possible were assigned the YES ranking, while failures that cannot occur under any circumstances 
were given a NO ranking. 
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Table 2: Credible Modes of Failure 

Dam Dam Section Dam Failure Mode 
Sunny Day Flood Induced  

West Dam 

North End 

Deepest 
section 

YES 
(due to reclaimed tailings 
beach area does not result in 
worst case failure) 

NO 
(due to reclaimed tailings 
beach area) 

Alternate 
dam section 

YES 
(assumed initial pond 
elevation at spillway invert) 

YES 
(assumed initial pond 
elevation at spillway invert 
and dam collapses at 
maximum water elevation) 

South End Deepest 
section 

YES 
(assumed initial pond 
elevation at spillway invert) 

YES 
(assumed initial pond 
elevation at spillway invert 
and dam collapses at 
maximum water elevation) 

East Dam 

Deepest 
section 

NO 
(buttressed by Mine Rock 
Dump) 

NO 
 (buttressed by Mine Rock 
Dump) 

Unlined 
spillway 

YES 
(assumed initial pond 
elevation at spillway invert) 

YES  
(assumed initial pond 
elevation at spillway invert) 

The spillway was assumed to be functioning properly during all failure modes 

The recent Technical Bulletin Application of Dam Safety Guidelines to Mining Dams (CDA 2014) 
does not prescribe procedures for selecting credible failure modes for inundation studies for 
mining dams. Without clearly defined guidelines, it is difficult for practitioners to exclude certain 
scenarios that do not appear to be credible, while making sure they are sufficiently conservative in 
their approach to account for the potentially serious outcomes of a dam failure.  

Considering the current state of practice of dam breach and inundation studies for mining dams, 
the authors of the Afton Dam Breach study found themselves having to proceed with conservative 
but unrealistic assumptions, which required them to ignore the realities of very dry climate 
conditions and current low pond water levels. For the sunny day failure scenarios, the pond water 
level was assumed to be at the spillway invert, since the true variation of the pond was unknown 
and this represented the most conservative assumption. However, the very small pond in the 
facility and the dry climate make the occurrence of a large flood wave after a sunny day collapse 
improbable. For the flood induced failure scenarios, the starting pond water level was also 
assumed to be at the spillway invert and the dams were assumed to collapse when the pond was at 
its maximum level during the PMF flood. Setting the initial water level at the spillway invert for 
both the sunny and rainy day scenarios resulted in the modelling of an excessive volume of water 
(approximately 3.3 Mm3 above current levels) being released from the facility. This additional 
volume of water resulted in larger outflow volumes, greater peak discharges, and higher 
downstream inundation levels than what would have been predicted with a smaller and more 
realistic pond volume. 
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5 DISCUSSION AND CONCLUSIONS 

Dam breach and inundation studies are an important part of dam safety procedures, and all efforts 
should be made to produce conservative yet credible results. These results may ultimately lead to 
decisions and designs that will strive for the protection of the public and the downstream 
environment. Inundation results based on unrealistic modes of failure do not offer any real value 
to the owner, regulators or the public because they provide little insight into the actual risk posed 
by the facility.  

Challenges in selecting credible modes of failure exist for some facilities, and the authors found 
that providing a definitive rationale for excluding unrealistic failure modes was difficult given the 
current state of guidelines and practice. Mitigation measures implemented during the design, 
construction, operation and closure phases of a tailings dam should be considered when 
conducting dam breach and inundation studies. Such measures may include buttressing, shallow 
downstream dam slopes, large storage volumes, extensive freeboard, well developed tailings 
beaches, and small supernatant ponds. Ignoring such conditions and modelling dam breaches 
using unrealistic scenarios produces excessively conservative results, which could lead to 
unjustified safety concerns, unwarranted regulatory and stakeholder constraints, and unnecessary 
safety measures and costs. For instance, the flood management plan during operations of a tailings 
facility often involves maintaining sufficient freeboard to store the IDF volume. Accordingly, in 
situations where the IDF is the PMF and the climate ensures a water deficit condition, 
practitioners should be able to rule out overtopping as a credible mode of failure, rather than using 
it to produce excessively improbable results.  

Many mitigation measures have been included in the Afton TSF, as detailed in earlier sections of 
this paper. The extensive storage and a properly designed spillway in the Afton TSF makes 
overtopping highly improbable; therefore, the authors elected to model the dam as failing during 
the PMF at the time of maximum pond level due to an unknown mechanism. The authors question 
whether a facility that was designed to safely pass the PMF with adequate freeboard should be 
modelled as failing due to overtopping. By creating unrealistic dam breach scenarios in order to 
satisfy guidelines developed for water retaining dams, practitioners may be simulating 
improbable inundation conditions and unrealistically predicting potential harm to the public and 
the environment.  

Inundation and predicted impacts caused by a non-credible event do little to inform the public 
about the true risks posed by these facilities by predicting outcomes that are already specifically 
mitigated. In the Afton TSF case, the inundation maps that were created based on unrealistically 
conservative assumptions, indicate that the settlement located downstream of the West Dam 
would be inundated if this dam were to breach. If the population of that settlement were to only 
consider this final result and not understand the unrealistic antecedent conditions, this population 
would be unduly concerned. Considering the current conditions in the facility, the authors expect 
that there would be no flood wave reaching this settlement. A sunny day failure would not have 
sufficient water for a flood wave, while a flood induced failure would see the flood wave 
travelling down the spillway into the Afton Open Pit.  
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The perceived conflict between dam design studies and dam breach analysis studies could leave 
the public with the impression that some practitioners believe that an event could occur while 
others argue the opposite. Dam designers may argue that a specific failure mechanism could not 
occur due to mitigation measures already in place; however, the use of such a failure mechanism 
for dam breach studies, regardless of credibility, would contradict this position, and the public 
would understandably be confused and ultimately lack confidence regarding the safety of a 
facility. 

The authors understand that future conditions at a facility may be different than those designed or 
predicted, and as such, dam breach studies need to be updated if operational or closure practices 
change. In the case of the Afton TSF, for instance, if the facility was used for future operations to 
store water, the assumptions outlined in this paper would need to be revisited. Given its current 
status, however, the likelihood of a failure occurring according to the modelled scenarios is 
extremely remote. 

The potential devastation driven by the failure of a dam requires practitioners to provide 
thoughtful consideration of such an event in their design and analyses. Dam breach assumptions 
should focus on credible modes of failure for the facility in question and guidelines should be 
developed to support the exclusion of unrealistic failure modes for mining dams. Dam breach and 
inundation studies that use only credible failure modes provide useful results that are constructive 
tools for mining dam design, dam classification, and emergency preparedness and response 
planning.  
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In-depth lithological and weathering profile of a waste rock dump  
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ABSTRACT 

Over the past ten years, the weathering mechanisms of waste rock at the Antamina Cu-Zn-Mo 
mine in Peru have been investigated. Recently a rotary vibratory drilling program was performed 
at two locations in the waste dump. The drill program presented a unique opportunity to gather 
mineralogical and geochemical information and to study the evolution of the alteration profile 
through time and depth associated with observed lithologies (e.g. skarns, intrusives, marbles, 
hornfels). The waste dump under investigation is approximately 400m tall with material that is 
highly heterogeneous in composition and grain size.  

A previous study showed that the reactivity of minerals vary with depth within the same borehole, 
because of variations in pore water chemistry and gas transport. The relationship between the 
variation in reactivity, the lithology, and the alteration profile is investigated in this study. The 
results provide information on the heterogeneity of the material in the waste dump. The 
observation of reactivity compared with lithology from the drill hole highlights the potential 
presence of complex geochemical mechanisms such as galvanic reaction and secondary mineral 
precipitation. The results will guide future research and demonstrate the contribution of 
weathering mechanisms on the long term release of metals from waste rock piles. 

Key Words: neutral rock drainage, metal leaching, weathering mechanisms, attenuation and 
release of metals, secondary minerals 

1 INTRODUCTION 

Drilling in waste rock piles presents the opportunity to characterize the interior structure and 
composition of waste rock dumps (Sracek et al. 2006). In general, end dumped waste rock piles 
show heterogeneity of grain size distribution, surface compaction and lithological composition. 
Former studies have recognized the importance of the physical and chemical heterogeneities on 
the reactivity of the waste rock materials (Amos et al. 2014; Stockwell et al. 2006; Lefebvre et al. 
2001). The material reactivity can be assessed by the presence of sulfide mineral oxidation and 
secondary mineralization observed within the waste rock dump. The oxidation reactions consume 
oxygen and generate heat, therefore the reactivity can be monitored by following the fluctuation 
of oxygen and temperature within the borehole. The reactivity of minerals vary with depth within 
the borehole in association with the migration pattern of pore water and gas transport forming 
reactive hotspots (Lorca et al. 2015). 

2 SITE DESCRIPTION 

Antamina is a polymetallic copper (Cu), zinc (Zn) and molybdenum (Mo) mine. The skarn deposit 
is located in Peru at an elevation between 4000m and 5000m above sea level. The typical annual 
precipitation is between 1200mm and 1500mm with average temperatures of 5.4 to 8.5 ºC 
(Harrison et al. 2012). There are three major waste rock types identified at the mine: carbonates 
(i.e. limestone, marble, hornfels), skarn (i.e. endoskarn and exoskarn) and intrusive (Harrison et 
al. 2012).  

Recently a rotary vibratory drilling program was performed in the East dump presented in Figure 
1. The sonic drill provided continuous core samples and information along two boreholes BH1D2 
and BH3D2. Hence, the drill program presented a unique opportunity to gather mineralogical and 
geochemical in situ information (e.g. gas, temperature, acid base accounting, sulfide and 
secondary mineral content, or moisture content) associated with specific lithological intervals 
along the borehole.  
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Figure 1 Borehole location on the East Dump at Antamina. 

The East waste dump is approximately 400m tall with material that is highly heterogeneous in 
composition and grain size. The dump is composed of alternating lithological layers of skarn, 
intrusive, marble and hornfel and the most recent material is located at the top of the dump and 
the oldest material deposited at the base of the dump is approximately ten years old. BH1D2 was 
drilled on the upper part of the dump, whereas BH3D2 was drilled on a lower part of the dump. 
The BH1D2 waste rock has been exposed to weathering for a shorter period of time because it 
was deposited after the BH3D2 material. Boreholes BH1D2 and BH3D2 were drilled a few meters 
away from BH1s, BH3s, and BH3d boreholes drilled with reverse circulation air rotary in 2012 
on the same sites. Gas transport and temperature data are available from those boreholes (Lorca 
et al. 2015). 

3 OBJECTIVE 

The purpose of this study is to assess the degree of heterogeneity between and with depth within 
the boreholes. An investigation of the variation in reactivity, the lithology and the alteration profile 
within the two boreholes of 126m and 146m located at the proximity of the dump’ slope was 
performed.  

4 METHODOLOGY 

A composite sample was taken for each lithological interval identified by Antamina’s geologists 
from boreholes BH1D2 and BH3D2. The lithological identification was done by visual 
observation based on the occurrence of rock fragments being superior or inferior to 50%.  

The samples collected were analyzed for gravimetric moisture content, neutralization and acid 
potential, and solid phase elemental content. The moisture content was evaluated in each sampling 
interval by weighing 500g to 1 kg of material, before and after being dried in the oven according 
to the ASTM procedure D2216-10 (ASTM, 2010). Static tests, ICP-MS, ICP-OES analyses were 
performed on selected samples by the ALS laboratory in Lima.  

5 RESULTS 

5.1 Lithology 

Figures 2 and 3 show the distributions of the main lithological units observed in BH1D2 and 
BH3D2 boreholes. The BH1D2 samples are composed of 58% of carbonate rocks, 29% of a 
combination of 50% skarn or Intrusive and 50% carbonate rocks, and 13% skarn, intrusive or a 
combination of skarn and intrusive. Comparatively, BH3D2 samples are composed of 34% of 
carbonate rocks, 54% of a combination of 50% skarn or Intrusive and 50% carbonate rocks, and 
12% of skarn, intrusive or a combination of skarn and intrusive. 

 

BH3D2  

BH1D2 
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Figure 2 Distribution of main lithology or lithological combination observed in borehole BH1D2  

 
Figure 3 Distribution of main lithology or lithological combination observed in borehole BH3D2.  

5.2 Reactivity 

Results from the previous boreholes BH1s and BH3d located adjacent to BH1D2 and BH3D2, 
respectively were compared to investigate what could be the cause of reactivity. Results from 
BH1s show that this borehole has a higher temperature and oxygen depletion between 10m and 
20m compared with results from BH3d (Lorca et al., 2015). The data for BH1d are only available 
from 0m to 20m, so it was not possible to compare the reactivity with the remaining of BH1D2 
beyond 20m. The lower portion of BH3d shows two zones with increased temperature and oxygen 
depletion from a depth of 30m to 45m, and from 80m to 100m depths. 

5.3 Solid Phase Analysis 

The total sulfur and metal contents show higher heterogeneity at depth and between the two 
boreholes. The average content of total sulfur for BH1D2 is 0.9% with a maximum of 3.9 %, and 
an average of 1% with a maximum of 19% for BH3D2 similar to that reported by Lorca (2015) 
for the adjacent boreholes. In both boreholes, Zn and Cu are the most abundant metals followed 
by lead (Pb), Mo, and Arsenic (As). BH1D2 shows higher concentrations of: Zn at 75m to 110m 
and 130m to 141m depth; Iron (Fe) between 90 m to 110 m, and at 142m; and Cu between 75m 
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to 100m. BH3D2 shows higher concentration interval of: Zn between 0m to 30m, 40m to 45m, 
80m to 90m, as well as 105m and 125m; Fe between 0m to 30 m, and 60m to 70m; Cu between 
0m to 30m, 50m to 70m, and 85m to 90m; as well as Mo from 50m to 85m. 

5.4 Alteration  

15 to 20% sulfide content was estimated to be disseminated in the matrix of the core samples at 
35m, 85m and 100m in BH3D2 and 7-15% between 20 to 40 m and 60m in BH1D2. Peaks of iron 
oxide alteration are observed at 12m, 35m, 90m and 95m in BH3D2 and 20m, 40m and between 
85m at 100m in BH1D2. Carbonate and sulfate alteration are observed between 20m and 50m and 
a peak at 90m with secondary copper alteration. For BH1D2 carbonate/sulfate and secondary 
copper is observed between 20m to 40m, and 70m to 100m.  

5.5 Moisture 

Figures 4 and 5 show the measured gravimetric moisture content for the two boreholes BH1D2 
and BH3D2, respectively. The values range between 0.5% and 15% for both boreholes. Drops in 
moisture content are observed at 25m and 80m for BH3D2 and at 50m, and 104.8m for BH1D2. 

6 DISCUSSION 

6.1 Lithology and Alteration 

The layers composed of mixed intrusive-carbonate and skarn-carbonate are the most abundant 
lithologies along drill hole BH3D2. Marble, Hornfels and Limestone carbonate rocks are the most 
abundant along the drill hole BH1D2. The presence of disseminated sulfides was observed in up 
to 25% of the matrix. Iron oxides, sulfates, carbonates, and malachite are some of the secondary 
phases observed in the waste rock matrix. 

 

Figure 4 Gravimetric moisture content of the borehole BH1D2 
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Figure 5 Gravimetric moisture content of the borehole BH3D2 

The occurrence and intensity of alteration in the matrix between the two boreholes are similar 
despite high lithological heterogeneity and different location in the dump. The distribution of 
FeOx alteration with depth seems to follow a similar pattern between the boreholes displaying 
two to three main zones of alteration. Table 1 presents a summary of the main reactivity, solid 
phase content, moisture, and alteration zones in the matrix observed along BH3D2 and BH1D2.  

Table 1 Main reactivity, moisture and alteration zones observed at depth along BH1D2 and 
BH3D2 (Sec Cu = Secondary copper carbonates, yellow = potentially acid generating (PAG), 
Orange = uncertain (UNC), Bold line = drop of moisture content, L = Low, M = Medium, S = 

Strong, TIC = Total Inorganic Carbon) 
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106       106        
108       108        
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116       116        
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120         120        
122         122        
124         124        
126         126        
128          

130          

132          

134          

136          

138          

140          

142              

 Me: Pb, Zn, Cu, Mo 
 Mt: Fe, Zn, Cu 
 
6.2 Acid Base Accounting, Lithology, and Alteration 

The borehole BH1D2 only have the presence of one interval of PAG and UNC samples at 128m 
and 140m. In BH3D2 the presence of PAG and UNC intervals (e.g. 2.6m, 6m, 19m to 28m, 59.4m 
to 68.5m, 117m to 121m) are directly related to the presence of higher Fe solid phase content and 
low iron oxide (FeOx) alteration as well as low sulfide content observed in the matrix. They also 
show Total inorganic carbon values located in the lower quartile compared to solid phase sulfide 
(S2-) values located between the median-higher quartile. The two main lithologies associated with 
those intervals are carbonate rocks as well as a combination of skarn/intrusive and carbonate 
rocks. The BH3D2 PAG samples were most likely exposed for a longer period to weathering than 
BH1D2 samples, meaning that the buffering minerals are potentially depleted or passivated.  

6.3 Moisture 

Borehole BH3d intersects two main traffic surfaces between 65m to 70m and 110m to 115m 
which correspond to different bench heights. The traffic surfaces are typically composed of finer 
particle sizes and are compacted (Amos et al. 2014, Lefebvre et al. 2001). Lower temperature due 
to lower reactivity and coarser material were observed at the base of the lifts between benches 
(Lorca et al. 2015). Variation from lower to higher moisture content was observed at depths of 
50m and 105m for BH1D2, as well as 25m and 80m for BH3D2. Hence, the moisture content 
variations observed could be related with traffic compacted material and/or the predominant 
presence of clayish material observed at those locations. 
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6.4 Reactivity, Solid Phase Content and Lithology 

The reactive hotspots are associated with higher temperature and oxygen depletion (Lorca et al. 
2015). The presence of reactive hotspots observed between 10m and 20m in BH1s corresponds to 
the presence of sulfide disseminated in the matrix of BH1D2 at 20 m. The main lithology observed 
is an interval of oxidised intrusive and skarn between 20m and 20.5m.  

Similarly, the high reactivity intervals observed between 30m to 45m and 80m to 100m in BH3d 
correspond to higher sulfide contents in BH3D2 at intervals between 35m to 40m, at 85m and 
100m. The main lithology within these intervals is a combination of intrusive/skarn and carbonate 
inter-layered with individual intrusive, skarn and carbonate layers. The presence of higher 
concentrations of Zn and Pb between 38m and 42m and the high Cu, Zn and Pb between 80m to 
100m in BH3D2 could also be a source of metal released or attenuated by the reactions in those 
intervals. 

BH1D2 is more reactive than BH3D2 at 20m because of its higher observed sulfide content in the 
matrix and the correlation made between the temperature and oxygen data taken from the adjacent 
hole BH1s as discussed in the Section on Reactivity above. However, FeOx staining has been 
qualitatively observed to be higher in BH3D2. 

6.5 Reactivity and Alteration profile  

The distribution of the FeOx alteration with depth follows a similar pattern within both boreholes. 
Both display occurrence of FeOx alteration between 0m to 15m, 30m to 40m, and 90m to 100m. 
This may be related to the grain size distribution and moisture content associated with the different 
waste rock dump benches.  

The waste rock solid phase content and the traffic surfaces have a direct impact on the reactivity 
and alteration profile observed within the boreholes. No differences of intensity were noted 
between the alteration located at the top and bottom part of the two boreholes. However, higher 
reactivity is rising at the top of traffic surfaces in dump benches resulting in the presence of strong 
FeOx alteration lower in depth within the bench. 

7 CONCLUSION 

The drill program presented a unique opportunity to gather mineralogical and geochemical 
information (e.g. gas, temperature, acid base accounting, sulfide and secondary mineral content, 
or moisture content) along two boreholes covering an in-depth vertical section of approximately 
150m per borehole. The continuous data set displayed the evolution of the alteration profile at 
depth associated with observed lithologies. The results highlight the relationship between reactive 
hotspots with the physical and geochemical heterogeneities. 

The main conclusions from the information presented are:  

 Weathering was expected to be more evident at the base of the boreholes. However, the 
alteration is located at the middle of each deposition benches following the distribution 
of the grain size in each bench.  

 The reactivity is directly related to the presence of higher sulfide content but does not 
always correlate with higher FeOx alteration.  

 The PAG and UNC intervals are mostly associated with the presence of combined 
lithologies and layers rich in carbonate rocks with a low TIC and Ca solid phase 
content. Meaning that the carbonates are potentially depleted or passivated in these 
intervals.  

The results discussed provide information on the heterogeneity of the material in the waste dump. 
The observation of reactivity compared with lithology from the drill hole highlights the potential 
presence of alteration mechanisms. Amongst other, the presence of non-acid generating sulfides, 
complex geochemical mechanisms such as galvanic reaction between sulfide couples (Kwong, 
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2003), and secondary mineral precipitation at the surface of the carbonate or sulfide (Huminicki, 
2008, Huminicki, 2009) might have an impact on the elemental release and attenuation, reactivity, 
and buffering potential of the waste rock. Further mineralogical investigations will be conducted 
during the next phases of this study using the samples collected in the drilling program, to assess 
the presence of these potential mechanisms and the impact on the geochemistry of the waste rock 
dump. 
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Modeling of seepage through segregating waste rock: part II 
M. D. Fredlund, R. C. Thode 

SoilVision Systems Ltd., Saskatoon, Canada 

ABSTRACT 

This study examines seepage flow through coarse and fine layers formed through end-dumping 
of material onto a waste rock pile. Of particular importance is determining whether a saturated 
zone will form after significant storm events. The modeling is based on detailed analysis of a 
conceptual model which was presented in the Part 1 paper. The findings indicate that the net 
percolation for the average slope is 41-44% of precipitation and the expected actual evaporation 
rate is 56-59%. These estimates are highly determinate on the status of the crust material. It is 
expected that storm events will not cause the pore-water pressure to be significantly altered 
below a depth of 5m. It would take a sequence of many precipitation events to form a well-
developed water table in the waste rock pile. 

Key Words: unsaturated flow, seepage, actual evaporation, stability 

1 INTRODUCTION 

Considerable segregation can occur when material is end-dumped onto a waste-rock pile. The 
process of creating a slope by dumping waste rock materials from the crest of the slope creates a 
multi-layer structure within the waste rock dump. The random dumping process can result in 
layers of fine and coarse materials coming to rest at roughly the angle of repose. This is similar 
to the stratification found in soil layers laid down by wind or water. The waste rock at the Goat 
Hill North rock pile appears to have been formed by multiple layers of fine and coarse materials.  

This paper examines the flow of rainfall through detailed layers of coarse and fine materials. 
The modeling is based on detailed analysis of a conceptual model which was presented in Part 1 
(Fredlund, 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 1. Photo of Goat Hill North prior to destruction 
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2 OBJECTIVE 

The objectives of the present study may be summarized in the following list:  

 Refine the calculation of recharge and actual evaporation such that the treatment of the 
upper crust in the numerical model is improved. 

 Determination of the flow regime of the detailed conceptual model with an 
understanding of the anticipated saturation and water content levels in the numerical 
model. 

 Determination of the relative flows through coarse, medium and fine layers. 
 Estimation of saturation and volumetric water contents in the fine, medium and coarse 

layers. 
 Determine the reasonable seasonal changes in pore-water pressures in the upper 10m of 

the model. 
 To determine the reasonable seasonal and annual changes in pore-water pressures in the 

layers deeper than 10m. 
 To determine the reasonable times taken by a particle of water through the system. 

In order to achieve the above objectives, the multi-layer seepage modeling was implemented in 
two steps: 

 Step #1: Steady-state models used to determine a generalized flow regime 
 Step #2: Transient models used to determine the establishment of longer-term results 

3 CONCEPTUAL MODEL 

The conceptual model used for the hydrological Phase II modeling may be seen in Figure 2. 
Table 1. Material parameters used for phase II hydrological modeling 

Unit Porosity, n qs yae, AEV (kPa) qr yr (kPa) Ksat (m/day) Slope of Kunsat

colluvium 0.3585 0.3585 1.15 0.054 3.439 8.71E-02 2.83
rubble 0.3623 0.3623 0.217 0.065 1.127 1.58E-02 2.83
Sand Base Case 0.302 0.302 1.64 0.133 31.33 1.469 2.83

Sand+1SD Finer H/C Slope 0.302 0.2528 2.913 0.133 31.33 1.469 1.863
Gravel+1SD Coarser H/C Slope 0.351 0.351 0.1985 0.104 2.2 7.1 3.797

Soil-water characteristic curve Hydraulic conductivity
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q r  = Residual volumetric water content, 

 y ae = Air entry value, AEV 
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Figure 2. Conceptual model used for the phase II numerical modeling 

4 MATERIAL PARAMETERS 

In Phase I of the numerical modeling, averages for the sand portion and the gravel portion of the 
materials were established. Exploratory numerical modeling was performed in the first part of 
Phase II in order to determine if the selected averages matched observed field results. During 
this process it was noted that venting of steam was observed at the Goat Hill North (GHN) site. 
In order to represent this coarse/fine flow in the numerical model it was found that the following 
changes needed to be made to the average soil parameters in order to keep the coarse layer 
desaturated enough in order to have the majority of the flow travel through the fine layers: 

The sand “average” property needed to have the air-entry value (AEV) and the slope of the 
unsaturated hydraulic conductivity curve moved to a position of a soil which was one standard 
deviation finer. This adjustment is reasonable and within the limits of the observed soil 
parameters for the site. 

The gravel “average” property was adjusted one standard deviation coarser by changing the 
AEV and the slope of the unsaturated hydraulic conductivity. This adjustment is reasonable and 
within the limits of the observed soil parameters for the site. 

The resulting soil parameters may be seen in the following diagrams. The soil water 
characteristic curves presented are illustrated using a two-slope technique. These curves were 
subsequently fit with the Fredlund and Xing (1991) equation in order to provide a smoother 
representation to the numerical model. 
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Figure 3. SWCC data used for the phase II hydrological modeling 

The unsaturated hydraulic material parameters for the site are inherently based on the grain-size 
distributions measured at the site. The full methodology for moving from the grain-size 
distributions to reasonable hydraulic soil parameters may be seen in the Phase I report. The 
grain-size distributions which form the basis of the estimated hydraulic soil parameters may be 
seen in Figure 5. 
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Figure 4. Hydraulic conductivity curves for all materials used in the phase II  

hydrological numerical modeling 
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Figure 5. Grain-size distributions measured by NMT at the Goat Hill site 

5 1 D NUMERICAL MODELING 

The upper crust was identified in the Phase I numerical modeling as controlling the water 
balance for the system. Therefore a significant part of the Phase II numerical modeling involved 
the quantification of the flows at the top boundary. Most specifically, the crust was identified in 
the Phase I numerical modeling as significantly inhibiting evaporation. It was theorized in the 
Phase I numerical modeling that the crust was formed of a salt layer which inhibited flow due to 
osmotic pressures. Further testing was therefore performed on the crust material and it was 
determined that osmotic suctions were not influencing actual evaporation (AE) rates. However it 
was noted that the crust was i) obviously forming over approximately 80% of the waste rock 
surface and ii) was a very hard layer which was difficult to break with a boot. The crust 
thickness ranged from a few inches to approximately 1.5 ft. thick. A white powder was 
deposited in the pores between the gravel in the crust making the crust relatively impermeable. 
It was hypothesized that the crust was formed through minerals dissolved in the pore-water 
being transported to the surface of the waste rock and then deposited during the evaporation of 
the water phase. 

The crust was physically observed to dissolve instantly in water and the gravel portion of the 
crust material then dominated flow. 

The crust is formed through the precipitation of minerals near the surface during the evaporation 
process. The detailed numerical modeling of this process is a complex multi-phase process. A 
simplified approach was taken for the Phase II numerical modeling. The concept for the upper 
boundary is described in the following paragraph. 
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Figure 6. Example showing the crust material on the Sugar Shack rock pile 

It is assumed, firstly, that rain-fall events wipe out the crust. In particular, rain-fall events of 
more than 5mm/day would cause the crust to “disappear” in the numerical model. The crust 
would begin forming immediately after a rain-fall event and would be fully formed 3 days after. 
At the three-day point all evaporation from the numerical model would be reduced to 20% of the 
full evaporation (assuming 80% coverage of the crust).  

The physically observed crust material is located at Sugar Shack West rock pile at the Questa 
site. Due to the close proximity of Sugar Shack West to the Goat Hill North pile this crust is 
considered analogous to the crust formed at the Goat Hill North site. While there are possible 
locations of thin and thick crusts found at varying spatial locations on the rock pile, the crust of 
interest is characterized in the following sections. It should be noted that the following 
quantification of the crust is not intended to represent an exact quantification of the exact crust 
at all points on the rock pile. It is intended to represent an average condition of the GHN rock 
pile which is adequate for capturing the flow parameters required for performing the flow 
modeling for the hydrological aspect of the weathering program. 

5.1 Climate and Boundary Conditions 

Central to the calculation of flow within the pit is the issue of how much precipitation is 
entering the top of the rock pile. A significant amount of analysis has been performed to date 
and climate data from a number of weather stations near the Questa site has been compiled. The 
most relevant weather stations are TP4 and TP5. The data from each of these weather stations is 
available for approximately the past 20 years. Also available is data from the Red River weather 
station for the past 100 years. Previous studies on the climate have involved scaling the Red 
River data such that it is relevant to the Questa site. 
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Table 2. Wet, average, and dry climate years for station TP4 
Model Year Temp RH

Avg Avg Avg Avg Avg Avg Avg

cm/year mm/day in/year cm/year in/year deg C

Wet 2000 46.19 1.27 18.18 97.38 38.34 5.0 53%
Average 2006 42.67 1.17 16.80 109.34 43.05 5.2 48%

Dry 1954 23.72 0.65 9.34 108.28 42.63 6.3 47%

Precipitation Potential Evaporation

 
 

The TP4, TP5, and Red River weather stations were all considered in this analysis. It was 
realized that certain data subsets would be needed for the analysis. It was also recognized that 
there is not necessarily a correlation between high precipitation and high infiltration. Wet, 
average, and dry years were selected from the 100-year and the TP5 data sets. Since infiltration 
is more influenced by a sequence of wet events, the 5-year wet, average, and dry data segments 
were extracted from the climate datasets. This data has provided the basis for the numerical 
modeling program. A summary of the wet, average, and dry years of data for the 1-year data for 
Questa may be seen in 
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Table 2. The location of the weather stations may be seen in Figure 8. Also relevant is the 
precipitation data for the past 7 years for weather station TP5 (Figure 7). 

The following 5-year climate sequences were selected for use in the numerical modeling: 

 The Wettest 5YR period is 1990-1994  
 The Average 5YR period is 1934-1938 
 The Driest 5YR period is 1950-1954 

 
Figure 7. Summary of climate data for the past 7 years (Golder, 2005)  

 
Figure 8. Weather station locations (Golder, 2005) 
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5.2 Transient 1-YearModel Runs 

A series of 1-year numerical models were set up and run using a combination of the sand and 
gravel material parameters. The numerical models were homogeneous and had geometries of 
10m. A ½ unit gradient boundary condition was applied to the bottom of each numerical model 
and climate data as determined by the Golder (2005) study was applied to the top of the 
numerical model. The models were run through a combination of wet, average, and dry years as 
determined from the precipitation measurements.  

For all numerical models, a crust was fully formed after 3 days and an 80% coverage of the crust 
is assumed 

5.2.1 Crust Effect on Actual Evaporation 

Crusts are common when dealing with mining waste rocks. The existence of the salt crust can 
significantly reduce the evaporation of water from the material. The process can lead to the 
build-up of a crust which can be described as follows: 

1. During the evaporation process, water is pulled out of the soil. This process delivers salt 
or other precipitates in the soil to the surface, and crust begins to form. After a certain 
period of drying, the crust formation is complete.  

2. Once the crust is formed, there will be a reduction in future evaporation of water from 
the material. The ratio of evaporation reduction is referenced as crust coverage. 

3. At the time of a rainfall event, and if the rainfall is over a certain amount, water will tend 
to dissolve some the precipitate on the surface of the material and water will flow into 
the material. 

This type of crust can be modeled in the SVFlux software through a specification of the time for 
a crust to begin forming after a precipitation event, the time until a crust is complete, and the 
percentage coverage of the crust material. 

Considering the crust effect on evaporation, the actual evaporation AE is modified as 

AECAE fc   (1) 

where: 

 

cAE  = Actual evaporation after consideration of crust effect 

fC  = A factor of crust effect on evaporation. fC changes from 0 to 1  

 
fC is related to crust drying day ddC , 

 

1fC  If sdd FC   (2) 

Vf CC 1  If cdd FC   (3) 

sc

dds
Vf FF

CF
CC






)(
1  If cdds FCF   (4) 

where : 

ddC  = Crust drying day 
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sF  = Crust starting formulation 

cF  = Crust formulation completion 

VC  = Crust coverage in percentage. If %100VC  meaning no evaporation happens after the 
crust is formulated. 

The crust drying days are calculated between precipitation events according to the following 
formula: 

0ddC  If hT PP   (5) 

1 dddd CC  If 0TP  (6) 

)/1( hTdddd PPCC   Otherwise  (7) 

Where: 

TP  = daily precipitation 

hP  = A dissolved threshold of precipitation. If a daily precipitation is over this threshold, the 
crust effect will be dissolved. 

 

Figure 9 illustrates how the crust factor is calculated with the changing daily climate. In this 
figure, the crust starting formulation = 1 day, crust formation completion = 4 days, crust 
coverage = 80%, and dissolved threshold of precipitation = 0.5 mm. 
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Figure 9. Illustration of crust factor changing with precipitation 

5.2.2 Transient 1-Year Model Results 

The new climate boundary condition was calibrated to the suction readings measured by New 
Mexico Tech (NMT). The data was collected between August 6th and October 5 of the year 
2004. The data shows extremely low matric suctions (< 10 kPa) in the upper depths between 63-
204 cm. The tensiometer readings were taken at the upper crest of the GHN rock pile prior to the 
destruction of the rock pile. A “quick-draw” tensiometer was used which has a maximum 
suction reading capacity of approximately 80-100 kPa. 
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Some of the model runs were not able to come to steady-state within the time period of a year. 
The current modeling study ran out of time in order to extend the runtimes of these models such 
that a true steady-state condition can be achieved with all of these one-year models. However, 
enough data could be obtained from the 5-year datasets such that reasonable conclusions could 
be drawn. The 1-year datasets did provide the benefit of seeing the breakdown of reasonable 
percolation rates for months where precipitations were reasonably high. An annual summary of 
the hydrological data may be seen in Table 3.  

Table 3. Summary of annual flux rates for the 1-year numerical models 

Model name

 Time 

Period

 Preci 

(m^3)

 Prec 

Rank  AE (m^3)

 AE 

Rank

 NP Top 

(m^3)

 NP Top 

Rank  NP (m^3)

 NP 

Rank  PE (m^3)

 Percent 

AE( %)

 Percent 

NP Top(%)

SB_dry_1Y_FS0FC3 2009 0.2372 9 -0.17182 9 0.065468 6 -2.76E-06 5 -1.08096 -72.4 27.6

GB_Base_1Y_FS0FC3 2009 0.4282 4 -0.32072 3 0.107531 4 -2.99E-05 4 -1.09398 -74.9 25.1

SB_Base_1Y_FS0FC3 2009 0.4276 6 -0.31097 4 0.116642 3 -2.75E-06 6 -1.09409 -72.7 27.3

SB_Wet_1Y_FS0FC3 2009 0.4628 3 -0.28058 6 0.18247 1 -2.75E-06 6 -0.96861 -60.6 39.4

GB_Wet_1Y_FS0FC3 2009 0.4634 1 -0.29138 5 0.172427 2 -2.99E-05 4 -0.96782 -62.9 37.2

SF_base_1Y_FS0FC3 2009 0.4280 5 -0.37543 2 0.052363 8 -0.0061 2 -1.0933 -87.7 12.2

SF_wet_1Y_FS0FC3 2009 0.4634 2 -0.37993 1 0.08326 5 -0.00965 1 -0.96836 -82.0 18.0

GB_Dry_1Y_FS0FC3 2009 0.2375 8 -0.1782 8 0.059417 7 -2.99E-05 4 -1.08087 -75.0 25.0

SF_dry_1Y_FS0FC3 2009 0.2377 7 -0.2405 7 -0.00304 9 -0.0055 3 -1.08012 -101.2 -1.3

Average -76.6 23.4  
These results indicate an average annual evaporation rate of 77% and a net percolation rate of 
23%. Close examination of the data surrounding these numerical models yielded the following 
conclusions:  

 Data from dry months tended to skew the net percolation data, and 
 Much of the evaporation data was controlled by the current crust coverage (80%). 
 The current crust coverage number is considered low and may in actuality be 90-95%.  

Time was not available to perform further sensitivity results on these scenarios. Therefore it was 
deemed reasonable to throw out the 25% driest months in calculating the net percolation results. 
If this is done then the 1D average evaporation and net percolation values are: 

 Actual Evaporation (AE): 56% 
 Net Percolation (NP): 44% 

Further clarification of the numerical modeling results can be viewed by plotting the minimum 
and maximum saturation and pore-water pressure values with depth. Profiles for a select group 
of the 1-year numerical models are shown in the following figures. The fine sand results in 
higher-than-average suctions in the upper profile. It should be noted that the results for the sand 
base-case are presented in the 5-year modeling section. 

5.3 Transient 5-Year Model Runs 

A series of 5-year numerical models were set up and run using a combination of the sand and 
gravel material parameters. The numerical models were homogeneous and had geometries of 10 
m. A ½ unit gradient boundary condition was applied to the bottom of each numerical model 
and climate data as determined by the Golder (2004) study was applied to the top of the 
numerical model. The models were run through a combination of wet, average, and dry years as 
determined from the precipitation measurements. The summary of the cumulative flows by year 
may be seen in the following table. 

Average annual net percolation at surface for the 5-year datasets was 18%. Close examination of 
the data surrounding these numerical models yielded the following conclusions: 

 Data from dry months tended to skew the net percolation data, and much of the 
evaporation data was controlled by the crust coverage (80%). 

 The current crust coverage number is considered low and may in actuality be 90-95%.  
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Time was not available to perform further sensitivity results on these scenarios. Because of these 
model influences it is considered reasonable to adjust the results of the numerical model to the 
following numbers: 

 Actual Evaporation (AE): 66% 
 Net Percolation (NP): 34% 

Min/max plots were also utilized for the 5-year modeling study in order to quantify the 
reasonable variation in saturation and pore-water pressures during the modeling period. In 
Figure 10, the sand base-case modeling results for wet years are presented to give an idea of the 
reasonable variation in the profiles. It should be noted that even in the wet years the suction and 
saturation profiles are not significantly affected at depths below 8 m. It should also be noted that 
drying events reasonably only significantly affect the saturation profiles to a maximum depth of 
2-3 m. 

 
Figure 10. Saturation minimum / maximum for year 5 of the sand base-case wet years model 

6 2D NUMERICAL MODELING 

2D analysis were performed for the complex conceptual model in order to determine the 
reasonable distributions of pore-water pressure and saturation levels which can be reasonably 
expected in the rock pile. 

6.1 Steady-State Analysis 

Steady-state analyses are set up for this model in order to determine reasonable saturation levels 
and pore-water pressure variations throughout the domain of the numerical model. For this 
model, only average material parameters are implemented in the numerical model as presented 
in the preceding section. Average climate net flows of 0.5 mm/day, 0.75 mm/day, 1.0 mm/day, 
and 1.5mm/day are applied to the numerical model. From the previous Phase I analysis it was 
previously determined that the most appropriate approximation of net flow is 0.75 mm/day. The 
results of the analysis are presented in the following figures. Average saturation levels and pore-
water pressures may be seen. 

An average to high precipitation rate per year (including snowfall) is 20 inches. This type of 
precipitation results in an average daily value of approximately 1.0 mm/day. Steady-state 
application rates of 0.5 and 0.75 mm/day were chosen in this case because these would be 
approximate net infiltration rates if reasonable evaporation rates of 25% to 50% are considered. 

Higher precipitation rates are presented in this report for the interest of providing an upper-
bound on the numerical modeling. Precipitation rates of 10mm/day and 100mm/day are needed 
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to produce a significant water table in the numerical model. It should be noted that these are 
steady-state numerical models so they assume a constant precipitation of the amount specified 
every day and forever into the future. Current precipitation rates average 1mm/day annually if 
all precipitation and snowmelt is averaged. It is highly unlikely that a constant precipitation rate 
of 10mm/day or higher could be applied in the real-world to this upper boundary condition for 
an extended period of time. The 10mm/day and 100mm/day steady-state model results therefore 
represent an extreme upper bound of which the probability of occurrence is approximately zero. 

 
Figure 11. Saturation levels for a steady-state application of 0.5 mm/day 

 
Figure 12. Saturation levels for a steady-state application of 0.75 mm/day 
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Figure 13. Saturation levels for a steady-state application of 2.5 mm/day 

 
Figure 14. Saturation levels for a steady-state application of 100 mm/day 

Based on the 1D numerical modeling of the Phase II program, the final conclusions for the 
hydrological concept remain largely similar to the conclusions in Phase I but for differing 
reasons. In the Phase I study it was assumed that the evaporation was being reduced due to 
osmotic suction. Part way through Phase II, it was found that osmotic suction does not play a 
significant role. A re-examination of the crust material led to a further theorization regarding the 
behavior of the upper crust. This new theory was implemented into the SVFLUX software and 
all 1D numerical models were re-run. The resulting net percolations were between 20-50% with 
the most likely value being estimated at 44% (Figure 24). This is largely similar to the findings 
of the Phase I study (Fredlund, 2013) and reinforces the previously held conceptual model. 
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7 CONCLUSIONS 

From the current analysis the following conclusions can be drawn: 

 The net percolation for the average slope is 41-44% of precipitation and an expected 
actual evaporation rate of 56-59%. These estimates are highly determinate on the status 
of the crust material. 

 It is expected that storm events will not cause the pore-water pressure to be significantly 
altered below a depth of 5m. 

 The expected variation in pore-water pressures for the upper 10m of the slope is between 
10 kPa to approximately 200 kPa (this does not account for extreme drying of the 
powdered crust material). 

 It would take a sequence of many precipitation events in order to realize a well-
developed water table in the waste rock pile. 

 
Figure 15. Final conceptual model for hydrological flow through the system 
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ABSTRACT 
A series of supplementary geotechnical investigations were conducted at the Questa Mine Site 
in 2013 and 2014 to collect additional information regarding the waste rock piles located on the 
site. These investigations highlighted the effects that different drilling and sampling methods 
can have on soil samples and the associated geotechnical laboratory characterization testing. 
Samples were collected from a series of collocated Becker borings and test pits and particle size 
distributions were determined for the samples collected from the two different investigation and 
sampling methods. The Becker samples had 3 percent more material passing the number 200 
sieve and 11 percent more material passing the number 4 sieve than the test pit samples. 
Additionally two sets of Becker and sonic companion holes were drilled through the waste rock 
piles, with the Becker samples taken from a split spoon sampler and the sonic samples taken 
from the sonic core. The average fines content of the sonic core was found to be similar to that 
of the samples taken from the Becker split spoon sampler. However, the sonic drilling method 
resulted in significant zones of drill induced breakage and creation of rock flour in zones of dry 
gravel and/or cobbles within the rock pile. These drill induced breakage zones resulted in core 
with much higher fines content than the corresponding zones sampled from the Becker drilling. 
An analysis of shear strength test results on many Questa rock pile samples showed a 
relationship of decreasing friction angle with an increase in the percentage of fines. The higher 
fines contents of the Becker and sonic samples versus test pit or in situ samples needs to be 
considered when selecting appropriate shear strength parameters based on laboratory testing.  

Key Words: becker drilling, sonic drilling, test pit samples, drill induced breakage, friction angle 
versus fines, sampling and site investigation 

1 INTRODUCTION  
The Chevron Questa Mine (Questa Mine) is a molybdenum mine owned by Chevron Mining, 
Inc. (CMI) located near the Village of Questa in Taos County, New Mexico. Mining began in 
1919 with a number of underground workings. Large-scale open pit mining began in 1965 and 
continued until 1977. Large-scale underground mining began after the open pit was closed. 
Waste rock from the open pit (and a limited amount from the underground mining) was placed 
in several waste rock piles around the mine. The placement was mostly completed by 1985. 
Throughout the operational history of the Questa Mine site, numerous geotechnical 
investigations have been performed for various reasons. These investigations included soil 
sampling and laboratory testing.  

In 2000, the mine and tailings facility were proposed as a National Priority Listed (NPL) 
Superfund site and listed as a NPL Superfund site in 2011. On June 2, 2014 CMI decided to 
permanently close the mine which triggered closure requirements under State permits issued by 
the Mining and Minerals Division (MMD) of the Energy, Minerals and Natural Resources 
Department (EMNRD) and the New Mexico Environment Department (NMED). The 
Environmental Protection Agency (EPA) mandated cleanup will continue in coordination with 
the State Agencies and as outlined in the December 20, 2010 EPA Record of Decision (ROD). 
The EPA issued an Administrative Settlement Agreement and Order on Consent (AOC) for 
Early Design Actions for the Questa Mine on June 13, 2012. The AOC contains a statement of 
work (SOW) which details the Early Design Actions that CMI will implement. Supplemental 
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geotechnical investigations were performed in 2013 (ARCADIS, 2014) and 2014 (Norwest, 
2014) as part of the Early Design Actions for remediation of the waste rock piles located at the 
site. These geotechnical investigation programs included soil sampling and laboratory testing of 
the waste rock piles in locations where previous grain size information had been obtained by 
other methods, or where two sample collection methods were undertaken in the new program. 
Results from these most recent geotechnical investigation programs have highlighted the effects 
of drilling and sampling methods on soil samples and resulting geotechnical laboratory testing 
results. Some significant insights are discussed below.  

2 PRIMARY FACTORS IMPACTING REPRESENTATIVENESS OF GRAIN SIZE 
SAMPLES 
There are two primary factors impacting the representativeness of the samples intended for grain 
size testing of the Questa mine waste rock. The first factor is a selection bias in the choosing of 
samples and the second factor is alteration of the grain size due to the sampling method. 

Selection bias can be overcome to some extent by taking regular samples according to a sample 
protocol such as specifying a 3 meter (10’) long sample every 6 meters (20’) of depth. 
Quantifying the impact of the sampling method itself on sample gradation can be more 
challenging. The samples can be altered by both exclusion due to size (i.e. rock fragments larger 
than the sampling tool would not be collected) or by breakdown of the larger particles through 
interaction with the sampling tool (such as the drill bit breaking down rock fragments while 
obtaining core). Both of these factors are present to some extent in the programs discussed in 
this paper, though efforts were made to reduce the selection bias as discussed below.  

3 PARTICLE SIZE DISTRIBUTION – TEST PITS AND BECKER CUTTINGS 
In 2013, ARCADIS completed a geotechnical investigation that included excavation of six test 
pits and drilling of six 23 cm (9”) outside diameter (OD) Becker Hammer boreholes through the 
waste rock at Spring Gulch (SG). The test pits were collocated with the boreholes to the extent 
possible, typically offset by approximately 4.6 meters (15’) or less. Two locations were offset by 
more than 4.6 meters (15’) due to physical obstructions and/or access for drilling rig support 
trucks. Bulk samples were collected from the test pits and Becker cuttings were collected from 
the boreholes for various laboratory tests including particle size distribution.  

Particle size distribution testing was completed on the test pit samples and Becker cuttings for 
the depth intervals of 0-0.6 meters (0-2’) and 2.4-3.0 meters (8-10’) for comparison. The 
consistent sampling depths were intended to remove any significant impact of selection bias. 
Figures 1 and 2 show the results of the particle size distribution testing for the test pits and 
boreholes at each depth interval. In general, testing from the Becker cuttings displayed a finer 
particle size distribution than the samples collected in the test pits. No material larger than 3.8 to 
5.1 cm (1.5 to 2”) was found in the Becker samples. Larger materials (about 20% according to 
test pit results) are apparently reduced in size due to the drilling process. Table 1 summarizes the 
findings. This information is also presented graphically in Figure 3 showing a consistent 
increase in fines (#200 mesh) content.  

Table 1. Summary of Particle Size Distribution Testing from Test Pit and Becker Cutting Samples 
 Test Pit Samples Becker Cutting Samples 

Fines (passing #200)   
Average 7% 10% 
Standard Deviation 3% 2% 

Gravel+ (retained on #4)   
Average 68% 57% 
Standard Deviation 13% 6% 
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Figure 1. Test Pit and Borehole (0-0.6 meters (0-2’) samples) Particle Size Distribution Plot 
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Figure 2. Test Pit and Borehole (2.4-3.0 meters (8-10’) samples) Particle Size Distribution Plot 

 

Figure 3. Comparison of Percent Fines Content for Becker Cuttings and Test Pit Samples 
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4 FINES CONTENT - BECKER SPLIT SPOON SAMPLES AND SONIC CORE SAMPLES 

In 2002, URS drilled borehole SI-6 on the 8650 bench of the Sulphur Gulch South (SGS) waste 
rock pile. In 2004, Norwest drilled borehole SI-50 on the 8650 bench of the Sugar Shack South 
(SSS) waste rock pile. Both of these boreholes were drilled with a Becker Hammer drill. Split 
spoon samples were collected of the waste rock ahead of the drill bit with the intent of 
minimizing any breakdown due to drilling, although this results in limiting the recovery of 
coarser material and in less sample volume. In 2014, Norwest drilled two more boreholes 
(SSSBH-2 and SGSBH-6) in close proximity to the previously drilled SI-50 and SI-6 boreholes 
at the SSS and SGS waste rock piles, respectively. These boreholes were drilled with a sonic 
drill rig with a 12.7 cm (5”) or 9.5 cm (3.75”) inside diameter (ID) bit and sonic core of the 
waste rock was collected for laboratory testing.  

The split spoon samples from SI-50 and SI-6 and the sonic core samples from SSSBH-2 and 
SGSBH-6 were tested in the laboratory for fines content (percent passing the No. 200 sieve). 
Figures 4 and 5 show the fines content results versus depth for each waste rock pile and sample 
type.  

As shown on Figures 4 and 5, the fines content is generally similar between the sonic core 
samples and the Becker split spoon samples down to a depth of approximately 46 meters (150’). 
The average fines content for the sonic core was 18% for SSSBH-2 and 20% for SGSBH-6 
(standard deviations of 4 and 6 percent) while the average fines content for the Becker split 
spoon samples from the companion holes was 17% for SI-50 and 16% for SI-6 (standard 
deviation of 5 percent). Below 46 meters (150’) in SGS, there does appear to be a difference 
where the sonic drill is returning samples with approximately 10% higher (25% vs 15%) fines 
content. Figure 4 also shows a zone of strong continuous sonic drill induced breakage which is 
discussed in the following section.  

      

DRILL INDUCED BREAKAGE  

drill induced 
breakage 

Figure 4: SSS Fines Content 
versus Depth 
 

Figure 5: SGS Fines Content 
versus Depth 
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As part of the 2014 supplemental geotechnical investigation discussed above, Norwest 
excavated seven test pits and drilled seven boreholes at the SSS, SGS, and Middle waste rock 
piles (termed Roadside Waste Rock Piles) (Norwest, 2014). During the logging of the boreholes, 
several locations were identified where it appeared that the in situ particles had been broken 
down by the drilling method resulting in finer material and rock flour. The locations ranged 
from small zones less than 3 meters (10’) to large zones greater than 10 meters (10s of feet) and 
from minor impact (some rock flour) to strongly impacted (sample completely disaggregated). 
These locations were identified in the logs as disturbed (dis) and attributed to drill induced 
breakage (DIB). The DIB zones were visually identified based on the changed character of the 
core which appeared finer and contained rock flour, which was not typical of the bulk of the 
material previously observed. These DIB zones are described in four classes: Bedrock Drilling 
DIB, Discrete DIB, Weak DIB, and Continuous Strong DIB. 

Bedrock Drilling DIB: The bedrock drilling DIB occurs when the sonic drill comes into 
contact with bedrock, resulting in a sorted material, or a gravel with a rock flour matrix 
depending on the exact drilling methodology used. Figure 6a shows an example of bedrock DIB. 
Figure 6b shows a core sample obtained from adjacent diamond drilling as a comparison. One 
reference sample was taken from this sonic core sample which reported 28% fines. 

     

 

 

 

 

Discrete DIB: This type of DIB is believed to occur when the sonic drill comes into contact 
with a boulder or cobbles within the rock pile, resulting in discrete zones less than 0.9 meters 
(3’) of visually finer material including rock flour. One sample was taken from this DIB type 
which reported 39% fines but with a plasticity index (PI) similar to the waste rock average. The 
shape of the grain size curve is very similar to that of the Bedrock Drilling DIB. 

Weak DIB: Throughout the 427 meters (1400’) of drill core acquired in waste rock in 2014 a 
substantial portion (27%) was observed to have at least a small amount of DIB. Of this, less than 
12% of the total was deemed “strong” as described below. The remainder had limited 

Figure 6a: Sonic core from 
Boring MIDBH-3 from 
44.2-45.4 meters (145-149’) 
resulting in rock flour and 
gravel 
 

Figure 6b: Diamond Core 
from Boring MIDBH-3A 
from 44.2-45.4 meters (145-
149’) resulting in competent 
fractured and jointed core.  
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occurrence of rock flour either spread throughout the run or in very discrete zones up to 10 cm 
(3.9”). Most of the sonic core also showed a thin “rind” of finer material around the perimeter of 
the core where the core was intact. Excluding both the continuous strong DIB and the discrete 
DIB, the remaining DIB is referred to as weak DIB. While this may result in slightly higher 
fines contents reported, it is not believed that the difference would be greater in magnitude than 
the difference seen between other sampling methods and was not obvious in the test results 
received.  

Continuous Strong DIB: Continuous intervals of DIB which exceeded 15 meters (10s of feet) 
occur when the sonic drill comes into contact with a drier zone of boulders and large gravels 
within the rock pile. Continuous strong DIB amounted to about 12% of the core length drilled in 
2014 and was characterized by continuous zones of visually finer material including rock flour. 
These zones are particularly prevalent in the lower half of SSSBH-2. This zone in SSSBH-2 is 
also characterized by low water contents (0.5 to 2%) but with plasticity indices typical of the 
rock pile material. These zones also tended to correlate with higher incidences of SPT refusal in 
previous programs. Visual comparison of the DIB samples from this zone and a typical coarse 
sample, showed noticeable differences (Fig. 7a and 7b) before undergoing grain size testing, yet 
yielded similar grain size curves (Fig. 8). This is likely due to the disaggregation effects of the 
sonic drill being replicated by the screening process of a grain size analysis. While there is also 
likely some contribution from broken down boulders as in the Discrete DIB, their relative 
proportion is impossible to quantify. It is probable that the samples taken from this zone have an 
overstated fines content, but not by as much as might be expected from observation of the 
samples before screening.  

    

Figure 7a: DIB Sample        Figure 7b: Typical Sample 
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Figure 8: DIB Sample versus Typical Sample 

Drill induced breakage appears to have affected much of the sonic drilling, to at least some 
degree. The occurrence of DIB appears to be governed by the presence of coarser material and 
associated lower moisture contents. While the tested fines content appear elevated in the discrete 
DIB zones, the PI values are consistent with the larger data set. It should also be noted that few 
large boulders were observed to have been cut by the sonic drill unless they were of more 
durable rock types such as some of the dikes. It appears that when boulders of lesser durability 
are encountered by the sonic drill, they are broken down to rock fragments and rock flour and 
spread through a core run. The observed discrete DIB zones are believed to be a single large 
boulder or zone of smaller boulders or cobbles broken down by the drill. The continuous strong 
DIB zones are made up of a larger zone of boulders or cobbles. The weak DIB zones are likely 
to contain the occasional boulder susceptible to being broken down by the drill.  

5 IMPACTS OF SAMPLE SIZE AND PARTICLE SIZE DISTRIBUTION ON SHEAR 
STRENGTH 

The discussions above highlighted differences in particle size distribution that result from the 
type of soil sampling that is used for a geotechnical investigation program. Particle size plays an 
important role in mine waste rock characterization. Mine waste rock exists in a wide range of 
particle sizes, varying from microns to over one meter (3’) in diameter. Testing of waste rock 
requires consideration of the sample size ratio (SSR), which is the ratio of the sample diameter 
to the maximum particle size of the sample, as discussed in Stoeber (2012). Typically a 
minimum SSR of 6 is used for testing granular materials. Several large-scale triaxial apparati 
have been built for use in academic research with test chamber diameters ranging from 260 to 
1,000 mm (10 to 39”) (Marsal 1973), which are capable of testing waste rock with a maximum 
particle size ranging from about 40 to 160 mm (1.6 to 6.0”). However, commercially available 
testing apparati are generally limited to 300 mm (11.8”), and result in the testing of maximum 
particle sizes of only about 50 mm (2.0”). Varadarajan et al. (2003) concluded that samples 
scaled with parallel gradations, which maintain a constant ratio between particle sizes at a given 
percent passing, accurately represent the friction angles found in situ. However, industry often 
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relies on removal of the larger particle sizes (scalping) because of its simplicity, which results in 
a finer grained sample for laboratory testing. 

Kara et. al. (2013) found that the peak friction angle increases when the size of the particles 
increases and that there is a relationship between the grain size and the peak friction angle. 
Koustuvee (2014) also found that the friction angle significantly increases with an increase in 
the size of the grain fractions. Wang (1994) found that the friction angle generally increases 
with increasing median particle diameter and gravel content. Van Zyl (2011) summarized 
geotechnical characterization results obtained during the Questa Rock Pile Weathering and 
Stability Project. His study concludes that the peak friction angle of samples containing larger 
diameter particles is higher than that for samples containing smaller particles. Analyses of the 
data presented on Tables 9 and 10 of Van Zyl (2011) indicated that the friction angle of air dried 
waste rock was 38 degrees for results obtained using a 60 mm (2.4”) direct shear box, and 48 
degrees for results obtained using a 300 mm (11.8”) direct shear box. Additionally, the friction 
angle for saturated waste rock was 34 degrees and 40 degrees for the 60 mm (2.4”) and 300 mm 
(11.8”) direct shear boxes, respectively.  

The analyses conducted for this study show a relationship between the friction angle and the 
percent fines for Questa waste rock samples. As shown in Figure 9, samples show a decreasing 
trend in friction angle with an increase in fines. This difference in friction angle is a result of 
varying fines content and has significant implications in determining the selection of sample 
method and the interpretation of geotechnical laboratory results with respect to geotechnical 
characterization of in situ properties. A decrease of the particle size and an increase in the fines 
content, as a result of the sampling method, will result in a reduced laboratory shear strength 
value as compared to in situ conditions.  

 

Figure 9. Fines Content versus Friction Angle  
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6 CONCLUSIONS 

Six paired test pits and Becker holes were excavated and the soil samples tested for comparison 
of the two investigation and sampling methods. The samples of the Becker cuttings had on 
average three percent more (10% vs 7%) material passing the number 200 sieve and 11 percent 
more (43% vs 32%) material passing the number 4 sieve than the test pit samples. There is an 
obvious effect on the reduction of particle size due to the Becker drilling method. 

The average fines content of the sonic core samples was generally similar to samples taken with 
the Becker split spoon, with some zones of higher fines in the sonic core.  

The sonic core resulted in significant drill induced breakage and creation of rock flour in zones 
of dry gravel/cobbles or bedrock. This breakage results in a significant increase of fines versus 
in situ conditions but this is likely only significant in specific materials. 

For the Questa waste rock there are appears to be some general trends in the representativeness 
of grain size samples using the various methods: 

Test Pits:  

 Large samples can be taken covering the entire range of particle sizes 
 Limited breakage of particles occurs during sampling 

Becker – Cuttings 

 Fragments greater the 3.8-5.1cm (1.5-2”) may be broken down, resulting is a higher 
fines content in the soil sample versus in situ conditions (3% higher fines content 
observed, 10% vs 7% in test pits) 

 Large samples can be taken but the drilling process homogenizes the sample over 
meters 

Becker – Split Spoon 

 Small sample volume 
 Sampling is unlikely to significantly break down particles 
 Sampler is not able to recover larger coarse materials 
 Sampler advance may be refused in coarser material preventing sampling  
 Where sampling has been successful, it appears reliable, but may bias to higher fines 

contents overall as coarser materials are not sampled 

Sonic Drilling 

 Variable breakage of particles. In silts, sands, and fine gravels, or in wetter materials 
(>2% water content), the sonic drill does not appear to be breaking down particles 

 In coarser, drier or more friable materials the breakage appears to be significant 
 Large samples can be obtained 

The higher fines content of the Becker cuttings, Becker split spoon, and sonic core samples 
versus test pit or in situ samples is important to understand with respect to the friction angle 
reported by the laboratory shear strength testing of these samples. The impact from sampling 
will result in higher fines content samples used in strength testing than that which exists in situ 
The percentage of fines has a direct effect on the friction angle of the material. A large number 
of shear strength tests have been performed as part of this additional geotechnical analyses, 
which show that a 5% increase in tested fines (#200 mesh) will produce a friction angle 
approximately 4 degrees lower. The in situ material will have less fines, and thus a higher 
friction angle, than that suggested by laboratory testing performed on soil samples obtained 
from Becker cuttings, Becker split spoon samples, or sonic core. This higher friction angle of 
the in situ material may have a significant impact on the selection of appropriate geotechnical 
parameters and subsequent analytical results if not accounted for appropriately.  
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ABSTRACT 

In the planning or expansion stages of an open pit mining project, there may be no waste rock 
available to undertake the testing of its shear strength parameters. Often, all that is available are 
the results of limited strength tests on intact core specimens recovered from exploration and 
geotechnical investigation boreholes. Subsequently, the waste rock that is generated from the 
rock surrounding the ore body can be tested for its shear strength parameters, although such 
testing is often very limited and may be non-existent. A comparison of the results from the 
testing of intact rock cores and the subsequent testing of scalped, loose, waste rock specimens 
and planes of weakness and weathered waste rock can be used to estimate a “waste rock strength 
classification” for a particular mining project and rock types, which may be used for the 
preliminary design of the waste rock dumps. Further, an indicative “soil strength classification” 
may be established to estimate the shear strength parameters of compacted surficial and residual 
soils at a site, relative to the intact strength of the parent rocks. The paper describes a case study 
of the testing of intact borehole rock cores and the subsequent testing of loose, scalped waste 
rock specimens, planes of weakness, weathered waste rock, and compacted surficial and residual 
soils, from which estimates are made of the waste rock and soil strength classifications. 

Key Words: compacted soil, shear strength, strength classification, waste rock 

1 INTRODUCTION 

Due to the extreme difficulty and very high cost of testing rock masses on a sufficiently large 
scale to produce representative strengths, rock excavation design generally makes use of the 
strength of intact rock cores down-rated using a suitable rock mass classification system (Hoek 
et al. 1995). Rock mass classification attempts to account for the discontinuities in the rock 
mass, which generally govern the stability of underground openings and excavations in rock. 

The waste rock produced from excavations in rock masses is also generally too coarse-grained 
to be tested in the laboratory. As a result, the shear strength parameters of waste rock must either 
be based on rock mass classification systems (for input into the updated Hoek-Brown failure 
criterion, e.g.; Hoek and Brown 1988), or on the laboratory testing of highly scalped or crushed 
specimens, both of which may yield unrepresentative shear strength parameters. 

2 ROCK MASS CLASSIFICATION SYSTEMS 

The majority of the development of rock mass classification systems was related to civil 
engineering tunnelling in hard rock in northern Europe, dating back to Ritter (1879) who 
described an empirical approach for determining support requirements in tunnel design. 
Terzaghi (1946) introduced rock loads, carried by steel sets, estimated on the basis of a 
descriptive classification. Lauffer (1958) proposed that the stand-up time for an unsupported 
span is related to the quality of the rock mass in which the span is excavated. This was extended 
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by Pacher et al. (1974) to form part of the general tunnelling approach known as the New 
Austrian Tunnelling Method. Deere et al. (1967) introduced the Rock Quality Designation index 
(RQD) to provide a quantitative estimate of rock mass quality from drill core logs. Multi-
parameter rock mass classification schemes were developed from tunnelling case histories, 
incorporating all components of the geological engineering character of the rock mass (as 
summarised; e.g., in Hoek et al. 1995). The most widely known and used of these methods are: 

 Bieniawski (1976, 1989) – Rock Mass Rating (RMR) system, incorporating significant 
changes over time in the ratings assigned to the different parameters. The RMR system 
does not include a stress parameter. The RMR value varies between 81-100 for very 
good quality rock (a down-rating of up to 19% from the intact rock strength) to <20 for 
very poor quality rock (a down-rating of >80% from the intact rock strength). 

 Barton et al. (1974) – Tunnelling Quality Index (Q) for determining rock mass 
characteristics, and tunnel and excavation support requirements. The numerical value of 
Q varies on a logarithmic scale from 0.001 to a maximum of 1,000, depending on the 
RQD, joint sets, joint roughness, joint alteration, and water and stress. 

 Marinos et al. (2005) – Geological Strength Index (GSI) for estimating rock mass 
strength and deformation modulus of jointed rock masses, for input into numerical 
analyses. The GSI removes the heavy dependence on RQD inherent in the RMR and Q 
systems, placing greater emphasis on basic observations of the rock mass and joint 
characteristics, and was introduced particularly for application to poorer quality rock 
masses. However, the GSI system is based upon the assumption that the discontinuities 
are sufficiently “randomly” orientated that the rock mass behaves as an isotropic mass. 
Hence, that its behaviour is independent of the direction of the applied loads and that 
there is no dominant discontinuity orientation. 

2.1 Application to mining 

Civil Engineering tunnels are characterised by relatively consistent geometries. Further, civil 
engineering tunnelling demands high factors of safety. Underground and open pit mines have 
irregular geometries dictated by the geometry and grade of the ore body, and tolerate lower 
factors of safety than long-life civil engineering tunnels that expose the public to risk. Hence, 
rock mass classification systems have been modified for application to the stability design of 
underground (e.g. Hoek et al. 1995; Milne et al. 1996) and open pit mines (e.g. Bye and Bell 
2001). Modifications to the original rock mass classification systems for application to mining 
include the Modified Rock Mass Rating System (MRMR; Laubscher 1977; as summarised by 
Bieniawski 1989). The MRMR adjusts the RMR value to account for in situ and induced 
stresses, stress changes, and the effects of weathering and blasting. 

2.2 Hard rock underground mines 

For deep underground hard rock mines, the rock is generally fresh, discontinuities are generally 
tight, and groundwater may be restricted to joints, simplifying the application of rock mass 
classification systems. Further, the generally good rock quality of deep underground mines, 
results in the modified rock mass classification systems being appropriate. 

2.3 Open pit mines, and underground mines in poor quality rock 

For open pit mines, and underground mines in poor quality rock, the weathering of the rock will 
vary, discontinuities are more significant and will open on blasting, excavation or caving, and 
groundwater effects will also be more significant. This makes the GSI a more appropriate 
system. For relatively homogeneous rock masses, the GSI value varies from about 90 (a down-
rating of only about 10% from the intact rock strength) for very good quality joints (very rough, 
with fresh, unweathered surfaces) to about 10 (a down-rating of about 90% from the intact rock 
strength) for very poor quality joints (slickensided, with highly weathered surface and soft clay 

 
420



coatings or infilling). For heterogeneous rock masses, the GSI value of very good quality joints 
reduces to about 70 (a down-rating of about 30% from the intact rock strength). 

2.4 Extension to waste rock and soil 

Extending the use of rock mass classification to the prediction of the shear strength of waste 
rock and soils derived from open pit mining has rarely been attempted previously. An attempt to 
generate a “waste rock strength classification” for a particular mining project and rock types, 
and an indicative “soil strength classification” for the site soils, is the subject of this paper. 

3 MCARTHUR RIVER MINE 

For the purposes of this paper, data from Glencore’s McArthur River Mine (MRM) were used in 
an attempt to estimate waste rock and soil shear strengths. The available data included the 
Uniaxial Compressive Strengths (UCS) and Point Load Index (Is50) values of intact rock cores, 
and the shear strength parameters of loose, scalped waste rock specimens and planes of 
weakness, and compacted surficial and residual soils. 

3.1 Site description 

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

Figure 1. Location of McArthur River Mine, Northern Territory, Australia (Glencore 2015). 

The current North Overburden Emplacement Facility (NOEF) design was approved as part of 
the MRM Phase 3 Development Project (NT EPA 2014). Following further overburden 
geochemistry investigations, it has been identified that the previously proposed and approved 
overburden management infrastructure is not suitable for life-of-mine overburden management 
at MRM. Therefore redesign of the approved overburden management infrastructure is required. 
The redesign of the NOEF and other overburden management infrastructure may potentially 
incorporate an increased footprint, extending beyond that of the current approved design. The 
previously approved methodologies and design criteria will be revised to address a significant 
reduction in the available volume of benign non-acid forming (NAF) overburden material and 
improved understanding of clay characterisation and performance (McArthur River Mining 
2011). 
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Figure 2 shows an aerial photograph taken in July 2015 of the main features of MRM, including 
the current footprint of the NOEF. As approved in the Phase 3 Expansion of MRM, the ultimate 
open pit is expected to be approximately 420 m deep, 1.7 km long and 1.5 km wide, covering an 
area of about 200 ha (McArthur River Mining 2011). The open pit produces about 5 Mtpa of ore 
at an average zinc grade of 10.7% by mass, plus silver and lead. Ultimately, approximately 
500 Mt of waste rock will be generated, to be stored largely in surface overburden emplacement 
facilities, with backfilling of the pit where practicable. Potentially acid generating waste rock 
will be selectively placed and encapsulated within the overburden emplacement facilities, 
making use of compacted clay seals and non-acid generating waste rock. 

The ore is crushed and put through a heavy medium plant, which separates rejects of up to 30% 
by mass. The ore is then ground in a SAG mill operating in series with two ball mills, prior to 
flotation and rougher concentration, further grinding, and final flotation. The tailings generated 
on flotation of the ore are thickened and stored in a series of surface facilities. 

 

Figure 2. Aerial view of McArthur River Mine (source McArthur River Mine). 

3.2 Site climate 

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

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

3.3 Site geology 

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

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

Typical dry and wet borehole cores for the MRM site are shown in Figures 3, 4 and 5 for 
shallow, intermediate and deep depths (Klohn Crippen Berger 2014), respectively. Figures 3 to 
5 show the dramatic decrease in the degree of weathering and frequency of fractures (increasing 
RQD) with depth. Core samples selected for UCS testing are indicated with a circle, and were 
much easier to select at depth. 

 

(a)                 (b) 

Figure 3. Typical shallow borehole core (16.40 to 19.60 m): (a) dry, and (b) wet (Klohn Crippen Berger 
2014). 

 
(a)                 (b) 

Figure 4. Typical intermediate borehole core (70.01 to 73.18 m): (a) dry, and (b) wet (Klohn Crippen 
Berger 2014). 

 
(a)                 (b) 

Figure 5. Typical deep borehole core (124.19 to 127.28 m): (a) dry, and  
(b) wet (Klohn Crippen Berger 2014). 
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3.4 UNIAXIAL COMPRESSIVE STRENGTHS OF ROCK CORES Samples 

Uniaxial Compression Strength tests were carried out on NQ-size or HQ-size (47.6 or 63.5 mm 
diameter) intact rock core samples, with a minimum length of 2.2 times the diameter. The results 
of UCS testing of MRM borehole rock core samples are plotted in Figures 6 and 7, as a function 
of rock type and depth, respectively. Figure 6 suggests that the weakest rock types are the intact 
brecciated Cooley dolomite and upper pyritic shale, which show relatively little variation in 
strength around a UCS value of about 50 MPa, and have a representative RMR value in the 
range from about 40 to 50. The intact west fold shale is the strongest and most variable in 
strength, with a representative RMR value in the range from about 75 to 85. Some of the 
variability in strength is likely attributed to the inclusion of tuff beds within the unit. The other 
intact rock types are of intermediate strength and moderate variability, with representative RMR 
values of the range from about 45 to 60. 

Figure 6. Uniaxial Compressive Strengths of different waste rock types. 

Figure 7 shows a very general trend of increasing intact UCS with increasing depth. Figure 8 
shows the UCS data, together with valid Is50 data factored by 23 to represent equivalent UCS 
values, based on the average correlation factor recommended by ISRM (1985). The variation in 
UCS values with depth is poorly-correlated, while the variation of Is50 with depth is much 
better-correlated and steeper. 
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Figure 7. Uniaxial Compressive Strengths of different waste rock types versus depth. 

 
Figure 8. Uniaxial Compressive Strengths and factored Point Load Index values of different waste rock 

types versus depth. 
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3.5 SHEAR STRENGTHS OF WASTE ROCK And SOIL SPECIMENS 

Multi-stage, shear strength tests were carried out in 60 mm and 250 mm direct shear boxes on 
loose-placed, scalped waste rock specimens (scalped to -4.75 mm or -13.2 mm for testing in the 
60 mm or 250 mm shear boxes, respectively), and in 60 mm direct shear boxes on planes of 
weakness and weathered waste rock scalped to -1.18 mm. The waste rock types tested included 
upper pyritic shale, black bituminous shale, lower pyritic shale, Cooley dolomite, and west fold 
shale. The specimens were tested at their as-sampled moisture content in order to represent their 
field moisture state, and hence were unsaturated. The nominal normal stresses applied were 
100 kPa, 400 kPa and 1,000 kPa, representing dump heights of about 6 m, 22 m and 56 m, 
respectively, which caused compression of the initially loose specimens prior to shearing, and an 
increase in the degree of saturation as the volume of the air in the voids was reduced. The waste 
rock direct shear results are plotted in terms of the derived apparent cohesion and friction angle 
values in Figure 9. 

Consolidated, undrained shearing, with pore water pressure measurement, multi-stage, triaxial 
tests were carried out on Silty SAND alluvium, low plasticity Silty CLAY and Tuff/Clay 
specimens compacted to 95% of their Standard Maximum Dry Density at Optimum Moisture 
Content. No attempt was made to fully saturate the specimens prior to testing. The nominal cell 
pressures stresses applied were 100 kPa, 400 kPa and 1,000 kPa. Limited multi-stage, shear 
strength tests were also carried out in 60 mm direct shear boxes on compacted soil specimens, 
again with no attempt to fully saturate the specimens prior to testing. The combined soil shear 
strength results are also plotted in terms of the derived apparent cohesion and friction angle 
values in Figure 9. 

Figure 9. Apparent cohesion values and friction angles of different compacted soils and loose waste rock 
derived from results of direct shear or triaxial testing. 

Figure 10 shows the shear strength parameters for the loose waste rock and compacted soils 
tested plotted together for comparison purposes. The direct shear testing of the loose, scalped 
waste rock specimens and planes of weakness indicated apparent cohesion values of up to 
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800 kPa and friction angles from 15 to 42o, with the friction angle increasing appreciably as the 
apparent cohesion decreases. For the loose, scalped waste rock specimens and the planes of 
weakness and weathered waste rock tested, the apparent cohesion values and friction angles 
were poorly-correlated. 

 
Figure 10. Apparent cohesion values and friction angles of compacted soils and loose waste rock derived 

from results of direct shear or triaxial testing. 

The testing of the compacted superficial and residual soil specimens indicated apparent cohesion 
values of generally less than 100 kPa and friction angles from 12 to 32o, with the friction angle 
increasing as the apparent cohesion decreases. For the compacted superficial and residual soils 
tested, the apparent cohesion values and friction angles were reasonably well-correlated. For 
each of the waste rock and compacted soil specimens tested, it would be very difficult to select 
representative “design” shear strength parameters. 

Figure 10 shows that the shear strength parameters of the scalped rock, planes of weakness and 
weathered rock, which could be taken to represent waste rock in the overburden emplacement 
facilities, are significantly higher than those of the compacted surficial and residual soils. 
However, due to the shear strength parameters comprising a combination of apparent cohesion 
and friction angle, and the large spread of the data, it is difficult to compare the data sets and to 
fully quantify the differences. 

4 WASTE ROCK AND SOIL STRENGTH CLASSIFICATIONS 

To better enable comparison between the shear strength parameters of the waste rock and 
compacted soil specimens, it is desirable to reduce the apparent cohesion and friction angle 
values to a single shear strength value, which can be done using the Mohr-Coulomb shear 
strength criterion: 

 = c + .tan (1) 
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where  is the shear strength, c is the apparent cohesion,  is the applied stress (which may be 
taken as the vertical overburden stress, equal to the unit weight of each material multiplied by 
the depth), and  is the friction angle. The values of shear strength obtained for the waste rock 
and compacted soil specimens using Equation (1) may then be compared with the shear 
strengths of the intact rock cores, which are given by dividing by 2 the UCS values in Figure 7. 

Figure 11 shows profiles with depth of the UCS/2 values obtained for the intact rock cores, and 
of the shear strengths of the loose, scalped waste rock and compacted superficial and residual 
soils. The profiles with depth are plotted to a log10-scale to reduce the scatter in the data and 
better show the differences between the data for the different materials, for comparison 
purposes. From Figure 11, it is estimated that the intact rock degrades 16 to 26-fold (20-fold on 
average) to waste rock in the dump, and the compacted soils are 26 to 45-fold (34-fold on 
average) weaker than the intact rock. Hence, the estimated average waste rock and soil strength 
classifications are 20 and 34, respectively, based on the waste rock and soil types, and 
laboratory test data, obtained for McArthur River Mine materials. 

Figure 11. Intact rock core UCS/2, and shear strengths of loose, scalped waste rock and compacted 
superficial and residual soils. 

5 CONCLUSION 

Exploration and geotechnical borehole investigations for open pits mining projects recover rock 
cores that are typically subjected to Uniaxial Compressive Strength and Point Load Index 
testing. However, the shear strengths of the resulting waste rock and soils generated on open pit 
mining cannot be tested during investigations, and are often not subjected to shear strength 
testing at all. The McArthur River Mine has available data on the strength testing of intact rock 
cores, and on the shear strength testing of waste rock, which have been used to estimate a “waste 
rock strength classification” for that mining project and rock types, relative to their intact 
strength. Further, the results of shear strength testing of compacted soil specimens have been 
used to estimate an indicative “soil strength classification” for the compacted superficial and 
residual soils at the site, relative to the intact strength of the parent rocks. The average waste 
rock and soil strength classifications estimated for the McArthur River Mine materials were 20 
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and 34, respectively, which could be used for preliminary design purposes for the parent rock 
types found at this particular mine. 

The exercise described in this paper is intended only to demonstrate the extension of simple rock 
mass classification ideas to waste rock and soils derived from the parent rocks at a particular 
mine site. The results presented for McArthur River Mine are indicative only. It is not intended 
that the results be used for detailed design, and they should not be extended to other mine sites 
or to other rock types. 

It is suggested that similar strength data be collected for other mine sites and other rock types to 
enable the results presented for McArthur River Mine to be checked, and perhaps extended. It is 
noted that the McArthur River Mine intact rock, waste rock and compacted soil strength data 
show very large degrees of scatter, and it is suggested that further research and testing could 
assist in explaining this variability. 
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ABSTRACT 

This paper addresses the earthquake response of a tailings dam with liquefiable sandy-gravel 
foundation. Geometry of the analyzed dam and the considered foundation conditions are typical 
for valley compacted earth and rockfill dams in the Andes of South America. Loose to medium-
dense saturated sandy-gravel foundation conditions can compromise stability of the tailings 
dam, especially in active seismic zones where large magnitude earthquakes may induce 
liquefaction of the saturated alluvial foundation material eventually culminating in flow failure 
beneath the downstream section of the dam. Results of dynamic liquefaction analyses of the 
tailings dam – foundation system, considering alternatives for liquefaction mitigation (i.e., 
downstream buttress and/or in-situ foundation improvement) under two different seismic 
loading scenarios are presented and discussed. The effectiveness of the analyzed liquefaction 
mitigation measures is evaluated in terms of earthquake-induced deformations of the existing 
starter dam and of the proposed ultimate dam configuration. The dynamic liquefaction analyses 
were conducted using a non-linear two-dimensional finite-difference scheme along with a fully-
coupled effective stress constitutive model. The selected geotechnical parameters and input 
earthquake time records as well as constitutive model calibration to laboratory test results are 
discussed in the paper. Results from the idealized case study analyses of both buttress and 
foundation improvement alternatives showed that the foundation improvement is the most 
effective to mitigate the liquefaction hazard for the ultimate dam configuration subject to 
earthquake loading.  

Keywords: tailings dam, liquefaction, finite-difference scheme, earthquake-induced 
deformations, mitigation 

1 INTRODUCTION 

Some of the tailings dams located in the Andes of South America have been constructed over a 
foundation consisting of relatively loose to medium-dense, alluvial soil (silty gravel and/or silty 
sand with gravel). Such foundation materials are in most cases fully saturated as a result of 
abundant precipitation and/or operation conditions of the tailings dam. This condition could 
compromise the stability of the dam, especially in earthquake-prone regions where large 
magnitude earthquakes may induce liquefaction of the foundation soils and subsequently cause 
large displacements or flow failure beneath the dam. 

This paper presents results from non-linear dynamic liquefaction analyses of a tailings dam with 
an underlying foundation comprising a layer of medium-dense saturated sandy-gravel alluvium. 
The two-dimensional non-linear dynamic analyses were performed using the Fast Lagrangian 
Analysis of Continua (FLAC) computer code FLAC Ver. 6.0 - (Itasca, 2008). The saturated 
alluvial foundation soil was modeled considering the elasto-plastic formulation implemented in 
UBCSAND constitutive model.  

The idealized dynamic liquefaction analyses for dam stability addressed the following general 
cases: a) an existing starter dam constructed on medium-dense alluvial foundation soils with 
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high potential for liquefaction, b) two alternatives of the starter dam remediation (i.e., buttress 
and buttress foundation improvement) to mitigate liquefaction related hazards such as large 
permanent dam displacement, and c) two alternatives (i.e., buttress and extensive foundation 
improvement) to mitigate the liquefaction related hazards for the expanded dam at the ultimate 
configuration. 

The adopted geotechnical parameters, selection of earthquake time histories, calibration of the 
model, numerical analysis results and conclusions are discussed throughout the paper. 

2 TAILINGS DAM CONFIGURATIONS 

Six different dam configurations were considered for analyses. Figure 1 shows the starter dam-
foundation system without any remedial measures (i.e., Case 1) along with the materials 
included in various components of the system. The starter dam, assumed to be in an operating 
stage, has a crest width of 8 m, upstream and downstream slopes of 1.5(H):1.0(V), and 2m of 
the freeboard is considered. A liner system consisting of geomembrane and geosynthetic clay 
liner (GCL) covers the upstream slope face and extends below the impoundment area. The 
tailings dam consists of three zones: a transition fill; a structural fill (gravelly soils); and a waste 
rock/rockfill. Foundation soils consist of a 10-meter-thick medium-dense liquefiable alluvial soil 
(silty sand with gravel), which is underlain by bedrock (see Figure 1). Groundwater table 
(GWT) is located at 2 m depth below the original ground surface. The embankment dam stores 
hydraulically-deposited tailings assumed to be in a slurry state.  

 

 

 

 

 

 

 

 

 

Figure 1. Geometry and materials of the analyzed starter dam (Case 1). 

The configurations for the other cases considered are shown in Figure 2. Case 2 considers the 
case of the starter dam with a 60-m wide buttress placed downstream of the dam (Figure 2a). A 
25-m wide buttress and local foundation improvement beneath the buttress are considered in the 
Case 3 configuration (Figure 2b). The toe buttress for Cases 2 and 3 could be considered a 
portion of the dam raise for the next construction stage. In Case 3, the alluvial layer underneath 
the buttress will be excavated at a 1.0(H):1.0(V) slope with a base width of 10m, and will be 
replaced with a non-liquefiable drained compacted structural fill, as shown in Figure 2b) . 

Cases 4 through 6 consider the ultimate dam configuration without and with potential remedial 
measures for the next construction stage (expanded TSF). Figure 2c shows the Case 4 
configuration representative for the ultimate dam with no remediation measures. Case 5 includes 
a toe buttress with 40m crest width and 20m height with no foundation improvement (Figure 
2d). Lastly, Case 6 includes an extensive improvement of the alluvial foundation soil layer 
below the downstream portion of the dam expansion, where the alluvial foundation material is 
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replaced with a compacted drained structural fill to reduce the consequences of liquefaction 
(Figure 2e). 

 

 

 

 

Figure 2. Dam geometry for Case 2, Case 3, Case 4, Case 5, and Case 6. 
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3 MATERIAL PROPERTIES 

The geotechnical properties of the dam and foundation materials considered herein are provided 
in Table 1. The elasto-plastic Mohr-Coulomb model was used to characterize the stress-strain 
behavior of the bedrock and engineered materials of the dam in the numerical analysis. 
Additionally, the liquefiable alluvial soil below the groundwater table was modeled using the 
UBCSAND advanced constitutive model for evaluating liquefaction described later.  

Saturated tailings with a total density of 1.73 t/m3 were assumed to be fully liquefied and were 
modeled as a pressure applied to the upstream face of the dam and foundation ground surface in 
the upstream impoundment area. 

Table 1. Geotechnical properties of embankment and foundation materials 
 

Material Type 

 

Density Elastic Properties Effective Shear Strength 

t/m3 
Bulk  

Modulus (kPa) 
Shear Modulus 

(kPa) 
Cohesion 

(kPa) 
Friction 

Angle (o) 

Friction 
Angle at 
constant 

volume(o) 

Bedrock 2.65 1.51x106 1.13x106 4000 36 - 

Liquefiable 
Alluvium below 

GWL 
1.93 1.74x105 8.08x104 0 35 33 

Alluvium above 
GWL 1.85 1.74x105 8.08x104 0 35 - 

Transition Fill 1.89 6.44x105 3.36x105 5 38 - 

Structural Fill / 
Buttress 2.24 1.38x105 7.78x105 0 45 to 36* - 

Waste Rock or 
Rockfill 2.35 1.38x105 7.78x105 0 52 to 46* - 

Saturated Tailings 1.73 - - - - - 

Note: * Friction angle varies with depths as presented by Leps (1970). 

4 NUMERICAL MODELING APPROACH 

The finite-difference dynamic analyses were conducted using a two-dimensional non-linear 
elasto-plastic model with fully coupled liquefaction triggering in Fast Lagrangian Analysis of 
Continua (FLAC) code (Itasca 2008). The FLAC code solves the equations of motion in explicit 
form in the time domain using very small time steps that allows a non-linear inelastic stress 
strain soil behavior.  

The saturated liquefiable alluvial soils were modeled using UBCSAND, a user-defined model 
incorporated into FLAC. The UBCSAND model was developed by Professor Peter M. Byrne 
and his colleagues at University of British Columbia (Byrne et al, 2003 and Byrne, 2009). The 
model simulates the stress-strain behavior of soil under static or cyclic loading for drained, un-
drained, or partially drained conditions by using an elasto-plastic formulation at all stages of 
loading rather than just at the failure state. In this way plastic strains, both shear and volumetric, 
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are predicted at all stages of loading. The plastic parameters in the model are selected to give 
agreement with results from simple shear element tests, which can be considered most closely 
replicate conditions in the field during earthquake loading.  

Conventional state-of-practice procedures for evaluating liquefaction are implemented in 
separate analyses for evaluating liquefaction triggering and flow slide as well as for predicting 
permanent deformations, but are not capable of predicting the generation of excess pore-water 
pressure, dynamic stress-strain response, and displacement patterns simultaneously. The 
UBCSAND is a fully-coupled flow effective stress plasticity model enabling the dynamic 
response analyses in terms of pore pressures, accelerations and displacements induced by a 
specific input seismic motion. In this manner, the liquefaction triggering, deformation and 
potential for flow slide are evaluated in a single integrated analysis. 

4.1 Model Calibration 

In order to implement the UBCSAND model incorporated into the FLAC, this model was 
initially calibrated by selecting the (N1)60 value that matches the results of cyclic triaxial testing. 
In the UBCSAND calibration the cyclic triaxial test results were reduced by applying a factor of 
2/3 to represent comparable in-situ stress conditions (Idriss and Boulanger, 2008). The model 
calibration was accomplished by using a single element simulation in FLAC to model the 
laboratory tests. The single element was assigned elastic and plastic parameters based on a 
(N1)60 value as described by Byrne et al. (2004). By comparing the predicted number of cycles to 
liquefaction to the measured number in the laboratory tests, the (N1)60 was adjusted and the 
simulations were then iterated until the predicted and measured number of cycles were almost 
the same. Results of the cyclic triaxial tests and UBCSAND calibrations are shown in Figure 3. 
For (N1)60 =12, as shown in Figure 3, the calibration curve generated by the UBCSAND model 
fits the cyclic triaxial test data quite well. In order to better represent in-situ stress conditions, as 
shown by the dotted line of Figure 3, the model was also calibrated by correcting the triaxial 
cyclic stress ratio (CSR) values to in-situ CSR ones (Kramer, 1996). 

 

Figure 3. Predicted and measured liquefaction response for the considered alluvial soil 

4.2 Earthquake Input Motions 
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For the dynamic analysis, two different seismic records were considered: a) to represent 
operational design earthquake producing a peak ground acceleration (PGA) of 0.27g, a 475 year 
return period earthquake; and b) to represent closure design earthquake producing a PGA of 
0.34 g, a 2500 year return period earthquake. The seismic records were corrected by baseline 
and high frequencies were eliminated to assure better transmissibility of seismic waves in the 
numerical models.  

The operational earthquake with a return period of 475 years was considered in assessments of 
seismic performance for Cases 1 to 3 (i.e., starter dam cases). For Cases 4 through 6 (i.e., the 
cases with the ultimate dam configuration) including the closure conditions, the 2500 year return 
period earthquake was taken into account. 

5 DISCUSSION OF NUMERICAL ANALYSIS RESULTS 

Table 2 summarizes estimated earthquake-induced deformations for each analyzed case. It 
should be noted that these deformations do not include post-earthquake deformations. The 
computed seismic response is representative for the permanent deformations of the dam and 
foundation at the end of the earthquake shaking.  

For all cases considered in this paper, the levels of estimated vertical displacement at the dam 
crest are less than the design freeboard of 2.0 m, thus indicating no potential overflow of tailings 
at the end of the earthquake, as seen in Table 2. 

Most of the cases analyzed showed large horizontal displacements ranging from approximately 
2 m to 3 m throughout the dam and foundation, which would be able to compromise integrity of 
the liner system, exceeding tolerable limits of tensile strength and strain of the geomembrane 
liner.  

Table 2. Summary of earthquake-induced deformation at the end of earthquake shaking 

Case Buttress Foundation 
improvement 

Earthquake 
Maximum 

Displacement 
in model (m) 

Displacement at dam crest (m) 

Upstream 
edge 

Downstream 
edge 

PGA (g) Horiz. Ver. Horiz. Ver. Horiz. Ver. 

1 no  no  0.27 2.58 -0.81 2.06 -0.10 2.29 -0.38 

2 yes no 0.27 2.66 -0.66 2.01 -0.36 1.99 -0.50 

3 yes yes (local) 0.27 1.79 -0.29 1.78 -0.08 1.78 -0.17 

4 no  no  0.34 2.97 -1.11 2.22 -0.43 2.28 -0.53 

5 yes no  0.34 2.82 -0.88 2.48 -0.66 2.48 -0.76 

6 no  yes (extensive) 0.34 1.42 -0.35 1.41 -0.02 1.42 -0.07 

Note: Positive horizontal displacement indicates the dam moves toward downstream. 
  Negative vertical displacement indicates the dam moves downward. 

5.1 Case 1 

The horizontal displacements at the dam crest elevation varied between approximately 2.06 m 
and 2.29 m, and the vertical displacements between approximately 0.10 m and 0.38 m, as shown 
in Figures 4a and 4b. The maximum displacements occurred near the downstream toe of the 
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starter dam and were estimated to be approximately 2.58 m horizontally and 0.81 m vertically. 
Based on the estimated horizontal displacements, it is anticipated that the seismic deformations 
would be able to compromise the liner integrity. Additionally, the level of deformation along the 
lower downstream dam slope might result in a relatively large post-earthquake flow slide. An 
uplift of the ground surface adjacent to the downstream toe was observed. As expected, 
liquefied zones within the alluvial foundation soil could be identified, as shown in Figure 5a. 
However, it is noted that the alluvial foundation soil below the lower portion of the dam 
downstream slope did not experience liquefaction because the lateral migration of the 
foundation soils towards the downstream free field produced a dilative response of the 
underlying alluvial foundation soil as indicated by the uplift of the ground surface adjacent to 
the downstream toe.  

Hence, a couple of remediation measures were taken into consideration: Case 2 including the 
60-m wide buttress and Case 3 including the 25-m wide buttress and foundation improvement, 
as shown in Figures 2a and 2b. 

 
 

 

 

 

 

 

         (a)                   (b) 

Figure 4. Case 1 (a) Horizontal displacement, and (b) vertical displacement contours 

 

 

 

 

 

           (a)                  (b)         

Figure 5. (a) Liquefied zone for Case 1, (b) liquefied zone for Case 2 

5.2 Case 2 

The horizontal displacements at the dam crest elevation were estimated to be approximately 2.0 
m, and the vertical displacements varied from approximately 0.36 m to 0.50 m, as shown in 
Figures 6a and 6b. The maximum displacements occurred at the downstream toe of the buttress, 
and the maximum horizontal and vertical displacements were estimated to be approximately 
2.66 m and 0.66 m, respectively. A large horizontal displacement was predicted within the dam 
body and buttress because the alluvial foundation beneath these structures liquefied, as shown in 

Non-liquefied zone 

Liquefied zone 

Non-liquefied zone 

Liquefied zone 

 
438



Figure 5b. Similar to Case 1, an uplift of the ground surface adjacent to the downstream toe of 
the buttress could be observed. A comparison of results from Case 1 and Case 2 reveals that the 
placement of the toe buttress increased significantly the vertical displacements at the crest zone. 
This is because the addition of the buttress to the dam toe did not allow for a dilative behavior of 
the alluvial foundation soil below the lower downstream slope (see Figure 5b). The horizontal 
displacement at the upstream crest was only slightly reduced. Thus, the results indicate that the 
buttress remediation approach would bring only little improvement to the seismic performance 
of the starter dam.  
 

 

 

 

 

 

 

         (a)                   (b)    
Figure 6. Case 2 (a) Horizontal displacement, and (b) vertical displacement contours 

5.3 Case 3 

The horizontal displacements at the dam crest elevation were estimated to be approximately 1.78 
m, and the vertical displacements varied from approximately 0.08 m to 0.17 m, as shown in 
Figures 7a and 7b. The maximum displacements occurred at the downstream toe of the buttress 
and were estimated to be approximately 1.79 m horizontally and 0.29 m vertically. Comparison 
of results from Case 3 and Case 1 shows that the local alluvial foundation improvement 
combined with placement of the toe buttress reduced the vertical displacements at the upstream 
crest by approximately 20 % and at the downstream crest by approximately 55 %. Additionally, 
the horizontal displacements at the upstream and downstream crests were reduced by 
approximately 14 % and 22 %, respectively. In general, it is anticipated that this combined 
remediation would be able to improve the seismic performance of the starter dam.  

 

 

 

 

 

 

 

         (a)                   (b)  
Figure 7. Case 3 (a) Horizontal displacement, and (b) vertical displacement contours 
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5.4 Case 4 

The ultimate dam configuration corresponding to Case 4 was subject to the 2500-year 
earthquake representative for closure conditions. Averaged horizontal displacement at the dam 
crest elevation was approximately 2.25 m, and averaged vertical displacement was 
approximately 0.48 m, as shown in Figures 8a and 8b. The maximum displacements occurred 
near the downstream toe of the ultimate dam and were estimated to be approximately 2.97 m 
horizontally and 1.11 m vertically. Likewise, it is anticipated that the seismic deformations 
predicted for the ultimate dam with no remediation, would be able to adversely impact the liner 
integrity. Additionally, the levels of deformation in the lower downstream dam slope might 
result in a relatively large post-earthquake flow slide. Uplift of the ground surface adjacent to 
the downstream toe was observed. Similarly to the starter dam with no remediation, the alluvial 
foundation soil below the lower portion of the downstream slope showed the tendency to dilate.  

Hence, the following remediation alternatives were considered for the ultimate dam 
configuration: Case 5 which involves the 40-m wide buttress; and Case 6 which includes 
extensive foundation improvement, as shown in Figures 2d and 2e, respectively. 

 
 
 
 
 
 
 

 
 

 

         (a)                   (b)  
Figure 8. Case 4 (a) Horizontal displacement, and (b) vertical displacement contours 

5.5 Case 5 

Averaged horizontal and vertical displacements at the dam crest elevation were estimated to be 
approximately 2.48 m and 0.71 m, respectively, as shown in Figures 9a and 9b. A maximum 
vertical displacement of approximately 0.88 m occurred at mid-height of the rockfill 
downstream shell due to the confinement of the toe buttress, while a maximum horizontal 
displacement of approximately 2.82 m occurred at the downstream toe of the buttress.  

As the estimated displacements between Case 4 and Case 5 were compared, these were observed 
to have a similar tendency to the displacement patterns for Cases 1 and 2. The placement of the 
toe buttress increased both vertical and horizontal displacements at the crest elevation. The 
estimated vertical and horizontal displacements at the crest elevation were increased by 
approximately 48 % and 10 %, respectively. Therefore, the results indicate that buttress 
remediation does not improve the seismic performance of the ultimate dam configuration. 
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(a)                   (b) 
Figure 9. Case 5 (a) Horizontal displacement, and (b) vertical displacement contours 

5.6 Case 6 

The horizontal displacements at the dam crest elevation were estimated to be approximately 1.42 
m, and the vertical displacements less than 0.1 m, as shown in Figures 10a and 10b. A maximum 
vertical displacement of approximately 0.35 m occurred at the lower portion of the dam 
downstream slope, while a maximum horizontal displacement of approximately 1.42 m occurred 
at the downstream crest of the dam. As the estimated displacements for Case 6 were compared 
to those for Case 4, the foundation improvement involving replacement of the liquefiable 
alluvial layer below the downstream portion of the expanded dam resulted in a significant 
reduction of the overall displacements. The estimated vertical and horizontal displacements at 
the crest elevation were reduced by approximately 90 % and 37 %, respectively. The results 
indicate that this extensive foundation improvement of all mitigation measures considered in 
this study would be the most effective to improve the seismic performance of the ultimate dam. 
It is also anticipated that the post-earthquake performance of the dam will be improved because 
the liquefaction potential within the foundation soil was eliminated by the replacement of the 
liquefiable foundation soil with the compacted drained structural fill (non-liquefiable material). 
Therefore, no damage to the liner system is expected. 

 

 

 

 

 

 

(a)                   (b)  

Figure 10. Case 6, (a) Horizontal displacement, and (b) vertical displacement contours 

6 CONCLUSIONS  

A fully coupled dynamic liquefaction analysis was performed to assess the levels of earthquake-
induced deformation in the dam and soil foundation. The dam foundation consisting of medium-

 
441



dense saturated alluvial soils was observed to experience liquefaction under design earthquake 
loadings. Remediation measures considered for improving the seismic performance of the dam 
included downstream buttress and in-situ foundation improvement. The buttress placed at the 
downstream toe of a 30-m high starter dam was observed to make little improvement to the dam 
seismic performance, while the starter dam having a smaller buttress combined with local 
foundation improvement performed effectively under the operational design earthquake (475 
year return period earthquake) considered in this study.  

The dynamic response of a 60-meter high ultimate dam considered for the next construction 
stage was also investigated. Results from the numerical analyses indicate that the ultimate dam 
(expanded TSF) might have an adverse seismic performance under the closure design 
earthquake (2500 year return period earthquake) and the remediation measures might be still 
required to improve it. The results demonstrated that the buttress remediation could not 
contribute to an improvement in seismic performance of the ultimate dam. The extensive 
foundation improvement of the alluvial layer below the downstream portion of the expanded 
dam has the potential for a significant reduction of the overall displacements. It is anticipated 
that the ultimate dam will perform well during the closure design earthquake and even under 
post-earthquake loading conditions because the liquefaction potential within the foundation soil 
was eliminated by replacing the liquefiable foundation soil with the compacted drained 
structural fill (non-liquefiable material).  

Most of the cases analyzed showed large horizontal displacements ranging from approximately 
2 m to 3 m in the dam and foundation, which would be able to compromise integrity of the liner 
system, exceeding tolerable limits of tensile strength and strain of the geomembrane liner. 
Extensive foundation improvement on the ultimate dam configuration showed a significant 
reduction of the earthquake-induced deformations to an allowable level that can minimize the 
risk of geomembrane damage. 

Buttress remediation did not function effectively for this particular case study involving a 
saturated medium-dense alluvial foundation soil susceptible to the earthquake liquefaction. 
However, the buttress could still function as an effective remedial measure to improve seismic 
performance of the embankment dam underlain by non-liquefiable foundation soils. 

For all cases considered in this paper and an assumed design freeboard of 2.0 m, the levels of 
estimated vertical displacement at the upstream crest of the dam indicate no potential overflow 
of tailings. However, it is important to note that some cases might still experience tailings 
overflow under post-earthquake loading conditions. 

The earthquake-induced deformations described in this paper do not include post-earthquake 
deformations. Total permanent displacements should be evaluated by considering liquefied 
undrained shear strength of the alluvial foundation soil in order to verify the potential for flow 
failure phenomena. 
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Procedures for estimating seismic permanent displacements on 
tailings storage facilities and mine waste dumps 

Keith Pérez, Eder Tapia, Andrés Reyes, Renzo Ayala 
Anddes Asociados, Peru 

ABSTRACT 

The use of pseudo-static procedures for assessing seismic slope stability analysis of a tailings 
storage facility (TSF) and a mine waste dump (MWD) is a common practice in geotechnical 
engineering; however, new methodologies have emerged for the calculation of seismic induced 
permanent displacements of earth structures, which is considered a more reliable approach 
compared to the calculation of a factor of safety (FOS) obtained by the pseudo-static procedure. 

The authors have studied the application of several methodologies to assess the seismic stability 
of TSF and MWD based on two case studies. One-dimensional (1D) nonlinear seismic response 
and slope stability analyses were performed as part of these applications. Cyclic laboratory tests 
on coarse tailings and mine waste were performed to evaluate their dynamic properties and were 
compared to current state-of-practice literature curves. 

The resulting displacements using these procedures proved, in general, to be similar. This 
research suggests that the seismic analysis should be less focused on the pseudo-static FOS as a 
parameter to predict the seismic stability of TSF and MWD, unless a rational criterion is chosen 
for the determination of the seismic coefficient. 

Keywords: slope stability, response analysis, cyclic laboratory tests 

1 INTRODUCTION 

Historically, most civil engineering structures built in Peru are designed to endure strong 
seismic events expected in the South American west coast. These events are caused by 
subduction of the Nazca plate beneath the South American plate. Several local studies in Peru, 
such as Castillo & Alva (1993) and Gamarra & Aguilar (2009), predicts strong earthquakes in 
the Andean region, where most mining projects are located. As a result of these studies, 
isoacceleration maps were developed for different return periods and soil types; despite this 
effort, the Peruvian mining authority typically requests site seismic hazard assessments for each 
mine site. 

During the last decade, TSFs in Peru are designed to prevent soil liquefaction of coarse tailings 
and avoid its involvement in the slope failure mechanism. Consequently, TSF seismic stability is 
carried out through the pseudo-static approach using a seismic coefficient ranging from 1/2 to 
2/3 of the peak ground acceleration (PGA). A similar approach is taken when designing MWDs, 
whether failures through the mine waste slope or its foundation are expected. Only in particular 
cases, seismic induced permanent displacements (SIPD) are calculated, usually using the 
Newmark (1965) or Makdisi & Seed (1978) methods for both structures. However, recent 
advances in the seismic design of earth structures suggest SIPD procedures as basis for design. 
As a consequence, modern methods such as the Bray & Travasarou (2007) are used to estimate 
SIPD through a simplified coupled procedure. Furthermore, the Bray & Travasarou (2009) 
method allows selecting a seismic coefficient based on the maximum allowable displacements 
and natural period of an earth structure, thus improving the pseudo-static approach. 

Among mining structures, TSFs are considered sensitive to SIPD since the design of most of 
these facilities are focused on retaining fine tailings supported by dikes made of borrow 
materials, waste rock or coarse tailings. SIPD of 100 to 200 cm vertically are considered 
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allowable limits based on its freeboard; any failure or dike overtopping can lead to life loss, and 
significant environmental and economic damage. Subsequently, a great deal of effort is put on 
determining an appropriate seismic coefficient to use for a pseudo-static analysis or estimating 
reliable values of SIPD by simplified or numerical procedures. Similarly, MWD are usually 
subjected to similar evaluations whether the analysis is focused on failures along mine waste 
material or the facility’s foundation. The objective of this paper is to compare different 
approaches employed in practice to determine SIPD for TSF and MWD and their related 
calculations. First, the dynamic response of these materials will be assessed based on current 
state of art of one-dimensional (1D) nonlinear seismic response analysis by the use of the 
software Deepsoil (Hashash, 2014). Lastly, SIPD will be calculated by Houston et al. (1987), 
Makdisi & Seed (1978) and Bray & Travasarou (2007) methods. 

2 THEORETICAL BACKGROUND 

Kramer (1996) suggested two approaches to deal with seismic stability analysis: inertial stability 
and weakening stability. The first one can be used for analysing a TSF and a MWD as long as 
soil liquefaction is not involved in the slope failure mechanism. Inertial stability analysis deals 
with displacements produced by temporary exceedances of the material’s shear strength by 
dynamic stresses, assuming that this shear strength remains relatively constant during the 
seismic event. In order to deal with inertial stability, pseudo-static analysis and SIPD calculation 
are employed. 

By an extensive review of existing methods, Murphy (2010) defined three approaches to 
estimate SIPD: rigid-block, decoupled and coupled analysis. For the rigid-block analysis, the 
Newmark (1965) method is the most recognizable; the Makdisi & Seed (1978) is one of the 
most used decoupled methods; and the Bray & Travasarou (2007) and numerical dynamic 
analyses, performed by software such as PLAXIS or FLAC, are part of the coupled methods.  

In order to understand the methods mentioned above, a review of the seismic response of the 
materials included in the analysis should be assessed, mainly for coarse tailings and mine waste. 
Therefore, the authors gathered information regarding dynamic behaviour of comparable 
materials and analysed their seismic response by the use of current state of the art procedures 
proposed by Stewart et al. (2008) and Hashash et al. (2010). The following sections describe the 
theoretical background of 1D seismic response analysis and SIPD calculations. 

2.1 1D seismic response analysis 

The surface seismic response of an earthquake is greatly influenced by site soil conditions. In 
order to assess this effect, seismic response analyses are used to determine the dynamic soil 
behavior due to the shake of the rock immediately beneath it (Kramer, 1996). To quantify the 
seismic response of a rock, seismic hazard studies are performed since the dynamic behavior of 
rock is less influenced by the earthquake nature due to its large stiffness. 1D seismic response 
analyses are based on the hypothesis that all the soil boundaries are horizontal and that soil 
response is particularly affected by seismic shear waves that turns vertical as it propagates near 
the surface. 

The analysis methodology depends on how the soil behavior is modeled. A linear method (LM) 
analysis relies on the use of transfer functions in the frequency domain. However, the nonlinear 
behavior of soils, which contrasts with the linear assumption of the LM approach, makes this 
methodology quite restricted. In order to account for such restrictions, a simple iterative process 
involving dynamic equivalent linear properties of soil can be used; this methodology is called 
the equivalent linear method (ELM). As mentioned, this methodology is still linear up to some 
extent since it focuses on searching the elastic parameters of the soil. These parameters should 
be consistent with seismic induced shear strain levels for each soil layer involved in the analysis. 
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A fully nonlinear analysis (NLM) is capable of modeling the hysteretic behavior of soils due to 
earthquake loading. It uses a direct numerical integration in the time domain. Through this 
analysis, a linear or nonlinear stress-strain relationship can be followed by a number of small 
incremental linear steps. Such relationship is generally modeled by a hyperbolic model. 

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

2.2 Seismic induced permanent displacements 

2.2.1 Newmark (1965) and Houston et al. (1987) 

Newmark (1965) was the first to formulate the rigid-block analogy, and his methodology has 
been widely used to calculate SIPD for most geotechnical structures. The Newmark method 
considers a rigid block mass sliding on an inclined plane, whose SIPD equals the double 
integration of the difference between earthquake acceleration and a yield acceleration (ky), the 
latter concept refers to the dynamic slope resistance, which depends primarily on the dynamic 
strength of the material along the critical sliding surface and the structure’s geometry and weight 
(Bray, 2007). Several authors have modified the original Newmark (1965) method to overcome 
simplifications such as the inclined plane and the rigidity of both the sliding mass and slip 
surface assumptions. 

Houston et al. (1987) modified the Newmark (1965) methodology by introducing a slip layer 
with “softened” properties that would prevent accelerations within the sliding mass to exceed ky. 
Accelerations that surpass ky within the sliding mass would generate deformations on it that 
would be inconsistent with the original assumption of the rigid-bock method. Typically, the 
seismic record below the slip layer is used to calculate the displacements. 

2.2.2 Makdisi & Seed (1978) 

In their landmark paper, Makdisi & Seed (1978) formulated the decoupled method, which 
consists of two separate steps: a dynamic response analysis and a sliding response analysis. The 
first one is performed to quantify the accelerations experienced by the sliding mass. The second 
one is performed to calculate SIPD through double integration of an earthquake motion. Makdisi 
& Seed (1978) used average accelerations computed by the procedure of Chopra (1966) and 
sliding block analyses to compute SIPD of earth dams and embankments (Kramer, 1996). 

Makdisi & Seed (1978) were the first to develop a series of calculation charts based on their 
simplified decoupled method and using three earthquake records with different magnitudes. One 
of their charts evaluates the seismic demand experienced by the sliding mass as a function of the 
slip surface depth, main body height, and crest peak acceleration of a dam. The other chart is 
employed to estimate SIPD with respect to the fundamental period of the embankment (Murphy, 
2010). The Makdisi & Seed (1978) method is still widely used within the geotechnical 
community for a broad range of structures, primarily due to its simplicity, despite the fact that it 
was developed only for dams and embankments. 

2.2.3 Bray & Travasarou (2007) 

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

 
446



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

2.2.4 Stress-strain analysis 

A powerful tool to estimate both static and SIPD is the use of stress-deformation analyses that 
employs 2D and/or three-dimensional (3D) finite elements or finite difference models. These 
analyses include seismically-induced permanent strains in each element of the corresponding 
models (Kramer, 1996). Conceptually, a fully-coupled nonlinear analysis should be able to 
calculate any SIPD in any slope; however, such analyses are very complex (Duncan & Wright, 
2005). Without initial simplifying assumptions, the accuracy of the stress deformation analysis 
depends on the stress-strain or constitutive model capacity to represent the real soil behavior 
(Kramer, 1996). Computer programs such as PLAXIS or FLAC are widely used to assess the 
seismic behavior of most geotechnical structures. 

Case studies geotechnical overview and analyses 

The first case study presented is a 60-m high TSF with a global downstream slope of 1V:2.5H, 
as shown in Figure 1 (Pérez et al., 2015). The TSF is currently in its final configuration and is 
located over a medium hard rock. Its dike is composed of coarse tailings conventionally 
disposed by centrifugal equipment (cyclones); fine tailings are placed upstream. The coarse 
tailings dike is underlined by a gravelly drain and a pumping system keeps the beach as far as 
300 m away from the crest. Piezometers and seepage analysis show a good agreement and 
support a good drain and pumping operation, assuring good water management at the coarse 
tailings dike. These conditions avoid the existence of coarse tailings liquefaction in the failure 
mechanism during an earthquake. Therefore, the application of 1D response analysis and SIPD 
methodologies previously reviewed can be used, providing representative results. 

The second case study is a 140-m high MWD that, due to limited suitable locations able to 
satisfy the minimum storage capacity required, forced designers to place it in a wide valley, as 
shown in Figure 2. Previous geotechnical investigation showed that the foundation of this area 
was composed of large and heterogeneous deposits of alluvial and residuals soils of over 80 m 
deep. Clayey, silty, sandy and gravelly soils were distributed all over its area. Consequently, 
during its design, this facility has been subjected to 3D slope stability analysis (Reyes & Parra, 
2014), short-term stress-strain and deformational assessments (Reyes & van Zyl, 2015) and 
detailed 1D nonlinear seismic response analyses (Reyes et al., 2015). As soil liquefaction was 
expected only on reduced and isolated lenses of loose granular soils, SIPD were considered 
appropriate for the evaluation of the inertial seismic stability of the MWD. 
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Figure 1. Critical cross-section of the TSF (Pérez et al., 2015) 

 

 
Figure 2. Plan view of the MWD (Reyes & van Zyl, 2015) 

The following sections describe the geotechnical features and laboratory tests carried out on the 
coarse tailings and mine waste for both case studies, respectively. A detailed description of the 
geotechnical analysis performed for comparison purposes for this research is presented, which 
included 1D seismic response analysis and SIPD calculations using the Houston et al. (1987), 
Makdisi & Seed (1978) and Bray & Travasarou (2007) methods. 

2.3 Seismicity 

The uniform hazard response spectra for 100 and 475 years return period (operation and closure 
conditions, respectively) from the site seismic hazard assessment were employed in all seismic 
evaluations. Published Peruvian and international subduction earthquakes records were used as 
input for site response analysis such as 1974 Lima and 2001 Atico earthquakes. It is important 
to mention that the Lima and Atico earthquake motions were recorded near the epicenter of the 
event, capturing their high energy content. Other seismic records considered, such as the 2005 
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Tarapacá and 2014 Iquique motions, were recorded far from their epicenters. As a consequence, 
low values of PGA and energy content were registered thus discarded for the evaluations. No 
other motion was selected due to the limited database available for Peru. All 4 seismic records 
(two horizontal components per earthquake) were spectrally matched to the 100 and 475 years 
return period response spectra using the SeismoMatch software, which is based in the pulse 
wave algorithm proposed by Abrahamson (1992) and Hancock et al. (2006). 

2.4 Dynamic properties of coarse tailings and mine waste 

Coarse tailings dynamic properties were obtained from cyclic triaxial tests using confining 
pressures of 250 and 500 kPa. The shear modulus reduction and damping ratio curves were built 
out of 8 points, as shown in Figure 3. To extrapolate the tests results from 1x10-3 to 1x101 

%shear strain, the data points were adjusted to a standard hyperbolic model. 

 

 

Figure 3. Cyclic triaxial test results and adjusted data for coarse tailings (Pérez et al., 2015) 

The dynamic properties for the mine waste of the second case study were obtained from 
resonant column and torsional shear tests (RCTS) using confining pressures of 165 and 669 kPa. 
Due to the large size of the particles of the mine waste, a parallel gradation curve to the original 
particle size distribution was built. By doing this, the “scaled” sample had a maximum particle 
size of 3/4 inches and no scalping was needed on the RCTS device of the University of Texas at 
Austin. This technique of parallel gradation was first developed by Lowe (1964), and then 
extensively used by Marachi et al. (1969), Thiers and Donovan (1981) and Varadarajan et al. 
(2003) to perform drained triaxial tests on rockfill, crushed rock and alluvial soils. In the last 
decade, many researchers, particularly Gesche (2002), De La Hoz (2007), Dorador (2010) and 
Ovalle et al. (2014), and practitioners such as Linero et al. (2007) and Palma et al. (2009) have 
used this technique when testing alluvial and waste rock materials. The shear modulus reduction 
and damping ratio curves were built out of 11 points, as shown in Figure 4. Similar to the coarse 
tailings case, the data points were adjusted and extrapolated using a hyperbolic model. 
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Figure 4. Adjusted RCTS test results for mine waste 

2.4.1 Comparison of curves 

Prior to any calculation of SIPD, comparisons of the dynamic curves resulting from the cyclic 
tests described before were made with existing literature curves such as the ones proposed by 
Seed & Idriss (1970), Seed et al. (1986), Ishibashi & Zhang (1993), Darendeli (2001) and Menq 
(2003). These comparisons were made to determine which one properly models the dynamic 
behaviour of coarse tailings and mine waste. Figure 5 shows the shear modulus reduction curves 
of the tested coarse tailings and the ones obtained from the Ishibashi & Zhang (1993), EPRI 
(1993) and Menq (2003) formulations for average confining pressures of 250 and 500 kPa. 
Similarly, Figure 6 shows the shear modulus reduction curves of the tested mine waste and the 
ones obtained from the Seed & Idriss (1970), Seed et al. (1986) and Menq (2003) formulations 
for average confining pressures of 165 and 669 kPa. These literature curves were selected due to 
its visual close fit with the tested materials’ curves. 

 

Figure 5. Shear modulus reductions curves comparison for coarse tailings (Pérez et al., 2015). 
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Figure 6. Shear modulus reductions curves comparison for mine waste. 

In order to extend the comparison and to define which literature-based curve results in a 
response spectrum similar to the one obtained using the cyclic tests results, one-layer soil 
columns analysis were built to perform ELM seismic response analysis. This method was 
preferred over the NLM because the last one would have required a detailed discretization of the 
soil column and, in consequence, different dynamic curves for different confining pressures. 
However, the ELM approach provides the same results whether a discretization is performed or 
not. 

The results showed that the curves from the Ishibashi & Zhang (1993) and Menq (2003) 
formulations resulted in the closest response spectra to the one calculated using the cyclic 
triaxial test results for the coarse tailings. However, the Menq (2003) curves are preferred for 
this material, and subsequently used in this paper, due to its best behavior as the confining 
pressure increases; the Ishibashi & Zhang (1993) curves often encounter problems for high 
confining pressures. The Seed & Idriss (1970), Seed et al. (1986) and Menq (2003) formulation 
resulted in close fits for the mine waste case. Similar to the coarse tailings, the Menq (2003) 
curves are preferred due to its varying nature when increasing the confining pressure. In general, 
Menq (2003) curves were used for both cases as long as appropriate parameters were used for 
their formulations. 

2.5 Seismic induced permanent displacements calculations 

SIPD were calculated for both return periods (100 and 475 years) using the Makdisi & Seed 
(1978), Houston et al. (1987) and Bray & Travasarou (2007). The critical section showed in 
Figure 1 was used for the TSF and cross-section 6 showed in plan view of Figure 2 was used for 
the MWD. 

NLM seismic response analyses were used for the Houston et al. (1987) calculations using the 
software DeepSoil (Hashash, 2014) and D-MOD (Matasovic, 1993a). For the case of the Bray & 
Travasarou (2007) analysis, representative response spectra were used, considering free field 
conditions (not taking into account the facilities). For the particular case of the MWD, seismic 
response spectra which considered the seismic behavior of the foundation soils of section 6 were 
used, which were assessed in detail by Reyes et al. (2015). 

Table 1 shows the results of the SIPD developed along the failure surface of the TSF. There is a 
general agreement between the results of the Houston et al. (1987) and Bray & Travasarou 
(2007) methods, with the latter showing not only a rationally conservative range but also 
predicting a non-existing probability of negligible SIPD. On the other hand, the Makdisi & Seed 
(1978) method underestimates the displacements when compared with the other method for the 
100 year return period event; the opposite occurs when observing the results of the 475 years 
return period event, where the displacements are relatively overestimated. 
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Results showed in Table 2 are similar to Table 1 in terms on comparing the methods used to 
calculate SIPD. Very similar results are predicted by the Houston et al. (1987) and Bray & 
Travasarou (2007) methods. Again, the Makdisi & Seed (1978) method underestimates the 
results for the 100 year return period when compared to the other procedures. Nevertheless, the 
475 year return period results for this last calculation agrees with the others. 

Table 1. Seismic induced permanent displacements obtained for the TSF. _____________________________________________________________________________ 
Return Seismic Yield    Makdisi &  Houston et al. (1987)  Bray & Travasarou (2007) 

period record acceleration Seed (1978)           

(years)    (g)     

           Value (cm)  Value (cm)  Average  PND  Average  Range 

(cm)   (%)  (cm)   (cm) 
_____________________________________________________________________________ 
100  Lima  0.05    4-30    42     37    0   23    12-46 

Atico       4-28    32 

475  Lima       170-400   175    135   0   92    46-184 

Atico       110-290   94 
_____________________________________________________________________________ 
PND: Probability of negligible displacements 

 

Table 2. Seismic induced permanent displacements obtained for the MWD. _____________________________________________________________________________ 
Return Seismic Yield    Makdisi &  Houston et al. (1987)  Bray & Travasarou (2007) 

period record acceleration Seed (1978)           

(years)    (g)     

           Value (cm)  Value (cm)  Average  PND  Average  Range 

(cm)   (%)  (cm)   (cm) 
_____________________________________________________________________________ 
100  Lima  0.04    4-10    16     13    0   10    5-19 

   Atico       4-9    9 

475  Lima       80-125   92     90    0   73    37-146 

   Atico       70-100   88 
_____________________________________________________________________________ 
PND: Probability of negligible displacements 

3 CONCLUSIONS 

Several procedures for estimating SIPD and performing seismic response analysis were 
evaluated. The rigid-block Houston et al. (1987), the decoupled Makdisi & Seed (1978) and the 
coupled Bray & Travasarou (2007) procedures were reviewed and compared.  

Existing literature shear modulus reduction and damping ratio curves were compared to project-
specific cyclic laboratory tests on coarse tailings and mine waste. Visual and seismic response-
based comparisons showed that Menq (2003)’s curves can represent the dynamic properties of 
both coarse tailings and mine waste, as long as appropriate parameters are used for their 
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formulations. More testing is needed to extend this conclusion to different coarse tailings and 
mine waste than the ones tested for this research. 

The procedures reviewed for estimating SIPD were used and compared in two case studies of 
TSF and MWD, using project-specific dynamic properties and details. In general, the results 
showed a fair to good agreement between them. The Houston et al. (1987) method results were 
within the range of the ones estimated by the Bray & Travasarou (2007) method for all return 
period seismic events and facilities evaluated. In contrast, the Makdisi & Seed (1978) method, in 
general, proved to underestimate and overestimate the results for the 100 and 475-year return 
period, respectively, when compared to the other methods. This conclusion is in agreement with 
the findings of Bray & Travasarou (2007), who showed consistency between the results of their 
method when compared to observed SIPD on earth dams and MSWF and concluded that the 
Makdisi & Seed (1978) method can yield both conservative and unconservative displacements. 

Reyes & Pérez (2015) also performed a similar comparison for a specific case study of heap 
leach pad (HLP) and concluded the same regarding the differences and similarities of the 
procedures described above. Given these findings, the authors recommend the use of the Bray & 
Travasarou (2007) method for the inertial seismic stability analysis of TSF, MWD and HLP, 
since it involves relatively simple calculation in comparison to the numerical complexity of 
Newmark (1965) analysis and yields rationally conservative results. However, it is important to 
mention that SIPD are sensitive to the fundamental period of the sliding mass and correspondent 
spectral acceleration, which are inputs for the Bray & Travasarou (2007) procedure. Therefore, 
the determination of the dynamic characteristics of the materials involved in the sliding mass 
and the correct selection of response spectra for design are critical. This research suggests that 
the inertial seismic design of mining earth structures can be focused on determining SIPD rather 
than simply determining pseudo-static FOS, unless a rational criteria is used to define the 
seismic coefficient, such as the one presented by Bray & Travasarou (2009). 
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ABSTRACT 

The shear strength profile of existing tailings is crucial for supporting an upstream embankment 
raise for a conventional surface slurried tailings storage both safely and with acceptable 
settlements. The existing tailings will need to be desiccated in order to provide adequate bearing 
capacity for the raise, and will require geotechnical investigation to demonstrate this. Typical 
geotechnical investigation methods include in situ vane shear testing and cone penetration 
testing (CPT), usually including pore pressure measurement and possibly including seismic 
measurements. The vane shear and CPT may use the same rig. Heavily desiccated tailings may 
allow direct access using a conventional rig. Otherwise, a rig with wide tracks may be required, 
or access roadways may have to be constructed over the tailings. The data from these tests are 
then interpreted to determine the shear strength profile for the desiccated tailings, to enable 
geotechnical slope stability and settlement analyses of the proposed upstream embankment raise. 
The paper describes a case study of the geotechnical investigation, test data interpretation and 
geotechnical design considerations for a proposed upstream embankment raise on heavily 
desiccated tailings. The focus is on test data interpretation, which is an area that is often 
deficient. 

Keywords: cone penetration test, desiccated tailings, shear strength, upstream raise, vane shear 
 

1 INRODUCTION 

South32’s Cannington Underground Mine is located 250 km south-east of Mount Isa in 
northwest Queensland, Australia, and has produced silver, lead and zinc since 1997. The ore is 
ground to -180 micron, and processed to produce Sandy SILT to Silty SAND-sized tailings. The 
tailings are thickened in a high rate thickener and discharged at 65% solids by mass. Of the 
tailings produced by the processing of the ore, 60% is returned underground as cement paste 
backfill, and 40% reports to a surface tailings storage facility (TSF) comprising three cells. 
Tailings deposition into Cell 1 ceased about 4 years ago, and the embankment is proposed to be 
raised by the upstream method using borrow material located partially on heavily desiccated 
tailings to accommodate tailings from late 2017. The proposed upstream raise of Cell 1 is the 
optimal solution to cost-effectively and safely provide additional tailings storage capacity 
beyond the filling of Cell. 

This paper describes the geotechnical investigation, test data interpretation and geotechnical 
analyses for the proposed upstream Cell 1 embankment raise on heavily desiccated tailings, 
focusing on test data interpretation, which is an area that is often deficient. 

2 DESCRIPTION OF SITE 
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A description of the pertinent features of the Cannington Mine site is given in the following 
sections. 

2.1 Surface tailings storage facility 

The surface TSF comprises three cells. Cell 1, with an area of 44 ha, and Cell 2, with an area of 
44 ha, were constructed in the late 1990’s, and have each been raised a number of times to reach 
their current embankment heights. Tailings deposition into Cell 1 ceased about 4 years ago and 
deposition into Cell 2 ceased about 1 year ago. Cell 3, with an area of 58 ha, was completed in 
May 2014 and is currently the active cell. Cell 3 is expected to be filled by August to October 
2017. A 20 September 2013 aerial view of the Cannington surface TSF, with Cell 2 still 
operational and Cell 3 under construction, is shown in Figure 1, and a view of the heavily 
desiccated surface of Cell 1 is shown in Figure 2. 

 

Figure 1: Aerial view of Cannington’s surface TSF (Google Earth 20 September 2013). 

Figure 2: View of heavily desiccated surface of Cannington’s surface TSF Cell 1. 

2.2 Site climatic setting and water balance 

Figure 3 shows yearly rainfall data since 1887 for Devoncourt Station (Bureau of Meteorology 
2015), which is located halfway between Mount Isa and Cannington mines in Queensland, 
Australia. The mean yearly rainfall is about 400 mm, trending upwards over time. The 10th 

Cell 1 

Cell 2 

Cell 3 
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percentile and 90th percentile yearly rainfalls are about 160 mm and about 700 mm, 
respectively, representing a measure of the rainfall range from year to year. 

 
Figure 3: Yearly rainfall data since 1887 for nearby Devoncourt Station. 

Figure 4 shows that monthly rainfall is concentrated between December and April for 
Devoncourt Station. Figure 4 also shows the 10th and 90th percentile and highest recorded 
monthly rainfalls, which show a tremendous range. The 10th percentile monthly rainfalls are 
minimal, at up to 12 mm, the 90th percentile monthly rainfalls range from 10 to 225 mm, and 
the highest recorded monthly rainfalls range from 40 to almost 700 mm, the latter equal to the 
90th percentile yearly rainfall. Figure 5 shows the mean and highest daily rainfalls for 
Devoncourt Station. The mean daily rainfall ranges from 3.5 to 100 mm, while the highest 
recorded daily rainfall ranges from 30 to 215 mm. 

The current Cell 3 decant pumping capacity is about 240 m3/hr (or 10 mm/day over the 58 ha 
surface area of Cell 3), of which 100 m3/hr on average is required to meet the production of 
supernatant (or 4 mm/day over the 58 ha surface area, leaving 6 mm/day available to handle 
rainfall runoff). This decant pumping capacity is dwarfed by the maximum mean and highest 
daily rainfall totals of 100 mm and 215 mm, respectively, which would require 17 to 36 days to 
pump out with continued tailings deposition. The spillways are designed for the 1 in 10,000 year 
Annual Return Interval (ARI) rainfall event, which is a similar to the 1 in 1,000 year ARI 
rainfall event plus wave run-up, and approaches the Probable Maximum Flood (PMF). 

2.3 Rationale for upstream raising of Cell 1 

The rationale for the expansion of the TSF by the upstream raising of Cell 1 is that this would 
take advantage of the desiccation-induced strengthening of the tailings in Cell 1 during the 
4 years since the last deposition of tailings. Further, it would only require the three perimeter 
walls of Cell 1 to be raised by the required 3 m to RL 272.0 m, since the wall adjoining Cell 2 is 
already at RL 272.0 m. 
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Figure 4: Monthly rainfall data for nearby Devoncourt Station. 

 
Figure 5: Daily rainfall data for nearby Devoncourt Station. 
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2.4 Risk level and stability of upstream raise of Cell 1 

The factors affecting the risk level and stability of the proposed upstream raise of Cell 1 of 
Cannington’s surface TSF include the shear strength of the tailings and the level of the phreatic 
surface within the perimeter embankments, piping and erosion potential, earthquake-induced 
loading of the perimeter embankments, construction pore water pressures, and seepage through 
the perimeter embankments. 

2.5 Borrow materials and compaction 

The upstream raise of the Cell 1 embankment is to be constructed using available borrow 
materials located to the north-east of the TSF, including alluvium and residual soil. About 
107,000 m3 of clayey fill is required, plus about 24,500 m3 of rock fill from the underground 
mine as a source of rip rap, if this is required to protect the faces of the raise. Some of the 
available clayey soils have been assessed as potentially dispersive, giving the raise a potential to 
pipe and erode, although the testing was carried out using deionised water, representing a worst 
case. To address the potential risk of piping, it is proposed to keep supernatant water (and high 
hydraulic gradients) away from the upstream face of the raise. To address the potential risk of 
erosion of the upstream face of the raise during periods of prolonged heavy rainfall, leading to 
the ponding of flood waters against the upstream face, it is proposed to place an HDPE 
geomembrane against the face, as was done for the Cell 3 embankment. The decant is proposed 
to be located against the internal embankment separating Cells 1 and 2. 

A geotextile separation layer is proposed between the desiccated tailings and the Cell 1 
upstream raise, serving to allow the pore water pressure-induced upward flow of tailings water 
to pass into the raise, while limiting the mixing of the underlying tailings and the placed borrow 
material. The 3.0 m raise will induce excess pore water pressures of up to 60 kPa, which could 
cause a rise in the perched water table (currently at an average depth of about 4.6 m below the 
tailings surface) within the desiccated tailings by up to 6 m, taking it well up into the raise. 
However, these will dissipate over time and result in a strengthening of the tailings. 

Field compaction of clayey fill is typically specified in terms of laboratory Standard compaction 
testing. However, this has in the past proved problematic at Cannington due to the low natural 
gravimetric moisture content of the available clayey borrow material and the difficulty 
experienced in wetting it up to the moisture content specified in terms of laboratory Standard 
compaction testing. An alternative is to specify field compaction in terms of laboratory 
Modified compaction testing, which achieves its higher Maximum Dry Density (MDD) at a 
lower Optimum Moisture Content (OMC), closer to the natural gravimetric moisture content of 
the available clayey borrow materials and largely avoiding the need to moisture condition this 
material. 

The (approximately 4.5 times) higher compactive effort applied in laboratory Modified 
compaction testing, compared with laboratory Standard compaction testing, results in a higher 
compacted dry density. This ensures that both compaction methods compact the material to 
similar degrees of saturation. Previous experience has been that the dry density specified based 
on laboratory Standard compaction testing is generally exceeded in the field, indicating that the 
same field compaction equipment should be capable of achieving the dry density specified based 
on laboratory Modified compaction testing. 

The appropriate compaction specifications are -1 to +3% of OMC for laboratory Modified 
compaction testing, and a minimum field dry density of 95% of Modified MDD. There is no 
advantage in using decant water to wet-up the available clayey borrow material to the required 
moisture content, since this is recycled to the plant, and would otherwise have to be made up 
using Great Artesian Basin (GAB) water, and there is a reluctance to use decant water outside 
the TSF.  
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3 GEOTECHNICAL INVESTIGATION AND INTERPRETATION 

The geotechnical investigations reported by SRK Consulting (2015) included Dynamic Cone 
Penetration Tests carried out in the desiccated Cell 1 and 2 tailings, which highlighted the far 
greater desiccation of the Cell 1 tailings that had been left to desiccate about 4 times as long as 
the Cell 2 tailings since the last deposition of tailings. Twelve Cone Penetration Tests with pore 
water pressure measurement (CPTu) and in situ vane shear testing were carried out in the 
heavily desiccated Cell 1 tailings. Laboratory characterisation and geotechnical parameter 
testing was carried out on tailings and borrow samples. 

3.1 Interpretation of CPTu and vane shear results 

The consolidation state of a soil may simply be interpreted using the method of Schmertmann 
(1978), which was applied to all 12 CPTu cone resistance profiles with depth in the heavily 
desiccated Cell 1 tailings. The Schmertmann (1978) method involves extrapolating lines through 
the lower bounds of the cone resistance profiles to the surface. The lower bound line intersecting 
the surface to the right of the origin indicates under-consolidated tailings, passing through the 
origin indicates normally-consolidated tailings, and intersecting the surface to the right of the 
origin indicates over-consolidated (usually desiccated) tailings. In addition, the depth to the 
(presumed) perched water table within the tailings was estimated based on the measured pore 
water pressures. A typical interpretation is shown in Figure 6. 

The upper layer of the tailings in Cell 1 is seen in Figure 6 to have become heavily over-
consolidated due to 4 years of desiccation since tailings deposition ceased. The layer below that 
is generally somewhat desiccated (over-consolidated) due to intermittent surface desiccation 
followed by re-wetting by fresh tailings, or normally-consolidated (maintained under water), 
and occasionally under-consolidated (unable to drain the self-weight-induced excess pore water 
pressures). The layer of tailings above the foundation is drained or desiccated. The spikes in 
cone resistance profile indicate sandy lenses. The range and average interpreted consolidation 
states and estimated perched water table depths estimated from the 12 CPTu profiles in Cell 1 
tailings are summarised in Table 1. 

Based on CPTu dissipation testing, the horizontal coefficient of consolidation of the Cell 1 
tailings was estimated to be in the range from 1,000 to 5,000 m2/yr, and the saturated hydraulic 
conductivity of the Cell 1 tailings was estimated to range from 0.3 x 10-7 to 1 x 10-6 m/s, with a 
median value of 3 x 10-7 m/s (SRK Consulting 2015). 

3.2 Vane shear results and correlation with CPTu cone resistance 

Vane shear strength testing carried out in the Cell 1 tailings gave the data shown in Figure 7 
(SRK Consulting 2015). There is a lack of vane shear strength data in the upper 4 m constituting 
the desiccated crust since the crust was too stiff to test. Correlating the vane shear strengths Su 
with the corresponding CPTu cone resistance values Qc gives the bearing capacity factor Nc : 

Nc = Qc / Su (1) 
 
Values for the peak and remoulded bearing capacity factors are plotted in Figure 8. The reported 
vane shear strength data and the calculated bearing capacity factors are very scattered. The range 
of peak bearing capacity factors is 7.8 to 24.0, with an average value of 14.4, while the range of 
remoulded bearing capacity factors is 53 to 160, with an average value of 88.6. 

Conservative (lower bound) values of the peak vane shear strength are equivalent to 0.25 times 
the vertical effective stress, and conservative values of the remoulded vane shear strength are 
equivalent to 0.04 times the vertical effective stress. The average ratio of the remoulded to the 
peak vane shear strengths of 0.16 is low compared with ratios expected for tailings of about 0.5 
below the water table and about 0.33 above the water table (Williams 2005). The remoulded 
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vane shear strength is representative literally of the shear strength that applies on remoulding, 
such as that caused by loading the tailings so much and so rapidly as to cause “bow-wave” 
failure. 

 

 
Figure 6: Typical interpreted consolidation state and depth to water table for a CPTu in heavily desiccated 

Cell 1 tailings. 

 
Table 1: Interpreted consolidation states and estimated perched water table depths from CPTu profiles in 

Cell 1 tailings. 
________________________________________________________________________________________________________ 
   Layer description     Layer thickness (m)    Depth to perched water table (m) 
________________________________________________________________________________________________________ 
Range  Heavily desiccated      1.8 to 4.8          2.6 to 7.0 

Somewhat desiccated     0.0 to 7.5 
Under-consolidated      0.0 to 5.4 
Normally-consolidated    0.0 to 10.6 
Drained/desiccated      0.0 to 3.8 
Foundation        from 7.8 to 16.4 

Average  Heavily desiccated       2.8            4.6 
Somewhat desiccated      2.5 
Under-consolidated       0.4 
Normally-consolidated     3.9 
Drained/desiccated       2.1 
Foundation         from 12.0 

________________________________________________________________________________________________________ 
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Figure 7: Peak and remoulded vane shear strengths with depth in Cell 1 tailings 

 
Figure 8: Calculated peak and remoulded bearing capacity factors with depth in Cell 1 tailings 
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Skempton and Henkel (1953) were the first to suggest an empirical relationship between 
undrained shear strength Su and vertical effective stress v’. For normally-consolidated (nc) soils 
(in the context of tailings, those always stored below water): 

(Su / v’)nc = 0.11 + 0.37 (IP/100) (2) 
 
where IP is the Plasticity Index. For over-consolidated (oc) soils (in the context of tailings, those 
subjected to desiccation drying followed by re-wetting): 

(Su / v’)oc = (su / v’)nc .OCRm (3) 
 
where OCR is the over-consolidation ratio and m is an empirical exponent, generally taken as 
0.8. Inputting the values of the parameters for Cannington Cell 1 tailings, Equation (2) gives 
(su / v’)nc = 0.17, which is low compared with the value typical for normal soils of 0.25. It will 
be subsequently be shown that a value for (su / v’)nc of 0.25 is consistent with the CPTu and 
vane shear data, and can be adopted. The upper Cannington Cell 1 tailings are clearly over-
consolidated due to their heavy desiccation, leading to a higher value for (Su / v’)oc. 

All 12 CPTu cone resistance profiles are plotted in Figure 9, together with the average profile. 
In Figure 10, the CPTu cone resistance data have been multiplied by the average peak bearing 
capacity factor of 14.4 (from Table 1) to provide the estimated profiles of peak shear strength 
with depth, again including the average profile, plus the “smoothed” lower bound of the average 
profile, ignoring the peaks caused by the sandy lenses. 

 
Figure 9: CPTu cone resistance versus depth profiles. 

Also shown in Figure 10 are the approximate normally-consolidated, self-weight profile and the 
approximate over-consolidated profile, the latter made to match the smoothed average profile 
below the water table (from about 4.6 m depth). The average OCR is approximately 3.15 and, 
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using Equation (3), (su / v’)oc ~ 0.63, 2.5 times the adopted normally-consolidated value of 
0.25. The remoulded values are approximately 0.4 times these values, but will only be realised if 
remoulding is initiated. 

 

Figure 10: Estimated peak shear strength versus depth profiles. 

In Figure 11, the smoothed average and self-weight profiles have been matched to the factored 
CPTu cone resistance versus depth profile, to obtain and estimate the average remoulded 
bearing capacity factor of 36 (rather than the average value of 88.6 given in Table 1), and a 
more reasonable average ratio of remoulded to peak vane shear strength of 0.4. 

3.3 Laboratory characterisation and geotechnical parameter testing 

The Cannington tailings particle size distribution is Silty SAND to Sandy SILT-sized, with 40 to 
70% sand-size (0.06 to 1.5 mm), 37 to 63% silt-size (0.002 to 0.06 mm), and 3 to 7% clay-size 
(<0.002 mm). The tailings are generally non-plastic, with a Liquid Limit of 14 to 16%. The 
specific gravity of the tailings is about 3.15, and the near surface settled and desiccated dry 
density is about 1.76 t/m3. The drained shear strength parameters reported for the tailings were 
an effective cohesion of 0 kPa, and an effective friction angle of 39o (SRK Consulting 2015). 

The available borrow material typically has the particle size distribution of Gravelly, Clayey, 
Sandy SILT, with <10% gravel-size (>2 mm), 10 to 35% clay-size, 15 to 35% sand-size, and 35 
to 50% silt-size. The fines classify as intermediate to high plasticity. The specific gravity is 
generally 2.60 to 2.65, and the compacted dry density was generally 1.80.1 t/m3, corresponding 
to a void ratio of 0.4 to 0.45. Limited consolidated undrained and unconsolidated undrained 
triaxial testing of compacted borrow material suggested an effective cohesion of 12 kPa, and an 
effective friction angle of 22o. The drained shear strength parameters of the compacted borrow 
material were an effective cohesion of 0 kPa, and an effective friction angle of 29 to 31o. 
Hydraulic conductivity tests on compacted borrow specimens indicated values ranging from 
0.073 to 1.9 x 10-9 m/s, with an average value of 0.5 x 10-9 m/s. 
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Figure 11: Estimated remoulded shear strength versus depth profiles. 

4 GEOTECHNICAL DESIGN CONSIDERATIONS 

The geotechnical design considerations for the proposed upstream raise of Cell 1 of 
Cannington’s surface TSF include the shear strength of the tailings and the level of the phreatic 
surface within the perimeter embankments, piping and erosion potential, earthquake-induced 
loading of the perimeter embankments, construction pore water pressures, and seepage through 
the perimeter embankments. 

The discussion in Section 3.1 indicates that the heavily desiccated Cell 1 tailings provide a more 
than adequate shear strength to support the proposed 3 m raise. The available shear strength and 
low phreatic surface ensure adequate geotechnical stability of the proposed raise. The calculated 
factors of safety satisfy the ANCOLD (2012) minimum factor of safety of 1.3. Consolidation 
settlement of the average 12 m depth of tailings underlying the raise is estimated to be between 
150 mm and 250 mm (1.25 to 2.1% of the depth of tailings), the range depending on the level of 
the perched water table. It is noted that any settlement of the raise itself would be minor and 
would likely occur largely during construction and not be seen. 

Earthquake-induced liquefaction is dependent on four conditions being met (Williams, 1988): 

1. a sufficient earthquake-induced peak ground acceleration, generally above 0.13 g; 

2. silty to fine-grained sand-size; 

3. near to full saturation; and 

4. a loose consistency. 

The maximum design peak ground acceleration estimated for the Cannington site is only 
0.049 g, much lower than would normally be required to induce liquefaction of susceptible 
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materials. Hence, earthquake-induced liquefaction of the Cannington tailings is extremely 
unlikely, as confirmed by SRK Consulting (2015). While the particle size distribution of the 
Cannington tailings is potentially liquefiable, they are unsaturated and relatively dense due to 
desiccation. Further, the deeper the water table within the tailings, the greater the overburden 
stress available to resist possible liquefaction. 

Construction of the Cell 1 upstream raise will induce excess pore water pressures in the 
underlying tailings, which may impact geotechnical stability in the short-term. It is therefore 
essential that the raise be constructed progressively using appropriately-sized equipment, over 
the entire length of the embankment, to allow the dissipation of these pore water pressures. 
Their dissipation will increase the shear strength of the tailings, enabling further embankment 
fill to safely be supported. 

Seepage through the perimeter embankments of the raised Cell 1 of Cannington’s surface TSF is 
not expected to increase as a result of the raise. Embankment seepage is known to be driven by 
tailings water during operations, not by wet season rainfall, although the last 3 years have been 
unseasonably dry and little seepage has occurred. Seepage control during and beyond operations 
is expected to include a seepage interception trench around the toe of the perimeter 
embankments, connected to sumps at low points, and a seepage monitoring plan. 

5 CONCLUSION 

A case study has been described in which heavily desiccated tailings are shown to provide 
adequate bearing capacity to cost-effectively and safely support a proposed 3 m high upstream 
embankment raise on a conventional surface slurried tailings storage facility. 

Data from cone penetration and vane shear testing of the tailings were interpreted to determine 
their shear strength profile. The geotechnical design considerations for the proposed upstream 
embankment raise on heavily desiccated tailings were then discussed. The key message of the 
paper is the importance of undertaking careful test data interpretation to ensure the reliable 
design and construction of an upstream raise partially supported on desiccated tailings. 
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ABSTRACT 

This paper introduces two independent numerical modeling approaches used to investigate the 
earthquake response of a tailings embankment dam on a foundation consisting of liquefiable 
alluvial soil. The approaches employ non-linear two-dimensional finite-difference and finite-
element numerical schemes along with fully-coupled effective stress constitutive models for 
liquefaction. Details of the parameters describing each liquefaction constitutive model and 
results of model calibration against experimental data from liquefaction cyclic triaxial tests are 
presented. Comparison of numerical results addressing the seismic performance of the analyzed 
embankment-liquefiable foundation system indicates agreement between the two independent 
modeling approaches in terms of predicted deformation pattern of the system and magnitude of 
permanent dam displacement. The study demonstrates that both considered numerical modeling 
approaches represent a useful and robust tool for analyzing the deformation behavior of tailings 
dams on liquefiable foundation under seismic conditions.  

Keywords: tailings dam, liquefaction, finite-difference modeling, finite-element modeling, 
seismic displacements  

1 INTRODUCTION 

The seismic behavior of tailings storage facilities (TSFs) represents a major concern for mining 
projects in earthquake prone areas. TSF embankment dams founded on liquefiable soils may 
experience excessive displacements and eventually failure due to earthquake induced 
liquefaction of the foundation zone. Numerical modeling is a valuable tool for investigating the 
seismic performance of TSF embankments on liquefiable foundations in order to design 
effective mitigation strategies against liquefaction related tailings dam failure. 

This paper presents two independent numerical modeling approaches that can be utilized to 
investigate the seismic behavior of TSF embankments founded on liquefiable soils. The 
approaches employ finite-difference and finite-element based numerical schemes along with 
advanced sophisticated constitutive models able to reproduce the complex undrained shear 
behavior of liquefiable soils observed in laboratory cyclic triaxial tests. An example problem is 
used to illustrate the ability of the considered numerical modeling approaches to reproduce large 
displacements likely to be experienced by a TSF embankment due to earthquake induced 
liquefaction of the foundation materials.  

2 PROBLEM SPECIFICATION AND MATERIAL GEOTECHNICAL PROPERTIES 

Figure 1 shows the geometry of the analyzed TSF embankment-foundation system along with 
the materials included in various components of the system. The embankment has a height of 30 
m and consists of three different materials (i.e., transition fill, structural fill and waste rock or 
rockfill) distributed as shown in Figure 1. A liner system consisting of geomembrane and 
geosynthetic clay liner is considered along the upstream dam slope and at the base of the 
impoundment area (Figure 1). The role of the liner system is to prevent seepage from tailings 
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into the body of the embankment thus maintaining the embankment in unsaturated conditions. 
The foundation ground consists of a 10 m thick medium-dense liquefiable alluvial soil involving 
silty sand with gravel and underlain by bedrock (Figure 1). Groundwater table (GWT) is located 
at 2 m below the original ground surface (Figure 1). The embankment dam stores hydraulically 
deposited tailings assumed to be in a slurry state.  

 

Figure 1. Geometry and materials of the analyzed TSF embankment-foundation system. 

The geotechnical properties of various considered embankment and foundation materials are 
provided in Table 1. The elasto-plastic Mohr-Coulomb model was used to characterize the 
stress-strain behavior of these materials in the numerical analysis, with the exception of the 
liquefiable alluvial soil unit below the groundwater table which was modeled using advanced 
constitutive models for liquefaction available in the finite-difference and finite-element 
computer codes employed in this study. Descriptions of the constitutive models used to simulate 
the liquefaction behavior of the saturated alluvial soil, as well as the modeling approach used for 
tailings, are provided in the following sections of the paper. A total density of 1.73 t/m3 was 
used for tailings in the numerical analysis.   

Table 1. Types and geotechnical properties of embankment and foundation materials. 

Material type Density [t/m3] 
Young’s 
modulus 

[kPa] 
Poisson’s 

ratio 
Cohesion 

[kPa] 
Friction angle 

[] 

Bedrock 2.65 2.72 x 106 0.200 4,000.0 36 
Liquefiable alluvial soil  

below GWT 1.93 1.95 x 105 0.313 0 35 

Liquefiable alluvial soil  
above GWT 1.85 1.95 x 105 0.313 0 35 

Transition fill 1.89 8.59 x 105 0.278 0 38 

Structural fill* 2.24 1.97 x 106 0.263 20.0 35.5 

Waste rock / rockfill* 2.35 1.97 x 106 0.263 10.0 45.7 
*In the finite-difference modeling, a secant friction angle versus effective normal stress relationship 
defined according to Leps (1970) was used. The relationship provides shear strength values similar to the 
shear strength obtained using the Mohr-Coulomb parameters summarized in the table.  
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3 FINITE-DIFFERENCE MODELING APPROACH 

The dynamic finite-difference analysis was conducted as a non-linear elasto-plastic two-
dimensional analysis with fully coupled liquefaction triggering using Fast Lagrangian Analysis 
of Continua (FLAC) code (Itasca, 2008). The FLAC code solves the equations of motion in 
explicit form in the time domain using very small time steps that allows non-linear inelastic 
stress strain soil behavior to be incorporated.  

The saturated liquefiable alluvial soil was modeled using UBCSAND, a user defined model 
incorporated into FLAC. The UBCSAND model is based on the FLAC Mohr-Coulomb model 
and was developed by Dr. Peter M. Byrne and his colleagues at the University of British 
Columbia (Byrne et al., 2003; Byrne, 2009). The model simulates the stress-strain behavior of 
soil under static or cyclic loading for drained, undrained, or partially drained conditions by 
using an elasto-plastic formulation at all stages of loading rather than just at the failure state. In 
this way plastic strains, both shear and volumetric, are predicted at all stages of loading. The 
plastic parameters in the model are selected to give agreement with results from simple shear 
element tests, considered to most closely replicate conditions in the field during earthquake 
loading.  

Conventional state-of-practice procedures for evaluating liquefaction use separate analyses for 
liquefaction triggering, displacement, and flow slides. These conventional procedures are not 
capable of predicting the generation of excess pore-water pressure, dynamic response, and 
displacement patterns simultaneously. The UBCSAND model is a fully coupled effective stress 
procedure enabling the dynamic response in terms of pore pressures, accelerations and 
displacements caused by a specific input seismic motion. In this manner liquefaction triggering, 
deformation and flow slide potential are evaluated in a single integrated analysis. 

Figure 2 shows the FLAC grid of analyzed TSF embankment-foundation system. The mesh size 
for the FLAC model was selected to provide accurate seismic wave transmission. The tailings 
were assumed to be fully liquefied and were modeled as an applied pressure to the upstream face 
of the dam.  This neglects the shear strength of the tailings prior to the onset of liquefaction as 
well as the nominal post-liquefaction shear strength and adds conservatism to the results. This 
simplifying assumption was made to avoid adding an excessive number of elements in the 
model that would increase computational time. 
 

 
Figure 2. FLAC grid of analyzed TSF embankment-foundation system. 

The UBCSAND model implementation in FLAC was calibrated initially by selecting the (N1)60 
value that matches the results of cyclic triaxial testing conducted on saturated liquefiable alluvial 
soil samples subjected to initial effective consolidation stresses of 90 kPa and 300 kPa. In the 
UBCSAND calibration the cyclic triaxial test results were reduced by applying a factor of 2/3 to 
represent comparable in situ stress conditions (Idriss and Boulanger, 2008). The model 
calibration was accomplished by using a single element simulation in FLAC to model the 
laboratory tests. The single element was assigned elastic and plastic parameters based on a (N1)60 

value as described by Byrne et al. (2003). Plastic modification factors were also applied to 
calibrate UBCSAND model to experimental data. Table 2 shows the parameters of the 
UBCSAND model for the saturated liquefiable alluvial soil.  
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Based on a comparison of the predicted number of cycles to liquefaction and the measured 
number in the laboratory tests, the (N1)60 was adjusted if necessary and the simulation repeated 
until the predicted and measured number of cycles were approximately the same. As shown in 
Figure 3, for (N1)60 =12 the calibration curve generated by UBCSAND fits the actual triaxial test 
(TX) data quite well (see solid lines in Figure 3). The model was also calibrated using the 
converted triaxial cyclic stress ratio (CSR) values to represent values from cyclic simple shear 
(SS) test and more accurately reflect in situ stress conditions (dotted line in Figure 3). 

Table 2. Parameters of the UBCSAND constitutive model for saturated liquefiable alluvial soil 

 Plastic modification factors 

(N1)60 m_hfac1 m_hfac2 m_hfac3 m_hfac4 
12 0.7 0.3 0.2 0.5 

 
The model parameters summarized in Table 2 are briefly introduced in the following: 

 (N1)60 is the corrected standard penetration resistance; 

 m_hfac1 is a primary hardener parameter controlling the number of cycles to trigger 
liquefaction; 

 m_hfac2 is a secondary hardener parameter used to refine the shape of the pore 
pressure increase with the number of cycles; 

 m_hfac3 represents a dilatancy hardener controlling the liquefaction post-triggering 
response;  

 m_hfac4 is a parameter used to reduce dilatancy after liquefaction triggering. 
 

 
Figure 3. Experimental and UBCSAND model predicted liquefaction resistance of the considered 

liquefiable alluvial soil. 

Figures 4(a) and 4(b) show the UBCSAND calibration against the laboratory data for the shear 
stress ratio vs. number of cycles, and excess pore pressure ratio vs. number of cycles for a 
sample with a confining stress of 90 kPa. In general, there was a good agreement between the 
model and laboratory testing. 
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Figure 4. Example of experimental and UBCSAND model simulated behavior of the considered 
liquefiable alluvial soil: (a) shear stress ratio vs. number of cycles, and (b) pore pressure ratio vs. number 

of cycles. 

4 FINITE-ELEMENT MODELING APPROACH 

The dynamic finite-element analysis of the TSF embankment-foundation system was conducted 
using the finite-element based numerical scheme developed and described by Wakai and Ugai 
(2004) along with a generalized plasticity constitutive formulation required for effective stress 
based fully-coupled undrained shear behavior modeling of the saturated liquefiable alluvial soil. 
Figure 5 shows the mesh of the analyzed TSF embankment-foundation system considered for 
the finite-element modeling approach. The finite-element model consists of 676 isoparametric 
elements involving eight - noded and six - noded quadrilateral and triangular element 
configurations, respectively. The model has a total horizontal length of 352 m and a maximum 
height of 60 m measured from the model bottom boundary to the crest of the embankment 
(Figure 1). 

The boundary conditions of the finite-element model for dynamic analysis involved restrained 
horizontal and vertical relative displacements along the bottom boundary where the input 
ground motion was applied, and absorbing (viscous) boundaries along the vertical edges to 
ensure appropriate dissipation of the outward propagating seismic waves. The dynamic finite-
element analysis employed the initial stresses obtained from a static finite-element analysis that 
involved activation of the gravitational loads in the system. Tailings were modeled as a zero 
shear strength material in order to achieve loading conditions on the upstream face of the 
embankment and the upstream portion of the original ground surface similar to the tailings 
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related loads applied in the finite-difference modeling approach described in the previous 
section.  

 

Figure 5. Finite-element mesh of the analyzed TSF embankment-foundation system. 

The dynamic shear behavior of the saturated liquefiable alluvial soil from the foundation (Figure 
1) was modeled using the Pastor-Zienkiewicz constitutive formulation (Pastor et al., 1990) 
referred herein to as PZ model. The PZ model employs a generalized plasticity framework 
which enables a rigorous characterization of the saturated soil shear behavior under static and 
cyclic loading conditions. The model is defined by fifteen parameters summarized in Table 3 
and briefly introduced in the following: 

 Ges0 and Kev0 are constants in the expressions of shear modulus and bulk modulus 
describing the elastic behavior; 

 ms and mv are shear modulus and bulk modulus exponents, respectively; 

 Mg and g are parameters describing the direction of the plastic flow vector; 

 Mf and f are parameters describing the direction of the load vector normal to the 
yield surface; 

 C is the ratio between the critical state stress ratio in extension (Me) and the critical 
state stress ratio in compression (Mc), from triaxial tests; 

 H0, 0, 1 and  are parameters describing the plastic modulus during loading; 

 HU0 and U are parameters describing the plastic modulus during unloading. 
Table 3. Parameters of the PZ constitutive model for saturated liquefiable alluvial soil. 

Ges0 Kev0 ms mv Mg g Mf f C H0 0 1  HU0 U 

422 234 0.5 0.5 1.7 0.45 0.8 0.45 0.9 700 4.7 0.19 7.0 7,000 3.4 
 
The PZ model parameters provided in Table 3 were calibrated using results from laboratory 
undrained cyclic triaxial tests conducted on isotropically consolidated saturated liquefiable 
alluvial soil samples subjected to initial effective consolidation stresses of 90 kPa and 300 kPa. 
A loading frequency of 1 Hz was used in the laboratory cyclic triaxial tests. Results showing 
experimental and PZ model simulated behavior of the liquefiable alluvial soil in the cyclic 
triaxial tests are presented in Figures 6 and 7. Figure 6 shows a good agreement between 
experimental and PZ model predicted liquefaction resistance of the liquefiable alluvial soil. As 
seen in Figure 7, the calibrated PZ model is able to accurately reproduce the excess pore 
pressure generation pattern in relation to the number of applied loading cycles and onset of large 
plastic axial strains representative of liquefaction triggering observed in the laboratory cyclic 
triaxial tests. Liquefaction in cyclic triaxial tests was assumed to occur when the mean effective 
stress attained a zero value (i.e., the excess pore pressure ratio, defined as the excess pore 
pressure divided by the initial effective consolidation pressure, reached 100%) or when a 
double-amplitude axial strain of 5% was attained, whichever occurred first. 
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Figure 6. Experimental and PZ model predicted liquefaction resistance of the saturated liquefiable alluvial 
soil. 

 
Figure 7. Example of experimental and PZ model simulated behavior of the saturated liquefiable alluvial 
soil in the cyclic undrained triaxial test in terms of effective stress path, and excess pore pressure and 
axial strain evolution in relation to number of cycles. 
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5 COMPUTATIONAL RESULTS 

The dynamic deformation analysis of the TSF embankment-foundation system was conducted 
for an input base excitation described by the acceleration time history with a peak acceleration 
of 0.1g (where g represent the gravitational acceleration) presented in Figure 8. It is noteworthy 
that the finite-difference modeling approach requires the input base excitation to be specified in 
the form of velocity time history obtained by integrating the acceleration time history from 
Figure 8, whereas the finite-element modeling approach takes the input base excitation directly 
in the form of acceleration time history.  
 

 
Figure 8. Acceleration time history of the input base excitation. 

Results from dynamic FLAC and finite-element analyses are presented in Figures 9 and 10, 
respectively, in terms of deformed finite-difference grid and finite-element mesh at the end of 
the earthquake and evolution of computed horizontal and vertical displacements of the upstream 
edge of the crest of the embankment identified as point A in the figures. Both numerical 
modeling approaches show a similar computed deformation pattern of the embankment-
foundation system along with agreement in calculated permanent downstream horizontal and 
downward vertical displacements at point A, of 2.2 m and 0.1 m from the FLAC analysis 
(Figure 9) and 2.8 m and 0.6 m from the finite-element analysis (Figure 10). 
 

 

Figure 9. Original and deformed grid of the FLAC model, and computed time histories of horizontal and 
vertical displacements of the upstream edge of the crest of the embankment.   
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Figure 10. Original and deformed finite-element mesh at the end of the earthquake, and computed time 
histories of horizontal and vertical displacements at the upstream edge of the crest of the embankment. 

 

 
Figure 11. Computed time histories of the excess pore pressure ratio at the middle of the saturated alluvial 

soil unit beneath the downstream toe of the embankment and in the far field.   
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The large lateral displacement of the embankment occurs due to large lateral deformation of the 
saturated alluvial soil in the foundation as a result of earthquake induced liquefaction. The 
predominantly lateral migration of the foundation soil towards the free field is illustrated by the 
pronounced distortion of the portion of the finite-difference grid and finite-element mesh 
comprising the saturated liquefiable alluvial soil and associated bulging of the foundation soil 
adjacent to the downstream toe of the embankment (Figures 9 and 10). 

Figure 11 shows agreement in computed excess pore pressure ratio by the two independent 
numerical modeling approaches at the middle of the saturated alluvial soil unit beneath the 
downstream toe of the embankment and in the far field. A drop in excess pore pressure response 
beneath the downstream toe can be observed in Figure 11, starting at an elapsed time of about 8-
11 s and reflecting a dilative behavior associated with bulging of the foundation soil adjacent to 
the toe (Figures 9 and 10). This decay in excess pore pressure prevented the alluvial soil 
underneath the toe of the dam to attain a final excess pore pressure ratio of 1.0. 

A threshold value of the excess pore pressure ratio of 0.7 was used to distinguish between 
liquefied and non-liquefied foundation zones in the present numerical analysis. As seen in 
Figure 12, both numerical modeling approaches predicted the occurrence of a non-liquefied 
zone (i.e., excess pore pressure ratio less than 0.7) of relatively similar extent within the 
saturated alluvial soil beneath the downstream slope of the embankment.     
 

 
Figure 12. Computed distribution of liquefied and non-liquefied zones within the saturated alluvial soil 

unit. 
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6 CONCLUSIONS 

The numerical analysis results presented in this paper demonstrated the capability of the 
considered finite-difference and finite-element modeling approaches to accurately reproduce the 
undrained shear behavior of liquefiable soils under cyclic loading and to assess the impact of 
earthquake induced liquefaction of foundation soils on permanent displacements of TSF 
embankment dams. For the analyzed TSF embankment-foundation system and considered 
characteristics of the input ground motion, the numerical outcomes from finite-difference and 
finite-element analyses are not significantly different and the results reveal the level of 
uncertainty that may be expected when applying different sophisticated constitutive models for 
liquefaction to full-scale studies. Such modeling approaches can be employed to investigate the 
effectiveness of various potential remedial measures (e.g., buttress fill, foundation improvement, 
etc.) in mitigating excessive displacements that may be experienced by embankment dams on 
liquefiable foundation soils during an earthquake.       
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Slurry to soil clay behaviour model – using methylene blue to 
cross the process / geotechnical engineering divide 
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ABSTRACT 

The models and formulae used to describe the behaviour of materials vary based on the history 
of the individuals and groups who defined the area of study. In the case of tailings behaviour, 
two main disciplines describe either end of the processes with very little in the way of common 
descriptors to bridge the base scientific and engineering principles. 

Process Engineering dominates the descriptions for tailings materials in their suspended solids 
or liquid slurry state. Based on various incarnations of rheology, including terms such as 
viscosity or yield stress, as well as material and chemical descriptors such as clay content, 
particle specific gravity, pH, and ionic concentration, all contribute to a well-defined behaviour 
model.  

Geotechnical Engineering dominates the descriptions for the same materials, once they have 
dewatered sufficiently to be described by the Terzaghi principle. Terms such as effective stress, 
pore water pressure, permeability, and coefficients of consolidation are used to monitor and 
predict the behaviour of these materials once deposited. 

Tailings engineering straddles these two disciplines and practitioners need to be fluent in both 
descriptions. However, these two areas do not readily translate and there are many cases where 
similar terms actually provide very different meaning (“water content” being one prime 
example). One area which could bridge the gap for clay-dominated tailings is through the 
methylene blue index (MBI) measurement and its clear correlation to rheology / strength, as 
well as correlations to liquid and plastic limits.  

This paper uses data from tailings in the oil sands of northeastern Alberta, Canada to show the 
relationship between MBI and the gradual transition from slurry to soil. 

1 INTRODUCTION TO MBI 

The methylene blue index is a number used to describe the clay content and activity of a sample. 
The methylene blue test measures how much methylene blue dye can be absorbed by a sample 
as determined by a titration test. The amount of methylene blue that can be absorbed has been 
found to correlate with many other tests including water active surface area, and the amount of 
clay minerals measured by XRD. More importantly the MBI has been found to be a useful 
predictor of poor recovery in oil sands extraction and more recently as the key indicator of 
process ability for Suncor’s MFT flocculation process. (Diep et al, 2014), (Omotoso et al., 
2014). MBI has also been used in other industries to to characterize the stratigraphy of soil 
foundations and identify unstable layers (Chiappone et al, 2004). 

The methylene blue index test most commonly used in oil sands was developed by Amar Sethi 
at MRRT labs (Sethi,1995), as a modification from the ASTM test method. The test method has 
since been refined by various groups, most particularly CANMET energy (Omotoso & Morin, 
2008) and more recently the Clay Focus Group (Kaminsky, 2014).  

The fundamental MB test measures the number of milliliters of MB solution absorbed a given 
mass of sample. Usually the mass of sample used is small so the end point of the titration is 
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often less than 20 mLs. The standard titration step size is often 1mL and so the relative 
uncertainty of the end point is usually in the order of 5-10% on a relative basis and usually 
~0.6meq/100g on an absolute basis. The measured milliliters of MB are then converted to one of 
several numbers used in report.  

For the purpose of this paper three numbers are used:  

 MB index (MBI) – this is the milliequivalents of MB per 100 g of sample. It is 
calculated by:  

Where the molarity of MB used is 0.006 N for tests using the Sethi, CANMET or 
clay focus group methods. For ores this number is usually between 0.25-2 
meq/100g. For MFT this number is usually between 5 and 15 meq/100g.  

 % Clay as determined by MB - this generally takes the measured MBI and applies 
an empirically derived conversion between the MBI and the % clay mineral as 
measured by Sethi by XRD&PSD on a few samples of oil sands clay: 

 
It is important to note that this equation can and does provide % clays in excess of 100%. This 
% clay is an index that describes activity and while it is a property that scales with mass (and 
thus can be used in much the same way as mass % values) does not imply that % clay +% non 
clay = 100% and so care must be taken in its application. 

 Surface area as determined by MB – this is a conversion based on the assumption of 
a monolayer of methylene blue absorbed on all available surfaces and that the 
surface area of the methylene blue is as described by Hang & Brindley. 

 
The conversions to % clay and surface area create much confusion as the conversions are 
empirical in nature and thus are subject to revision. The important point is that such empirical 
correlations can be developed and that they are useful in providing a conceptual basis for 
understanding behavior. In practical terms the MBI on its own is the more direct measurement 
and is the value that should be used to report the activity of a given tailings sample. 

The caveat to the usefulness of MBI testing is that the test must be done properly with good 
quality control checks and attention paid to dispersion, pH, halo determination etc. This proviso 
is common for all testing but is often overlooked when procedures are adapted without proper 
understanding of the first principles behind the test ( Kaminsky, 2014), (Currie et al, 2014).  

2 CORRELATION WITH ATTERBERG LIMITS 

There are several published correlations between Atterberg limits and MBI in the geotechnical 
literature (Cerato, 2001). Unfortunately, none have been published for oil sands. Published data 
where Atterberg limits and MBI have both been measured on oil sands fine tailings show a 
disappointing correlation. Atterberg limit tests are also an index test and as such the results are 
best compared when the tests have been conducted in the same mine. The 2013 presentation by 
Gidley highlighted that the test method used for Atterberg limit testing can have a significant 
impact on the results. As such, the lack of correlation from literature is unsurprising as there is a 
limited amount of data where MBI and Atterberg limits were tested over a significant range 
using consistent methods. This is the topic of ongoing investigations. 
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3 STRENGTH AND CLAY ACTIVITY 

Theory 

According to Mitchell and Sogi (2005) the total strength of a clay is composed on two distinct 
parts: a cohesion that depends only a on void ratio (Water content), and a frictional component 
dependent on normal effective stress. The cohesion is known to be related to the strength of the 
inter-particle bonding in the sample – which in turn is related to the water chemistry, organic 
content and the type and quantity of clay minerals in a sample.  

Atterberg limits are one method used by geotechnical engineers to understand the cohesion of a 
material via the liquidity index. Atterberg limits combine a range of factors into a single index 
of cohesion – these factors include the impact of organics, water chemistry, clay abundance and 
clay mineralogy. The challenge with these limits in a process environment is two-fold: firstly 
they combine all the process variables into the single index which makes it difficult for process 
engineers to understand how they need to change their process without doing many limit tests, 
secondly the time and material required for Atterberg limit tests is large relative to most process 
bench tests. It usually takes 300g+ of solid material for the tests and may take a day or two to 
conduct whereas process samples are usually on the order of 100g and can be generated by the 
hundreds a day. This disconnect means that Atterberg limits are often not done in the early stage 
of process development. The time component also means that this limit testing isn’t an effective 
process control tool as the number of tests would be prohibitive to control in a large process.  

The theory we propose is that the clay to water ratio as measured by methylene blue index 
provides a suitable proxy measurement of the total type and quantity of clay minerals in a 
sample. In cases where the water chemistry and effective stress conditions are relatively 
constant this means that the resultant strength variations should be dominated by the clay to 
water ratio. This scenario is particularly relevant to tailings engineering where large variations 
occur in water content, clay abundance and clay mineral type of the tailings material filling a 
structure but that process conditions dictate relatively slow change in water chemistry and 
tailings deposition methods and containment design dictate relatively constant (or predictable) 
effective stress conditions. 

Laboratory Testing 

Material and rheological characterisations of samples obtained from various tailings ponds were 
conducted over several campaigns from various source tailings ponds. Samples were selected 
from this dataset based on the following: 

1. Each sample included was analysed for, as a minimum: 

a. Weight percent mineral (% solids) 
b. Weight percent solids passing 44 micron (% fines) 
c. Calculated Sand-to-Fines Ratio (SFR) 

i. (100% - % fines) / (% fines) 
d. Weight percent bitumen (% bitumen) 
e. Peak yield stress 
f. Methylene blue index test 

i. Determine CWR and % clay on solids by MBI 

2. Samples were distinctly fines dominated, and specifically clay dominated 

g. SFR < 1.0 AND/OR 
h. % Clay by MBI > 20% 
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In some cases, weight percent fines passing 44 microns were not available, so the weight percent 
lay value was used, assuming this would equate to an SFR <1.0. The resulting dataset of 
consisted of 295 individual samples. 

The programmes involved analysis by rheology labs as well as labs conducting geotechnical 
testing, but the measurements of yield stress were made under comparable conditions with a 
Brookfield 5XHB rheometer. Given the common procedures and equipment, these tests offer 
ideal conditions to identify any trends related to material properties with minimal variations due 
to testing under field conditions.  

Laboratory Results and Correlations 

Figure 1 shows the relationship between CWR and Yield Stress as measured in the lab. Given 
that these samples originated from varying ponds, depths, and years, the correlation is excellent. 

 

 
Figure 1 - Peak Yield Strength vs. CWR - Laboratory Data 

Material in the low CWR and low yield stress ranges are slurries, while the material in the 
higher ranges behaves as a high clay Terzaghi material. The relative correlation of this strength 
to the CWR through these ranges, or from slurry to soil, indicates that CWR is an important 
factor in predicting soil strength.  

It should also be noted that the correlations provided here are for peak yield strength. Similar 
correlations exist for remoulded and residual strengths, but that work is not yet complete. 

4 IN-SITU FIELD TESTING 

In comparison, the correlation with field measurements is not so clear, likely due to differences 
in testing equipment, procedures, and uncontrolled field conditions. Regardless, it is of interest 
to compare how this in-situ testing relates to the controlled lab results. 
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Several field datasets spanning over 20 years of operation have been collected and analysed. The 
field dataset contains some 6,000 in-situ vane shear tests from 1995 to present, 19 continuous 
ball CPT sites, and 6,173 CWR analyses.  

Field samples were selected based on the same criteria as those from the Laboratory tests, with 
the inclusion that the samples must be correlated to in-situ yield stress testing positions. As 
shown in Figure 2, most of the vane shear tests were conducted by hand with boat mounted 
instrumentation. These instruments generally did not provide any reliable measure of the torque 
or shear rate applied, nor of the inclination of the instrument Given that there was a variety of 
vane types used, and that it is unknown if rod friction was fully accounted in the calculations, 
most of these historical strength measurements could not be used for this analysis. In addition, 
many of the recent vane shear tests were conducted to validate strength measurements from the 
ball CPT tests, and as such were not directly correlated to sample locations and did not have 
material properties associated with the test. With the need to eliminate these tests, the total 
remaining in-situ dataset consists of 66 individual tests, all from correlated flow penetrometer 
strength tests. These strength tests were correlated to vane tests, but the vane tests themselves 
were not used. 

 

 
Figure 2 - Early vane shear strength testing from the sample boat circa 2001, using a large protractor to 

monitor shear angles 

5 IN-SITU TEST RESULTS AND CORRELATIONS 

Figure 3 shows the relationship between field yield strength tests and the laboratory determined 
model. As shown the ball data >500Pa seemed to follow the same curve seen in the lab data. 
Below 500Pa the data was very scattered. The fact that the data was reasonable down to 500Pa 
is surprisingly good given that commercial ball penetrometers are designed to operate in much 
higher strength regimes with minimum accuracies required by ISO on the order of 10’s of kPa 
vs on the order of Pa.  

Further evidence that the use of CWR is a relevant parameter is to show the same data re-plotted 
as a function of geotechnical water content. This is the parameter that is typically used to 
provide guidance on strength targets to process engineers. As shown in Figure 4 this re-plotting 
leads to a general scatter plot with no clear target of solids content to use to control a tailings 
process. On the other hand it appears that CWR can be used to provide useful process targets in 
ensuring a target strength can be reached given the right environmental conditions post process. 
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Figure 3 - Peak Yield Strength vs. CWR - All Data 
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Figure 4 - Peak Yield Strength vs. Geotechnical Water content - All Data 

Based on the analysis of the in-situ data, the following recommendations for in-pond field 
testing are made: 

1. Equipment with downhole instrumentation and torque systems located near the vane 
to reduce rod friction effects are preferred 

2. Appropriate and well controlled ASTM standards must be followed in order 
produce datasets which are comparable between techniques 

3. Properly done Ball CPT test results can be used in pond survey applications to 
measure yield strengths down to 500Pa. 

4. Laboratory equipment is preferred to determine clay behaviour for slurries, or for 
materials with yield strengths under 500 Pa 

6 USE IN FORECASTING DEPOSIT STRENGTH GAIN 

 Given a high clay material with a known starting CWR, and given a known dewatering rate 
over time, it is now possible to predict future strengths. This is important for the tailings 
engineer in predicting production rates for a tailings facility. Several types of dewatering 
processes are known, including evaporation, freeze/thaw, and self-weight consolidation. To 
illustrate how this tool could be used, an example is provided here. 

The example operation is a thin lift deposition site, depositing untreated MFT, 100% clay, at 
33.3% solids by weight. The drying season is 180 days (April 1 to October 1), with an average 
daily evaporation of 2.78mm/day. The table below provides initial conditions and predictions of 
strength with time under these conditions. 
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Table 1 - Example Strength Gain with Time 

% clay on 

solids

Solids SG 

(t/m3)

Solids 

Content 

(t/m3)

Water 

Content 

(t/m3)

Lift 

Thickness 

(m)

Surface Area 

for 1m3 (m2) CWR

Peak Yield 

Strength (Pa)

Starting Lift 100% 2.6 0.419 0.839 0.15 6.67 0.50 76

Days Drying

1 100% 2.6 0.419 0.820          0.15 6.67 0.51 84

2 100% 2.6 0.419 0.802          0.15 6.67 0.52 93

3 100% 2.6 0.419 0.783          0.15 6.67 0.54 103

4 100% 2.6 0.419 0.765          0.15 6.67 0.55 114

5 100% 2.6 0.419 0.746          0.15 6.67 0.56 127

6 100% 2.6 0.419 0.728          0.15 6.67 0.58 141

7 100% 2.6 0.419 0.709          0.15 6.67 0.59 158

8 100% 2.6 0.419 0.691          0.15 6.67 0.61 177

9 100% 2.6 0.419 0.672          0.15 6.67 0.62 199

10 100% 2.6 0.419 0.654          0.15 6.67 0.64 225

15 100% 2.6 0.419 0.561          0.15 6.67 0.75 435

25 100% 2.6 0.419 0.376          0.15 6.67 1.12 2457  
Assuming a deposit requires a minimum lift strength of 500Pa before a second lift can be 
placed, this would require a drying time of around 15 days, and provides the basis for 
production planning. 

7 CONCLUSIONS 

The methylene blue index test provides a quick and easy test method that can provide a single 
number to represent the clay behavior of a material. In tailings engineering this Clay to water 
ratio can be used to help predict how a material transitions from slurry to soil and provides a 
useful process control tool.  
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ABSTRACT  

The management of tailings generated during oil sands mining operations remains an active area 
of research and development. Mining operations result in fluid tailings with approximately 
30-35 wt% solids content and are often referred to as mature fine tailings (MFT). Various 
treatment technologies have been evaluated to further consolidate the MFT. For any treatment 
program, promising results on one scale are often used to justify ever-larger scale evaluations. 

Initial laboratory screening at the Shell Technology Centre Calgary demonstrated that a novel 
Dow-manufactured clay dewatering flocculant, known as XUR, provides several unique 
performance attributes. In 2014, three geotechnical columns, each having a volume of nearly 1 
m3, were filled with amended MFT. The geocolumns were designed to quantify the performance 
of two flocculants. Two of the geocolumns (GC2 and GC3) were filled with XUR-treated MFT, 
while the third geocolumn (GC1) was filled with a partially-hydrolyzed polyacrylamide 
(HPAM) treated MFT. After eight months of settling, differences were observed. Both XUR 
columns produced over 55 wt% solids, while the HPAM geocolumn resides at about 47 wt% 
solids. Furthermore, GC2 and GC3 have well-defined mudlines, show a favorable decrease in 
excess pore pressure, and release clear water. These early results indicate that further testing at 
the next scale is warranted. 

Keywords: flocculation, chemical treatment, geocolumn, dewatering, consolidation, deep-pit 
deposit 

1 INTRODUCTION  

1.1 The Mining Industry 

The two largest extra heavy oil (i.e. bitumen) deposits in the world reside in Canada and 
Venezuela (Masliyah 2004, Dusseault 2001). A portion of the Canadian deposits lie close 
enough to the surface to permit economically sustainable mining of the oil sands ore; however, 
the same does not hold for the Venezuelan reserves. By mass, typical Canadian oil sands 
deposits contain 84-86% mineral content, 3-6% water and an average of 12% bitumen (BGC 
2010). 

The Clark hot water extraction process allows recovery of a substantial portion of the bitumen 
from the mined ore (Kasperski 1992). Concomitant with the removal of bitumen is the 
generation of a fluid part known as mature fine tailings (MFT). Early on, the accumulation of 
MFT was recognized as the “pondwater problem” (Camp 1977) where for each volume of 
mined material, a greater volume of watery MFT was produced. Dewatering of the MFT proved 
challenging due to the anionically-stabilized clay particles (Mikula 1996).  

1.2 Tailings Treatment 

A variety of treatment methods have been developed to dewater the tailings and eventually 
reclaim the land. Some of the methods that have received substantial attention include thickened 
tailings, composite/consolidated tailings, thin-lift deposition, centrifugation, and accelerated 
dewatering (Sobkowicz 2009, Read 2014). A fairly exhaustive list of experimental approaches, 
semi-commercial evaluations, and the most successful commercial treatment methods was 
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recently published (Oil Sands Tailings Technology Deployment Roadmaps 2012). In many 
cases, the addition of amendments (generally flocculants and/or coagulants) greatly facilitates 
the process. 

One of the most commonly used materials in the dewatering process is partially-hydrolyzed 
polyacrylamide (HPAM) and it variants (Wang 2008, Alamgir 2012). Other flocculants and 
combinations of flocculants have also been investigated (Petzold 2003). Recently, in the search 
for new amendments, high-throughput methods were employed to speed the screening process 
(Mohler 2012). Using this approach, a novel Dow-made amendment was identified. However, 
screening performance on a small scale does not guarantee success on the larger commercial 
scale. Mixing of tailing streams and flocculants is a critical process component and needs to be 
well understood to successfully achieve commercial implementation (Demoz 2012, Gillis 2013). 
It can be particularly difficult to scale the mixing aspects when the ratio of the stream viscosities 
is large and/or an additive stream exhibits complex rheology such as a viscoelastic fluid. 

The selection of the appropriate amendment(s) and the design of the treatment/mixing process 
are based upon a consideration of the overall application. Release of the water from the solids 
can take several routes including drainage, filtration, evaporation and surface accumulation via 
solids settling. The choice of field environment, including deposit depth of the amended tailings, 
needs to be considered as an important component of the treatment strategy and envisioned end 
game. Maximizing the amount of MFT processed for a given footprint is one of the treatment 
components which need to be addressed (Dunmola 2013). 

2 EXPERIMENTAL 

A novel clay dewatering flocculant had previously been identified using high-throughput 
screening methods. A Dow-manufactured material, known as XUR-31-5 (and abbreviated as 
XUR), demonstrated unique performance using several Shell criteria (specifically dewatering, 
rheology, and permeability methods) which warranted further testing on the geocolumn scale. In 
2014, three 1m3 geotechnical columns were filled with amended MFT at the Shell Technology 
Centre Calgary (STCC) to test performance at the next scale. 

Before the geocolumn pours, eight totes (1 m3 each) of MFT from Shell’s External Tailings 
Facility were homogenized. This provided sufficient material for the geocolumns fills, 
additional MFT to optimize the operation of the polymer mixing rigs, and back-up material in 
case other needs arose. The MFT dedicated for testing was then divided for the various mixing 
studies and geocolumn fills. Subsequent sampling of the totes showed that the solids content 
was about 35-36 wt% with a methylene blue (MB) index value of 7.5 meq MB/100 g clay 
(Omotoso 2008). 

The three geocolumns were made of acrylic and were approximately 3 meters tall with a 
diameter of 0.6 meter. The geocolumns were filled with treated tailings to a level of 2.9 meters. 
Each geocolumn was equipped with seven Rosemont 100 kPa pressure transducers and four 
sampling ports. Electrical capacitance probes (ECP) were also suspended down the center line 
of each geocolumn. ECP data is still under evaluation and will be reported at a later date. 
Mudline heights were measured over time with the aid of calibration markers affixed to the side 
of the geocolumns. 

HPAM was also selected for the geocolumn pilot to provide comparison data. The XUR 
treatment level was 1900 ppm of dry polymer weight per dry MFT solid weight. This dosage 
was based on prior smaller scale studies. The HPAM treatment level was 1000 ppm of dry 
polymer weight per dry MFT solid weight, and its dosage was likewise based on laboratory 
studies. Dosage levels for both chemicals will be optimized further in upcoming field testing. 

For both treatment systems, progressive cavity pumps were used to transport the MFT and 
flocculant. The MFT and XUR streams were combined using a Dow proprietary dynamic mixer 
and fed to the geocolumn at 2 gpm. The MFT and HPAM flow rate to the geocolumn was 10 
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gpm. The combined MFT/flocculant mixtures were delivered to the geocolumns via a flexible 
1” diameter, 40’ long hose draped over a pulley system which was suspended and secured from 
a ceiling beam. A counterweight was attached to the end of the hose to ensure that it remained 
vertical throughout the geocolumn pour (Figure 1). The discharge hose was gradually raised 
during the pour to maintain the outlet level slightly above the liquid surface. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Addition of XUR-treated MFT into the geocolumn. 

The 2014 timeline in Table 1 summarizes the fill sequence and associated events for the three 
geocolumns. As noted, the three geocolumns were all filled to the same height (2.9m). 

Table 1. Timing and Order of Geocolumn Pours 
Day Event 

1 Geocolumn 3 was half-filled with XUR-treated 
MFT 

46 The release water above the mudline in Geocolumn 
3 was almost completely removed 

47 Geocolumn 3 was filled with a similar amount of 
XUR-treated MFT as was conducted in 
the first half fill. 

48 Geocolumn 2 was filled with a similar amount of 
XUR-treated MFT as both combined. Geocolumn 3 
pours. 

63 Geocolumn 1 was filled with a similar amount of 
HPAM-treated MFT as Geocolumn 2 in one single 
pour. 

3 RESULTS AND DISCUSSION 

3.1 Dewatering and Consolidation 

Dimensions of the geocolumns were designed based on the working laboratory space available 
as well as to provide enough self-weight to be more representative of deep-pit consolidation 
(Scott 1985). Deep-pit deposition and subsequent consolidation (Been 1981) has tremendous 
appeal since it requires a much smaller footprint with respect to landscape usage and ultimately 
places the treated tailings into the very mined pits from which they originated (Mikula 2010). 
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The sediment solids content histories for the three pours are plotted in Figure 2. Figure 3 
provides a visual comparison of the empty geocolumns versus the observed settled solids and 
released water in the geocolumns four months after the fill of GC1, the last geocolumn to be 
filled. Although the single pour geocolumn (GC2) started slower (see Figure 2), both XUR-
treated columns obtained similar dewatering levels after several months. Both XUR fills have 
also exceeded 55 wt% solids content. 

As illustrated in Figure 2, the time of the second half pour of GC3 is denoted by the vertical 
dashed line and the momentary drop in solids weight percentage. It is interesting to note that the 
GC3 mudline of the first half pour, demarked by a thin horizontal line of residual bitumen, was 
readily visible at the time of the second half pour and remains readily visible many months after 
the second half pour. This former mudline has shown continued settlement following the second 
half pour. 

The Figure 2 results are based on volumetric calculations using the initial solids content 
measured at the start of the pours. Eventually, at the end of the monitoring program, the 
geocolumns will be sampled throughout to further determine the solids contents with respect to 
height in the geocolumns as well as radial distance from the center point. 

 
 

 
Figure 2. Weighted average sediment solids content changes versus time for the three geocolumn pours 

where GC1 is HPAM (full pour), GC2 is XUR (full pour) and GC3 is XUR (two half pours). 
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Figure 3. Photos of the three geocolumns before (left) and after (right) filling with treated MFT. GC1 
(HPAM) is in the foreground, GC2 (XUR) is in the middle and GC3 (XUR) is in the background. The 

photo on the right was taken four months after the last geocolumn (GC1) was filled. 
 
It is worth noting that after 10 days from the pour, the difference in average solids content 
between HPAM and two XURs is about the same as the difference after several hundred days. 
That is, one of the primary differences between the two flocculants is improved sedimentation of 
the XUR. The time for HPAM treated tailings to consolidate to a solids content approaching that 
of XUR treated tailings continues. 

3.2 Features of Treated MFT 

An even mudline was observed for both of the XUR-treated geocolumns; however, due to the 
large flocs formed when using HPAM, a variable height mudline resulted (Figure 4). In less than 
a month after the pours were completed, geocolumns GC1 and CG2 showed the formation and 
accumulation of numerous vesicles (Figure 5). GC3 also exhibited vesicle formation but to a 
lesser degree. The exact nature of the vesicles is still under investigation. 

It is interesting to note that the shapes of the vesicles are different for the two amendments. For 
HPAM, the vesicles were more connected and reticulated, while for the XUR case, the vesicles 
were more spherical. The cause for this difference has not been determined, but it could be 
related to the different shapes and sizes of the floc originally formed from the two amendments. 
When the geocolumns are eventually decommissioned, there are plans to sample the contents of 
each geocolumn and determine if the vesicles are present evenly across a given cross sectional 
area of the geocolumn or are more localized against the outer geocolumn wall. 
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Figure 4. Mudline appearance of the three geocolumns as observed about four months after the last 

geocolumn was poured. 
 

 
Figure 5. Vesicles located between the treated MFT and geocolumn walls. The left photo is of GC1. The 

right photo is of GC2. 

3.3 Reduction of Excess Pore Pressure 

Each geocolumn was equipped with seven pressure transducers which were spaced identically in 
each column (see red ports in the bottom right drawing in Figure 6). The pressure readings were 
used to calculate the excess pore pressures by subtracting the equilibrium hydrostatic head at the 
given heights along the geocolumns from their measured pressure as determined from the 
piezometers. When the excess pore pressure approaches zero, consolidation due to gravity, with 
no additional top weight capping (e.g. surcharge), can be considered almost complete. At this 
time, the application of a surcharge could be considered, and this additional weight would cause 
further consolidation (Masala 2014). 

As illustrated in Figure 6, the excess pore pressure, as represented on the x-axis for the three 
graphs, is dissipating more rapidly for both XUR treatments when compared to that of HPAM. 
This holds true for all heights in the geocolumns. The long-term behavior, and thus comparison 
of both treatment methods, remains to be evaluated. The thick black series of readings located in 
the bottom left graph of Figure 6 (highlighted with a black arrow) is the excess pore pressure in 
GC3 measured just before the second pour to this geocolumn. 

The geocolumns were also equipped with ports for removing samples (see green ports in the 
bottom right drawing of Figure 6). To date, very little sampling has been conducted in order to 
minimize disturbance to the geocolumn contents.  
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Figure 6. Plots of excess pore pressure versus the height in the geocolumn. GC1 is shown top left, GC2 is 
shown top right and GC3 is shown bottom left. The location of the seven pressure transducers (PT) along 

the geocolumn height is depicted in red (bottom right drawing). 

4 CONCLUSIONS 

Three geocolumns were successfully filled using MFT mixed with two different flocculants 
(HPAM and XUR) intended to facilitate the dewatering of MFT. Two filling methods, a full 
pour versus two half pours, were compared in the application of the XUR treatment. Differences 
between these two pours are minimal with respect to solids settling, mudline appearance, and 
pore pressure reduction. The XUR-treated MFT has settled at a faster rate than the HPAM-
treated MFT. The behavior, and thus comparison of both treatment methods, remains to be 
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evaluated beyond 12 months. Research is ongoing by Shell and others to evaluate the relative 
contributions of sedimentation and self-weight consolidation observed and the implications for 
field-scale deposition. 

Both amendments showed vesicle production after about 3-4 weeks of completing the pours, 
and the shape of the vesicles was unique for the two treatments. Reduction of excess pore 
pressure has proceeded faster for the XUR-treated MFT in the 12 months observed, but neither 
treatment has yet reached total dissipation of excess pore pressure. 

5 FUTURE WORK 

The three geocolumns will be monitored for at least a total of 18 months. Then, a technical 
assessment will evaluate whether the current monitoring program will continue or whether 
samples will be taken directly from the geocolumns for additional analyses. The amendments 
described in this study will be compared at the next, larger scale. Evaluation of the effects of 
scale-up with the geocolumns and other methods including bench scale as well as small-field 
scale studies continues. To better understand these scale-up effects, the importance of large-
strain consolidation testing coupled with large-strain, non-linear consolidation numerical 
modeling as well as geotechnical modeling cannot be underestimated. Further work is planned 
to help clarify these issues, particularly at much great scales than the 3 m high geocolumns 
described herein. 
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ABSTRACT 

In Northern Alberta’s oil sands region, there are more than 800 million m3 tailings occupying 
more than 180 km2 of tailings ponds. The suspended solids (mostly silts and clays), gradually 
densify to 25 to 40 wt% solids in 2-5 years. It is important to assist in the dewatering process of oil 
sands tailings to facilitate their reclamation. An innovative method is presented in this paper to 
address the challenges with rapid dewatering using self-reproductive earth worms, Tubifex, which 
offers the potential to improve the dewatering. Comparable column tests between Tubifex-treated 
and non-treated oil sands tailings were conducted. Test results showed that: (a) the solid-water 
mud line of Tubifex-treated tailings decreases faster than non-treated tailings; (b) after settling 
within 2 month, the solids content of Tubifex-treated tailings was 21% more than the non-treated 
tailings, and 15% more than the initial tailings which have been under self-weight consolidation 
for years. Test results imply that the Tubifex treatment method may be promising in the settling 
and dewatering of oil sand tailings.  

Keywords: Tubifex; oil sands tailings; consolidation; solids content; settlement 

1 INTRODUCTION 

Canada’s oil sands industry produces vast volumes of oil sands tailings during bitumen extraction. 
Each year due to the high volume of water in fine tailings and the slow process of consolidation, a 
massive amount of tailings is produced by at least 3500 active tailings storage facilities (Davies 
and Martin, 2000). Tailings treatment and the reclamation of tailings ponds have been challenging 
to the industry and researchers. One of the major challenges facing the oil sands mining industry is 
the economical and efficient dewatering of mature fine tailings (MFT) (Cao et al., 2014). Many 
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research projects have been carried out to develop appropriate techniques to enhance the 
dewatering process. These techniques include: ozone-assisted settling (Liang et al., 2014), 
freeze-thaw effects (Zhang, 2012), optimized seasonal deposition (Caldwell, 2014), vacuum 
consolidation (Torghabeh, 2013), centrifuge dewatering (Rima and Azam, 2014), electrokinetic 
dewatering (Guo and Shang, 2013), super absorbent polymer (Farkish and Fall, 2013), surfactant 
(Wu et al., 2013), microbial metabolism (Arkell et al., 2015). However, high cost for large scale 
physical treatment and degradation and re-contamination for chemical additions seriously hinder 
the practical applications of these techniques. 

Research has been conducted to investigate the interaction between Tubifex, a naturally existing 
worm, and estuarine sediments, which have similar characteristics with oil sands tailings. Tubifex 
ingest sediment from the substratum and expel feces at the sediment-water interface (Fisher et al., 
1980). It was found that Tubifex is abundant in organic rich waters because of lack of competition 
and abundant food supply, in conjunction with a high tolerance for reduced oxygen conditions 
(Chapman, 2001). The ingesting sediment can feed with the heads downward in a burrow and 
their posterior ends upward in the water, where feces are cast and fall to the sediment surface 
(Poddubnaia and Sorokin, 1961).  

The present research introduces Tubifex to the treatment of oil sands tailings. There are three 
reasons for choosing Tubifex to enhance the dewatering and consolidation of oil sands tailings: (1) 
Tubifex is an Oligochaete worm with a high resistance to toxic substances and low oxygen levels; 
(2) Tubifex are a type of anaerobic earth worm that exist widely in nature, which makes the 
treatment inexpensive and environment-friendly; and (3) Tubifex has been tested for the faster 
consolidation of soft estuarine sediments in Europe (de Lucas et al., 2013), which showed that 
Tubifex could survive the experiments and the results are promising based on the consolidation 
time and rate. 

A series of laboratory column tests of Tubifex – treated oil sands tailings were conducted in order 
to study the effect of Tubifex in dewatering tailings. The column tests were different in the initial 
solids concentration of tailings and the number of Tubifex added to the sludge. The present paper 
is focused on the settlement of the interface and the survival rate of Tubifex. The research offers a 
viable alternative to the fast dewatering of oil sands tailings.  

2 METHODOLOGY 

2.1 Materials 

The initial solids content of the oil sands tailings was 34.1%. The volume based particle size 
distribution (PSD) shown in Figure 1 was measured using a Malvern Mastersizer 2000. This 
instrument can measure particles from 0.02μm to 2000μm. The results showed that more than 
90% of the particles were smaller than 45μm. Sand is the mineral solids (excluding gravel) with a 
particle size greater than 44 μm and less than 2 mm, excluding bitumen (COSIA, 2014). 
Sand-to-fines ratio (SFR) is defined as the mass ratio of sand to fines, i.e., the mass of mineral 
solids with a particle size > 44 μm divided by the mass of mineral solids with a particle size ≤ 44 
μm (COSIA, 2014). Based on the PSD curve, the SFR of initial tailings is estimated to be 0.1.  
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Worms were selected and counted manually before added to the columns. Worms have contracted 
lengths of 3 to 6 cm, as shown in Figure 2. Settlement columns experiments lasted around 2 
months, necessitating periodic additions of worms to maintain constant populations. It was 
observed that several worms died in the tailings probably due to lack of nutrition; however, the 
reason for the loss is still to be investigated.   

 

Figure 1. Particle size distributions of the mineral solids in the whole tailings used in this study. 

 

Figure 2. Tubifex used for laboratory column tests. 

Determining worm numbers and mortality during experiments was difficult because individual 
worms were not always visible. The sediment was sieved to identify the number of worms when 
experiments ended. 

2.2 Column tests 

The behavior of Tubifex-treated oil sands tailings was investigated using columns of 12 cm inside 
diameter and 1 m height. Original oil sands tailings was diluted to low initial solids contents 
which were less than 60 grams solids per liter. The diluted tailings are termed fluid fine oil sands 
tailings (FFT) in the present research because of the very low solids content and were tested. 
Table 1 lists the configuration of groups of tests. For Experiment Group I, 3 columns with 
different FFT solids concentrations are intended to explore the gelling concentration of original 
tailings and column 2(C2) is for the comparable tests as well. For Experiment Group II, 3 
identical columns with FFT and Tubifex of the same density as average natural existence 1400 
individuals/m2 were set up (de Lucas, et al., 2013). The objective of Group II is to investigate the 
effectiveness of Tubifex-accelerated tailings dewatering. For Experiment Group III, a large 
number of worms were incubated in a box to compare their life expectancy with the worms inside 
FFT. Worms were cleaned twice a day with freshwater, fed with fish food, kept in refrigerator at 5 
。C and air bubbles were provided to maintain a favorite condition. It is demonstrated that a 
certain oxygen level is needed to activate the meiofauna in the sediments (de Lucas et al., 2013). 
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Test procedures are described next. Firstly, tailings were diluted with a mixture of tap water and 
sea water to keep the electrical conductivity the same as original tailings, which is around 1.4 
ms/cm. Then, the settling process of diluted tailings started simultaneously. Thirdly, add 16 
Tubifex into each column of Group II once the solid-water interfaces became clear. In this 
research, 

Table 1. Configuration of column tests 

Experiment Group Column 
Diluted solids 

concentration (g/L) 
No. of Tubifex 
(individuals) 

GI 
C1 20 0 
C2 40 0 
C3 60 0 

GII 
C4 40 16 
C5 40 16 
C6 40 16 

worms were added 20 hours after the initial settlement. Fresh air was pumped into the columns 
with worms in Group II to activate the Tubifex in the sediments. However, the pumps should be 
well controlled under a gentle intensity and the pumping tubes must be placed at a safe distance 
from the mud line just to avoid disturbing solids settlement and consolidation, as shown in Figure 
3. 

The mud/water interfaces were captured periodically using an automated camera. Dissolved 
oxygen of 3 columns with Tubifex were monitored to maintain a pleasant environment.  

3 RESULTS AND DISCUSSION 

3.1 Experiment Group I and II 

The interface surfaces of 3 columns without worms are flat. The sediments settled by layers 
without any disturbance. The mud line evolution of columns with 3 different concentrations of 
tailings only are shown in Figure 4.  

The gelling concentration (Cgel) occurs when particles in a suspension start to come in contact 
with each other and build up a framework. This means that the suspension starts to gain strength 
and consolidates. It thus indicates the change between a phase where particles settle individually, 
to a phase where particles form part of suspension that settles homogeneously (Dankers, 2006). 
With the settling curves in Figure 4, the mean gelling concentration of the tailings specimens was 
derived (165±8 kg/m3) applying the equations by Dankers and Winterwerp (2007).  

When added to sediment, Tubifex “swam” in the sediment and thus created a network of small 
channels in the sediment matrix. Figure 5 shows that the mud surface was rugged because of the 
intense movement of Tubifex and some feces on the surface made by worms.  

The height of solid-water interfaces of 3 columns with FFT and Tubifex are shown in Figure 6. 
The three identical column tests should have identical curves since they have the same initial 
solids concentration and same amount of Tubifex; however, small differences among these curves 
were still present, because Tubifex are living creatures in essence. The effects of Tubifex on 
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settling could be largely affected by the sizes, life expectancy, activity, and so on of the Tubifex in 
individual column tests.   

 

Figure 3. Overall setup of column tests. 

Group I was started 7 days before Group II but both groups ended at the same time. However, it is 
observed that the column without Tubifex measures a 4.3 cm high bed, whereas the columns with 
Tubifex reached the mud bed height at 3.8 cm, 3.4 cm and 3.8 cm respectively after 2 months of 
settlement and consolidation. Figure 6 shows the differences of evolutions of mud / water 
interface with time between treated and non-treated FFT. 

Solids content is defined as mass of solids including bitumen divided by mass of solids, bitumen 
and water (COSIA, 2014). The calculated solids content of sediments is 33.1 wt% for the 
non-treated tailings and 36.7 wt%, 40.0 wt%, 36.7 wt% for the Tubifex – treated tailings. 
Worms-treated tailings reached a maximum of 21% more solids content than non-treated tailings. 
Figure 7 shows evolutions of solids content with time between treated and non-treated FFT.  

 

Figure 4. Time history of the interface mud line height of Group I. 
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Figure 5. Photo of solid sediments of experiment Group II: active Tubifex inside rounded rectangles, feces 
inside rectangles on the mud surface; distribution of channels formed by the movement of Tubifex inside 

ellipses. 

 

  
(a)                                          (b) 

Figure 6. Time histories of the interface mud line height of experiment Group I and Group II: (a) entire 
evolution time history; (b) evolution at the end. 

  
(a)                                     (b) 

Figure 7. Time histories of solids content of experiment Group I and Group II: (a) entire evolution time 
history; (b) evolution at the end. 

In addition, it was observed that the solids content of original tailings is 34.1 wt%, which has been 
consolidating for years. Whereas, after only two months of dewatering and consolidation 
Tubifex-treated fluid fine tailings with 4.1 wt% initial solids content can reach as much as 40.0 
wt% solids content, which is 15% higher than 34.1 wt% solids content of original tailings. 
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3.2 Tubifex survival 

In Group II column tests, 16 Tubifex were added for the first time once the solid mud line was 
clear, after this another 16 were added into each column one month later for the second time. 
When the consolidation tests finished, live Tubifex in the solid mud were sieved and counted. 
Table 2 indicates that the worms can survive in the harsh and resource-limited laboratory 
environment.  

In Group III tests, it was observed that Tubifex can live actively in the artificial laboratory 
environment for 2 weeks. After this, they were in a much inactive condition and more than 80% of 
the worms died during the third week. Thus it is concluded that FFT provided an even better 
microcosm rather than a worse one compared to regular artificial laboratory conditions. 

3.3 Discussion 

Each mud line evolution curve can be divided into three phases: phase I-settling process. The 
solids settle down fast and then the clear solid-water interface form and become clearer. In this 
phase, solids are far away from each other, thus there is no contact and effective stress at this 
point; phase II-consolidation process. The interface line goes down at a slow rate. The excess pore 
water pressure transfers into solids effective stress; Phase III-final consolidation. There is almost 
no decrease of mud line height and curves become horizontal in a short duration. Actually there is 
no clear difference among these phases and they might be overlapped. Worms were added into 
columns in the end of Phase I since there is no benefit for Tubifex to accelerate the FFT settlement 
in a low solids concentration.  

Upon addition, Tubifex travels up and down and feed in the sediment, which creates of channels 
and burrows. As a result, a network of small channels is created in the sediment matrix, which 
increases the hydraulic permeability of the sediment. Due to the increased hydraulic conductivity, 
the self-weight consolidation rate occurs faster, reaching a higher consolidated state earlier. 

Table 2. Number of Tubifex alive before and after experiments 

Column Initial addition 
Addition at 

1 month 
Survivals at 2 months Survival rate (%) 

C4 (FFT + worms) 16 16 12 37.5% 
C5 (FFT + worms) 16 16 10 31.3% 
C6 (FFT + worms) 16 16 6 18.8% 

 

Other mechanisms for Tubifex to facilitate FFT dewatering and consolidation process, chemical 
and biological interactions for Tubifex to clarify the depressed top water and to improve the solid 
effective stress are still undergoing and are promising.  

4 CONCLUSIONS 

The present study compared the Tubifex-treated and non-treated oil sands tailings settling and 
consolidation process using column tests. The following conclusions can be drawn: 
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1. Tubifex can survive for at least one month in the columns with oil sands tailings, 
which is even longer than worms incubated in water without tailings. 

2. Based on three different solids concentration curves of mud line evolution, the mean 
gelling concentration of specimen tailings is 165±8 kg/m3. It equals 15% solids 
content, which is smaller than 30% solids content of normal MFT.  

3. Tubifex facilitates dewatering of diluted MFT. The solid-water mud line of 
Tubifex-treated diluted MFT decreases faster than non-treated specimens. In duration 
of 2 month, solids contents of Tubifex-treated specimens were 21% more than the 
non-treated specimen, and 15% more than original tailings which have been under 
self-weight consolidation for years. 

4. Since Tubifex is a natural, self-reproductive earth worm and can survive in various 
harsh conditions, the Tubifex treatment method maybe more economic than 
conventional methods. 
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ABSTRACT 

Rheomax® ETD technology is based upon the application of a family of polymer chemistries 
developed by BASF for the mining industry; with the objective to enhance the de-watering and 
immobilisation of mineral slurries during hydraulic deposition. 

The laboratory study is focused on Oil Sands Mature Fine Tailings (MFT), investigating the 
influence of polymer chemistry, dose and conditioning time on the behavioural characteristics of 
polymer treated deposits. Subsequent geotechnical characterisation of the polymer treated 
deposits provides an alternative means by which to investigate the relative effectiveness of each 
polymer treatment under a number of potential process conditions. This paper reports on the 
findings of the investigation. 

1 INTRODUCTION  

The goal of polymer treatment of Oil Sands Mature Fine Tailings is to improve tailings 
performance upon deposition in tailings storage facilities. The performance parameters of 
interest include early dewatering of the tailings in order to improve water recover and reuse in 
mining operations, reduction of storage volume and shear strength increase to facilitate land 
reclamation. It is desirable to optimize polymer chemistry and dosage to achieve the most 
beneficial performance of tailings in the tailings storage facilities. Field trials provide the 
ultimate proof of success for any treatment technology, but they are typically time consuming 
and could be very expensive. Alternatively, laboratory investigation and numerical modelling 
technics can be used to screen several possible polymer chemistries and identify the most 
promising options that are then verified in full scale field trials. This paper describes such a 
laboratory testing program and associated modelling efforts. 

Several polymer chemistries are first evaluated for optimal dosage and conditioning. The 
evaluation parameters include net water release and yield stress achieved for each chemistry. 
The consolidation characteristics of these samples are then determined in the Seepage Induced 
Consolidation Test. The characteristics consist of void ratio - effective stress (compressibility) 
relationships and void ratio – hydraulic conductivity (permeability) relationships. These 
relationships are then used in modelling the consolidation process of tailings treated with three 
different polymer chemistries upon deposition. Three deposition scenarios were evaluated: a 
thin lift (1 m thick), thick lift (10 m thick) and a deep pour (50 m deep). Cumulative water 
release with time for each case is normalized with respect to the maximum water release of an 
untreated material in a deep pour configuration. The comparison of these results provides a 
rational base for the evaluation of the three polymer chemistries and disposal scenarios.   
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2 SLURRY CHARACTERISATION, POLYMER PREPARATION AND TESTING 
PROCEDURES 

2.1 Slurry Characterisation 

Using a suitable mixer fitted with a marine impellor the slurry was agitated in a baffled 
container until homogeneous. The slurry was sampled and characterized for pH, density, solids 
content (%w/w and %w/v), clay content (by methylene blue titration) and particle size 
distribution (laser).  

Prior to particle size determination, any bitumen present in the slurry was removed. This was 
done by taking 400mL of slurry, transferring into a 600mL beaker and, with gentle mixing, 
approximately 100mL of kerosene was added. This mixture was agitated for one hour, after 
which time the kerosene phase was decanted off and the remaining slurry was suitable for 
analysis. 

2.2 Polymer Preparation 

A 400mL polymer solution of a 0.5%wt/vol concentration was prepared by weighing 2 grams of 
the dry polymer into a weighing boat onto a four figure balance, whilst insuring that the mass of 
the product is ±0.001g of the desired value. 

The 2 grams of dry polymer was then transferred to a clean and dry 500mL Nalgene bottle. 5mL 
of acetone was added to “wet” the polymer. The polymer and acetone slurry was gently mixed 
and allowed to stand for approximately one minute before 395ml of process water was added. 

After the process water was added and the bottle resealed, the polymer was shaken vigorously 
for at least one minute. The bottle was then transferred onto a rotating wheel and further 
conditioned for at least 2 hours. 

All polymer solutions were disposed of 48 hours after preparation. 

2.3 Laboratory Testing 

Approximately 300g (weighed to 1 decimal place) of homogeneous slurry  was placed into a 
600mL beaker, covered and conditioned with a Torque Dependent mixer, fitted with a flat blade 
impeller, for a predetermined time and speed, which was qualified in a previous laboratory study 
on the same batch of slurry-polymer samples. 

Whilst conditioning the slurry, with the beaker immobilised, the polymer solution was injected 
into the slurry; for each sample this was performed at the same location in the vortex created by 
the flat blade impeller. After the polymer addition, the timer for the conditioning begins 
immediately. 

The samples were conditioned to a point of optimum net water release (NWR). During 
conditioning the slurry torque slowly increases for a time and then slowly starts to decrease as 
the optimum structure formed by the polymer addition begins to shear thin.   

Once conditioning time was recorded, the beaker was removed from the stirrer and any 
remaining slurry left on the impeller was carefully scraped back into the beaker. 

The yield stress of the treated material is immediately recorded using a Haake Rheometer. 

The mass of the beaker and treated material was recorded and the polymer treated-sample was 
transferred onto a 1mm mesh sieve, fitted with a base. The mass of the empty beaker was also 
recorded. 

Once the treated material had been transferred onto the sieve, the deposition investigation began. 
Data points were taken over a range of post deposition times, in which the weight of the sieve 
and contents and water volumes in the base pan were recorded. (N.B. Between readings each 
test sample is covered to minimize evaporative losses). 
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Using Brookfield Rheometer, fitted with a V-73 half vane, the yield stress of the deposit was 
measured and recorded at each time interval. 

2.4 Seepage Induced Consolidation Testing Protocol 

Where polymer treated slurries were prepared for SIC investigation, the protocol outlined in 
Section 2.3 above was followed. However, in this instance, once prepared, as opposed to 
transferring the sample onto a mesh sieve, the treated slurry was transferred directly in the SIC 
cell. The testing procedure for the SICT on MFT is described by Znidarcic et al (2011) and by 
Esthepo et al (2013). In this test program the procedure was somewhat modified to better 
capture consolidation behaviour of treated samples at low effective stresses (below 1 kPa). 
Small step load increments were applied to the samples and the hydraulic conductivity was 
measured directly at each step. This modification prolonged the required testing time 
significantly, but provided improved data quality for the consolidation behaviour of samples in 
the low effective stress range. 

3 TEST RESULTS, DATA INTERPRETATION AND DISCUSSION 

Section 3 consists of four subsections detailing test slurry characterisation; polymer treated 
tailings deposition; each containing data tabulation; graphical interpretation of polymer treated 
application performance and discussion of relative and absolute performance. 

3.1.1 Slurry Characterisation 
Table 2 MFT Slurry Characterisation   

Bitumen  
(%wt/wt) 

Solids  
(%wt/wt) 

Water  
(%wt/wt) 

Clay  
(%wt/wt)            

pH Density SFR 

1.1 28.8 70.1 92 8.1 1.21 <0.02 
 

3.1.2 Water Analysis 
Table 2 Principle soluble cations identified in test slurry  

Sodium 

(mg/l) 

Calcium 

(mg/l) 

Magnesium 

(mg/l) 

~800 ~10 ~20 

 

3.1.3 Discussion of Slurry Characteristics 

The Mature Fine Tailings (MFT) slurry used in this program of test work is typical of that found 
in a number of Canadian industrial operations. In that, it has a Sand Fine Ratio (SFR) of less 
than 0.02; a measurable bitumen content and a total solids content of approximately 30% wt/wt. 
Likewise, the soluble metal ions present in the water in significant quantities, are in-line with 
those found in such industrial processes. The only variable that might be said to be high, is the 
proportion of clay within the mineral solids, measured as 92%. However, this was deemed to be 
advantageous to the work program, as the high clay content will support greater differentiation 
between different polymer treatments.  
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3.2.1 Polymer Treated Tailings Deposition 
Table 3 Application Performance Ranking for Polymer Treated Slurry 

   Rank 1 – Lowest Value and Rank 4 – Highest Value 

Polymer 
Dose 

(gpt) 

24hr NWR 

(%wt/wt) 

24hr Yield 

 Stress 

(Pa) 

A 2 3 2 

C 4 3 3 

E 3 2 4 

F* 1 1 1 

* Polymer F = Untreated MFT slurry 

Table 4 Key Performance Data for Three Selected Polymer Treatment Systems 
 

 

 
Figure 1 Effect of polymer type and dose on NWR performance after 24hr drainage 

 

 

Polymer Dose 

(gpt) 

Conditioning 

(sec) 

24hr NWR 

(%wt/wt) 

24hr Yield Stress 

(Pa) 

A 1035 9.5 26.2 472 

C 1400 11.2 26.6 1044 

E 1200 12.8 18.2 1398 
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3.2.2 Discussion - Application Performance Polymer Treated Slurry 

The application performance data, in terms of the 24hr NWR vs polymer dose, for three 
different polymer types is illustrated in Figure 1. Treatment systems applying Polymer A and C 
produce comparable optimum 24hr NWR performance, however Polymer C required 35% 
higher polymer dose (1400 vs 1035gpt respectively) to achieve this performance. 

Relative to Polymer A and C; Polymer E produced an inferior optimum 24hr NWR 
performance, releasing only 18% of the available water from the deposited slurry, although it 
required a lower dose than Polymer C to produce this value. 

In terms of maximising 24hr NWR, whilst minimising the dose of polymer applied, overall 
Polymer A offered the most effective treatment, releasing 26% of the available water from the 
deposit within 24hrs whilst requiring only 1035gpt to achieve this.  

When viewed in terms of the original four polymer treatment systems (see Table 3 for details) 
evaluated, it can be seen that in terms of 24hr NWR Polymer E results in the least effective 
polymer treatment, whilst Polymer A and C produced comparable and superior performance. 

 
Figure 2  Effect of polymer type and dose optimum conditioning time 

As mentioned in the Section 2.3, each individual application test was conditioned for sufficient 
time to visually establish the maximum water release for each test. Recording these times and 
relating their values with polymer type and dose produces some interesting trends. 

It was not overly surprising to see that extended conditioning times were required to maximise 
the effective performance of higher polymer doses and with lower polymer doses the 
conditioning times for the various polymers converge (see Figure 2).  

However of interest was; the three polymer samples displayed discrete response profiles. This 
was obvious in the case of Polymer C which, for a given polymer dose, produced its optimal 
performance with a significantly shorter conditioning time than either Polymer A or E. Such 
factors can be extremely important when considering scale-up operational applicability, for 
should Polymer C  be applied under the same conditioning system as Polymer A, it is likely to 
be over sheared, resulting in loss of liberated water back into the treated slurry (Wells et al 
2012). 
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Figure 3 Relationship between deposit solids content and yield stress after 24hr drainage 

When viewing the relationship between deposit yield stress vs solids content treatment for the 
most effective dose and the associated conditioning time for named polymers (see Figure 3), it 
was apparent that different polymer treatments could result in significantly different profiles.  

To produce a deposit strength of 1kPa, Polymer E was required to achieve 38%wt solids; whilst 
Polymer A and C required significantly higher solids contents, 52 and 46%wt solids 
respectively. Such differences in deposit yield stress for a given solids content can have 
implications on ranking the performance of polymer treated tailings.  

Polymer E was a prime example of this, when its performance was viewed in terms of polymer 
dose required to achieve maximum 24hr NWR, it was the least effective of the three products 
evaluated. However, considering the performance in terms of the deposit strength gain for a 
given solids content, Polymer E was significantly more effective.  

It might be expected that a treatment system requiring a greater polymer dosage would result in 
a deviation in the relationship between deposit yield stress and solids content, in that with 
increasing polymer dose, yield stress would increase for a given solids content. Obviously from 
the three polymers considered in this work, where Polymer A was applied at 1035gpt, whilst 
Polymer C and E were applied at 1400 and 1200gpt, the relationship between yield stress for a 
given solids content did not correlate with  polymer dose. 
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Figure 4 Relationship between peak yield stress and conditioning time 

As part of the application test protocol described in Section 2.3, the torque profile of the slurry 
was noted from the time of polymer addition, until optimum visual water release occurs. Within 
this period of time, the peak yield stress and the conditioning time required to achieve this value 
were documented, for each individual polymer type and applied dose (see Figure 4).  

Using the polymer doses previously identified to achieve maximum 24hr NWR, 1035gpt 
Polymer A, 1400gpt Polymer C and 1200gpt Polymer E, replicate tests produced an average 
peak yield stress and associated conditioning time with accompanying 95% confidence 
intervals. 

The three polymer treated slurries produced statistically different peak yield stress values of 
225, 317 and 414Pa for 1035gpt Polymer A, 1400gpt Polymer C and 1200gpt Polymer E 
respectively. Again, peak yield stress did not correlate with applied polymer dose and likewise it 
does not correlate with the 24hr deposit yield stress. 

Polymer A and E required comparable slurry conditioning times to achieve their respective peak 
yield stress, approximately 6 seconds, whilst Polymer C required a statistically longer time of 8 
seconds. Once again it is perhaps surprising that the time each polymer requires to achieve peak 
slurry yield stress did not correlate with the time each requires to achieve optimum visual water 
release. 

3.3.1 Polymer Treated Tailings Consolidation Test Work 

The measured consolidation characteristics for the polymer treated samples A, C and E and for 
the untreated MFT (Sample F) are presented in Figures 5 and 6. The figures present for each 
sample the directly measured values as well as the fitted curves used in the numerical modelling 
of the disposal scenarios. The model parameters for each sample are given in Table 5 together 
with the void ratio corresponding to zero effective stress. 

Table 5 SIC Test Parameters and Zero Effective Stress Void Ratio for Slurry Samples 

Polymer Compressibility Permeability Zero Effective Stress 

 A B Z  kPa C m/day D Void Ratio e0 

A 4.18 -0.271 0.5 6.05e-6 3.5 5.046 
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Polymer Compressibility Permeability Zero Effective Stress 

 A B Z  kPa C m/day D Void Ratio e0 

C 4.08 -0.275 0.5 7.78e-6 3.5 4.934 

E 3.35 -0.242 0.1 2.16e-6 6 5.835 

F 3.08 -0.233 0.103 4.32e-6 2.8 5.235 

 

Parameters A, B, Z, C, and D are used in expressions 1 and 2 to characterize the compressibility 
and permeability relationships for the material. 

1. e=A(’+Z)B 

2. k=CeD 

where e is void ratio; ’ is the vertical effective stress and k is the hydraulic conductivity.  

The effects of polymer treatment were apparent from the graphs and the void ratio values at zero 
effective stress. First, it was noted that the addition of polymer always increased the initial void 
ratio of the slurry but in some cases a portion of that water was released almost instantaneously 
in the initial process and the void ratio at zero effective stress was lower than the zero effective 
stress void ratio of untreated MFT. This was the case for Polymer A and C, where the zero 
effective stress void ratios were lower than for sample F. In case of Polymer E the void ratio at 
zero effective stress remained higher than for the untreated MFT, since the created structure was 
stiff enough to prevent sedimentation prior to any increase in the effective stress. This 
observation was consistent with the findings of laboratory tests summarized in Table 4 where 
Polymer E had a higher yield stress and lower NWR than Polymer A and C. Second, the 
compressibility curves demonstrate that the structure of treated samples were stiffer and produce 
smaller volume changes for the same stress increments than in the untreated material. The 
increase in stiffness was particularly visible in the low effective stress range, below 1 or 2 kPa. 
Third, the polymer treatment significantly increased hydraulic conductivity of the slurry at high 
void ratios, up to two orders of magnitude, but as the void ratio decreased the differences in 
hydraulic conductivity between treated and untreated material diminished. The increases in 
stiffness and hydraulic conductivity would significantly shorten consolidation times, whilst the 
increased stiffness alone will somewhat reduce the storage capacity of any tailings facilities. 
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Figure 5 Compressibility characteristics of slurry samples 

 

 
Figure 6 Permeability characteristics of slurry samples 
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3.3.2 Discussion of Deposition Scenarios Analyses 

The consolidation properties listed in Table 5 were used in the numerical 1-d consolidation 
model CONDES in order to evaluate several possible disposal scenarios for oil sands MFTs. 
Program CONDES (Yao et al 2001) implements a numerical solution to the nonlinear finite 
strain consolidation governing equation for any combination of initial and boundary conditions 
including both consolidation and desiccation effects. 

Three disposal scenarios were considered for the purpose of evaluating field performance of 
both polymer treated and untreated MFT. The three scenarios included; 

 a thin lift of 1 m in thickness  

 a thick lift 10 m thick  

 and a 50 m deep pour  

In order to compare the effectiveness of each scenario in all three cases the same amount of 
tailings is considered. The 50 m deep pour was assumed to have an area of 1 m2, the 10 m thick 
lift an area of 5 m2 and the 1 m thin lift and area of 50 m2. Of course any common multiplier of 
these areas would produce exactly the same results. To facilitate an easy comparison all the 
results are normalized by the maximum value of the 50 m deep pour. It is also noted that for all 
four slurries the same amount of dry tailings was considered so that a proper comparison could 
be made. Due to the variability of the void ratios at zero effective stress the nominal heights for 
the three scenarios had to be slightly changed for each slurry so that total amount of solids in all 
cases is the same. The results are presented in terms of cumulative water release over time as a 
percentage of total (final) water released from the 50 m deep pour of the untreated MFT. 

Figure 7 presents the comparison of cumulative water release for all three deposition scenarios 
for both untreated and a polymer treated material. In both cases the thin lift deposition produced 
the fastest water release, but also the least total amount of released water.  It was also noted that 
the water release rate for the treated material was an order of magnitude faster where the 
polymer was used, than for the untreated material. It would take about 50 years of consolidation 
time to release all the water even from only one meter thick layer of untreated material. Thicker 
layers would require consolidation times measured in centuries if not millennia. On the other 
hand for the polymer treated material the consolidation time of 1 m thick layer is within a year 
and about 10 years for a 10 m thick layer. 

 
Figure 7a Normalized cumulative water release with time for untreated slurry 
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Figure 7b Normalized cumulative water release with time for Polymer E treated slurry 

Figure 8 compares cumulative quantities of released water for three polymer treated slurries A, 
C and E with the untreated MFT (F) for a 1 m thick layer. Polymer E produced the fastest water 
release but the total amount was limited to about 50% of the total water release available in 50 
m tall column of untreated material. Polymers A and C had comparable water release rates and 
their total release volumes were of the order of 40% of the available water. 

It was noted that these analyses were completed by assuming no drainage at the bottom of each 
layer. If subsequent material is added to the thin lift its consolidation time will be different, most 
likely longer, as initial water will be squeezed from the first lift causing an upward gradient 
through the second layer. All possible field scenarios, including desiccation, can be analysed 
using program CONDES, and an optimal disposal strategy can be developed, when 
consolidation characteristics of polymer treated MFT are correctly determined. Once promising 
strategies are developed the model predictions can be validated by instrumented field tests.   
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Figure 8 Comparison of normalized cumulative water release for A, C and E polymer treated slurries and 

untreated (F) MFT. 

3.3.3 Discussion of Deposition Scenarios Analyses vs Application Performance Analyses 

Reviewing the performance data discussed in section 3.2.1 & 3.2.2 it is clear that performance 
of Polymers A and C were superior to that of Polymer E and of the untreated sample F, where 
24hr NWR was concerned. The rankings from 3.2.1- Table 3, and compared with the CONDES 
outputs from Figure 8, tabulated in Table 6, the respective polymer rankings did not align, with 
Polymer E, then C, then A showed the greatest performance with regard to water release under 
field conditions discussed in Section 3.4.2.  

Table 6 24hr NWR application rankings v’s CONDES output rankings  

Polymer 
24hr NWR 
(%wt/wt) CONDES 

A 3 3 

C 3 2 

E 2 4 

F 1 1 

 

It should be noted that where 24hr NWR was measured, ranking of performance was based on 
test data in contrast to CONDES in which rankings were derived from test data, then worked 
through a finite strain numerical model. It was the authors’ view that this method of assessment, 
although limited in some ways as described in this study, did provide an insight into polymer / 
soil relationships that otherwise would not be achievable if looking at consolidation data in 
isolation.  
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With the above in mind, the first obvious difference in this comparison was the timescale used, 
whereby in Section 3.2.1 polymer performance was measured at 24hrs with almost no effective 
stress and in Section 3.4.2, time scales of years were used with incremental increases in 
effective stress.  In the shorter timescales it was clear that Polymer A and C provided the highest 
net water releases, followed by Polymer E and then, as one would expect, F. However when 
longer timescales are applied, the performance rankings are changed and the Polymer E treated 
system ranks highest, followed by C, A and then again F.  

4 CONCLUSIONS 

Polymer application testing and consolidation testing was undertaken on different polymer-
treated MFT’s, field conditions were then applied to the test data using a numerical model to 
assess the suitability for each method. Polymer performance from both application testing and 
CONDES values were ranked in order of water release and compared. Based on this study, it 
was clear that the optimised thin lift application conditions for named polymers cannot be 
applied to other methods of polymer treated tailings deposition. 

Even within a given application test method, assuming all polymers will display their optimum 
application performance under the same test conditions, should not be done. Although not an 
exhaustive investigation, the application test work performed for this evaluation, has shown 
(that although they are all effective) each product has its own discrete set of application 
conditions to achieve optimum performance (24hr NWR).  

Should the primary performance indicator change (to say 24hr deposit yield stress) then (1) 
product ranking will change and (2) it cannot be assumed that the previously identified 
application conditions will result is optimal performance for the new targeted response. 
Furthermore, testing criteria, modelling inputs and conditioning regimes should all be aligned 
with site drivers for the application in which the chemistry was designed for use. 
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ABSTRACT 

In 2014, Independent Project Analysis (IPA) led Alberta’s first industry research study on the 
performance of oil sands tailings management capital projects. Although the industry has 
organized extensively to investigate and share technology strategies for tailings management, 
the implementation of those strategies through capital projects had not been previously 
evaluated. The research study findings suggest that Alberta tailings projects still have a long 
way to go in terms of maximizing their value for business. The key findings from the research 
study, which include a cost-capacity model for benchmarking the base capital cost of an oil 
sands tailings management project, are presented here. Most importantly, we describe the root 
cause of ineffective investments in tailings management facilities and assets: business’ failure to 
prioritize these projects and provide the time and resources required for capital effectiveness. 
Further, we explore the importance and implications of capital effectiveness in oil sands tailings 
management investments. Although waste management and compliance projects deliver no 
direct financial return to the bottom line, the indirect returns yielded from the effective and 
responsible delivery of tailings management assets are critical to staying in business in the 21st 
century.  

1 WHAT ARE OIL SANDS TAILINGS? 

Oil sands operators produce large volumes of a waste by-product called tailings in the process of 
extracting bitumen from mined oil sands. The tailings consist of various densities of water, sand, 
silt, and/or clay, and may also include trace levels of residual bitumen and process 
solvents/chemicals. Tailings waste streams are generated through the process of bitumen 
extraction, which is illustrated below in Figure 1.  
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Figure 1 Regular tailings production 
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Regular tailings refer to the coarse and fine tailings streams that are direct outputs of the 
extraction process. Coarse tails contain more than 10 percent solids and are usually separated 
from the underflow stream of a primary separation vessel (PSV) or hydrocyclone.  

Fine tailings contain less than 10 percent solids and consist of two types: flotation tailings and 
froth tailings. Both types are often used for the construction of dikes and beaches on mining 
leases.   

Flotation tailings streams have specific gravity in the range of 1.10 to 1.23 and are usually 
separated from the middling stream of a PSV or from the underflow of a flotation cell. 
Alternately, froth tailings are a type of fine tailings that have specific gravity of 1.10 or lower 
and are generated after operators separate tailings from PSV overflow streams in a froth 
separation unit (FSU). Froth tailings are isolated after tailings from the FSU have been stripped 
of any remaining solvent(s), usually in a Tailings Solvent Recovery Unit (TSRU). Some 
operators refer to the froth tailings stream as the “cyclone overflow” stream (COF). 

Historically, operators have deposited regular tailings in man-made ponds or end-of-life mines. 
The ponds function both as settling basins to separate solids from fluids in the tailings streams 
as well as holding areas from which clear water can be recycled back to the bitumen extraction 
process.  

1.1 Fluid Fine Tailings 

Downstream of the extraction process, the differentiation in tailings densities that result from 
transportation, settling, or separation processes are called fluid fine tailings (FFT). There are two 
types of FFT: thin fine tailings (TFT) and mature fine tailings. 

When regular tailings are discharged into a tailings pond, the sand elements in the tailings tend 
to settle quickly. The sand can be used to form beaches or to construct dikes to contain the 
remaining fluid tailings. Silts and clays equal to or smaller than 44 micrometres in size are 
generally captured in the dikes and beaches and any remaining smaller particles flow with the 
water into the pond to form thin fine tailings at specific gravity of 1.10 or lower. TFT refer to 
any tailings that are downstream of the extraction process and that are not mature fine tailings. 

The smaller particles of silt and clay in TFT tend to remain in suspension and take decades or 
longer to slowly settle over time. Even after several decades, Industry has found that the tailings 
consolidate at best into a material with the consistency of soft mud, known as mature fine 
tailings (MFT). MFT typically comprise more than 30 percent solids and can have specific 
gravity in the range of 1.10 to 1.55. 

1.2 Non-Segregated Tailings 

Because of the slow reclamation timeline associated with allowing TFT to consolidate into 
MFT, oil sands operators have recently been experimenting with various methods and processes 
for consolidating regular tailings more efficiently. The tailings densities achieved through these 
engineered processes are called non-segregated tailings (NST). As of 2015, the industry has 
proven three types of NST in commercial-scale production: composite tailings, thickened 
tailings, and tailings cake. 

Composite tailings (CT) are a type of NST created in a mixing facility by combining quantities 
of regular tailings with MFT (dredged from the bottom of a pond) and a coagulant like alum or 
gypsum. These are different from thickened tailings (TT), which are created in a mixing facility 
by combining any tailings stream with a polymer flocculant. The most common processes for 
TT production combine regular froth tailings with a polymer flocculant in a configuration 
adjacent to the TSRU. However, operators can also produce TT by combining either type of 
TFT with a flocculant at an in-line facility downstream of the extraction process.   

Finally, operators can also use centrifuge machines to spin excess water out of TFT, which 
yields tailings cake by combining a polymer flocculant with centrifuged TFT. 
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2 THE OIL SANDS TAILINGS MANAGEMENT DILEMMA 

Over the past 15 years, significant environmental and scientific investigation has shown that the 
historically standard settling process for transforming TFT into MFT requires slow 
consolidation over decades, if not centuries. Canadian regulators have used Directive 74 (2009) 
and the Tailings Management Framework (2015) to require increasingly robust commitments 
for environmental compliance in tailings deposition and storage at bitumen mines. At a high 
level, the regulations require operators to: 

1) Reduce the quantities of suspended fines generated during and after bitumen extraction 
and 

2) Reclaim the large volumes of MFT that already exist on mining leases 

As bitumen production continues, the surface area requirements for tailings storage increase 
proportionately. Even without any production capacity expansion due to the current price 
depression in the crude market, tailings management projects are sustaining capital investments 
that are necessary simply to maintain production at each site. Fluid level balances across storage 
areas must be maintained, which means that massive volumes of TFT and MFT have to be 
dredged, pumped, and stored in facilities that result from the major civil earthwork efforts. 

The industry is actively pursuing new technologies and methods for removing water and 
consolidating tailings more efficiently. Operators and regulators are working in a constant 
feedback loop to identify technologies that satisfy compliance requirements and simultaneously 
complement site mining plans and facilities configurations. As a result, capital projects are often 
initiated to install systems in parallel to the development of an operating philosophy for those 
systems. Further, some projects in the early conceptual stages spend years in recycle while 
regulators refine the requirements and evaluate proposed compliance efforts.    

As such, tailings management projects are increasingly resource- and capital-intensive with no 
direct return-on-investment. Changing requirements from operators and regulators drive projects 
that are highly unpredictable in terms of cost and schedule. Additionally, despite a perception 
that oil sands tailings management projects have “simple” scope, their technical execution can 
be challenging. The projects are often constrained by requirements regarding asset mobility in 
active operating areas, regulatory pressure on technology selection, and/or effluent 
characteristics that are unreliable and difficult to measure. 

At the request of several clients, IPA launched a study to develop a benchmarking methodology 
for oil sands tailings management (OSTM) projects and investigate the drivers of cost and 
schedule for these unique investments.  

3 RESEARCH STUDY METHODOLOGY 

By collecting real project data from multiple owner companies, IPA established an industry 
baseline and built a database of OSTM projects. Three key operators in Fort McMurray 
contributed OSTM project datasets from five mining sites to the research effort. The data were 
used to develop a parametric, capacity-based benchmarking methodology and to identify the 
Best Practices in Industry for tailings management strategies.  

The study was initiated in April 2014 and followed IPA’s world-class research study work 
process. IPA worked with the study participants to isolate data requirements for the research and 
to create new data collection tools that are specific to OSTM projects in Alberta. By creating a 
database that is comprised exclusively of recent, like-scope projects in Western Canada, the 
research was well positioned to yield findings that accurately reflect this niche sector of capital 
investment. Very little normalization and data transformation was necessary to facilitate a 
precise comparison.  
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Between August and October 2014, the industry demonstrated its commitment to improving 
capital effectiveness by providing the detailed data necessary to serve the analysis. The study 
was complete in January 2015 when the research participants received the results. For the first 
time, Alberta’s oil sands operators were able to understand their competitive positioning among 
capital investments that, at least on the surface, do not facilitate overall business 
competitiveness. 

4 WHAT DRIVES COST AND SCHEDULE ON OSTM PROJECTS? 

Data gathered during the study revealed a strong correlation between capital cost and tailings 
capacity, as shown in Figure 2. In this relationship, we have modeled the capacity defined as the 
combined capacity, in cubic meters, of all tailings fluid (including RCW) lines that the project 
installed or modified. 
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Figure 2. Project capital cost and tailings capacity 

However, the analysis also showed a significant amount of residual variance in the relationship. 
The variance is logical because the scope of OSTM projects is highly variable and depends on 
the operating configuration at individual mines. Because of this, IPA developed a cost 
effectiveness model to benchmark OSTM project costs that accounts for five elements of major 
scope that we observed on some or all of the projects in the sample:  

1) Barges and/or dredges (various sizes, electrically driven and diesel fueled) 

2) Pump stations (modular, stick-built, electrically driven, and diesel fueled) 

3) Electrical infrastructure (substations, e-houses, trailing cable, and transmission) 

4) Pipelines (various diameters, both irathane and non-irathane lined) 

5) Major Earthworks (corridors, dikes, berm uplifts, emergency dump ponds, and ramps) 

As a result of this detailed investigation, the final cost effectiveness model controls for capacity-
based complexity measures for each scope element. As such, we are able to control for projects 
that did not install one or more scope elements as well as projects that modified assets within the 
scope elements. 
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 X = f(barges/dredges) + f(pump stations) + f(pipelines) + f(earthworks) + f(electrical) + B1  
 

The model provides cost benchmarks on a total cost basis and is therefore parametric in nature. 
As research continues and more observations of OSTM projects are added to the database, the 
model will gain strength. Further, if the industry develops the capability to track detailed cost 
data isolated for each of these scope elements, it would benefit from the ability to benchmark 
cost by scope element (i.e., industry average costs for pump stations, barges, or volumes of 
complex earthworks).  

Using the same complexity measures, the study developed a similar capacity-based model to 
benchmark the execution schedule duration on tailings management projects. As a result of this 
study, oil sands operators in Alberta now have a resource for obtaining cost and schedule 
benchmarks for tailings management projects as well as understanding their competitive 
position in this industry. 

4 OTHER FINDINGS 

The research study confirmed Industry’s suspicion that OSTM projects are less predictable than 
the global industry average. The average cost growth on projects in the dataset was +15 percent2 
and the average schedule slip was 27 percent. There were a staggering number of major late 
changes on the projects: on average, projects incurred 7 major late changes during execution. As 
expected, this performance was driven by project planning inputs that were categorically worse 
than the global averages and significantly worse than Best-in-Class.  

IPA has quantified the development, planning, and execution practices that are associated with 
Best-in-Class capital project delivery by studying thousands of projects built by companies in 
global process industries over the past 30 years. Among more than 17,000 observations of 
individual capital projects, research shows that certain planning elements are statistically 
correlated with improved capital effectiveness. Specifically, the Front-End Loading (FEL) Index 
is a rating that quantifies project readiness at the start of execution based on a spectrum of risk 
elements, including, but not limited to: site factors, engineering design status, and execution 
planning. The FEL Index ranges from a value of 3 (overdesigned) to 12 (inadequate) in which a 
score of 4.00 to 4.75 is Best Practical and correlated with significantly better project 
performance. 

As part of the OSTM research study, IPA calculated the FEL Index and other metrics for project 
readiness for each project in the study sample. Through the study, the industry participants were 
able to share lessons learned and better understand the practices that drive the poor performance 
on OSTM projects. However, the overall root cause of this poor performance lies in deficiencies 
in the planning process at the site or program level: superficially, OSTM projects deliver no 
financial return. Project design and execution management, therefore, suffer from a lack of 
resources and a firm basis for project planning.  

5 BUSINESS-CRITICAL, LOW-RETURN PROJECTS 

Research has generally found that when projects have low or zero financial return-on-
investment, organizations often assign them a lower priority in the capital portfolio. Although 
these projects may not yield direct financial return to the business, they are sometimes business 
critical (i.e., projects that comply with environmental regulations or tailings management 
projects that are required to maintain production). Frequently, businesses defer capital spend and 

1 In which X is cost or schedule prediction, f is function, and B is the constant or Y-intercept (adjusts mean of 
residuals to zero). 
2 This growth metric reflects growth in the base capital estimate and excludes contingency. Including contingency, 
the average growth was approximately 0 percent, which shows that contingency is almost always completely 
consumed and there is an opportunity for better definition prior to the start of execution on OSTM projects. 
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authorize these projects as late as possible. With little to no direct return-on-investment, these 
projects should always be cost driven, but, by deferring capital spend until it is absolutely 
necessary, the projects often become schedule pressured and incur the additional costs 
associated with schedule acceleration.  

In a 2002 research study, IPA observed a clear divergence in the approach that businesses take 
to projects that have minimal financial return, but critically affect ongoing production, like 
environmentally driven projects (Brown 2002). The study identified a “wait and see” group of 
projects that had long approval delays and that were initiated as late as possible on the pretext of 
anticipating change to regulations or the available technology. Conversely, a “proactive” group 
of projects were executed as a part of a corporate strategy to address a business-critical issue, 
from infrastructure development to compliance with government regulations.  

The analysis showed that the “wait and see” projects typically had 22 percent worse cost 
effectiveness than projects that were executed using a “proactive” approach. Further, despite the 
schedule-driven nature of the “wait and see” projects,” those investments averaged 42 percent 
execution schedule slip.  

Although the projects had no calculable return-on-investment, we calculated relative net present 
value (NPV) by making certain assumptions.3 The calculation facilitates the quantification of the 
effects of cost and schedule performance in one metric. Even if a project was never meant to 
have a positive financial return, we can use the theoretical metric to gauge the percent NPV 
change when a project delivers a performance typically associated with “wait and see” versus 
“proactive” compliance projects.  

The subsequent analysis showed that business-critical, low-return projects executed on a 
“proactive” basis subtract less from the NPV than those executed on a “wait and see” basis. It 
also isolated a subset of “proactive and just-in-time” projects that stood to achieve even better 
NPV. These projects were planned as part of a corporate strategy to address a business-critical 
issue, and executed on a cost-driven basis with just the right amount of time to progress project 
readiness to a Best Practical level4 before asset delivery was critical.  

Confirming the results of the 2002 research effort, which considered compliance projects from 
various industries around the globe, the 2014 OSTM research study yielded similar findings 
from the specific compliance subset unique to tailings management in Northern Alberta. Across 
oil sands mining sites, tailings management projects suffer from a lack of priority in the capital 
portfolio. They are business-critical, low-return projects that are almost universally executed 
with schedule-driven strategies.  

Eighty-four percent of projects in the research study sample traded cost for schedule by 
spending capital funds on schedule acceleration practices, such as equipment expediting, 
supplemental overtime, or initiating engineering work with a poorly defined design basis, and 
consciously anticipating change orders. Because the projects will yield no direct ROI, there is no 
rational reason to spend any more than necessary on OSTM projects—so theoretically, it 
follows that these projects are “unnecessarily” schedule driven. Additionally, despite their best 
efforts to achieve faster schedules, the same projects averaged 27 percent schedule slip in 
execution.  

Like the greater set of global compliance projects, OSTM projects performed better when 
implemented with better planning practices. Although the overall subset averaged significantly 

3 Assuming the following: 0 return-on-investment, 3-year deadline, no advantages for early compliance, $25 million 
cost, 10 percent cost of capital, and 25-month cycle time (including 9 months of FEL and 16 months of execution and 
startup). We included the characteristics of the “wait and see” and “proactive” projects to calculate the respective 
effects of each on the NPV. 
4 As quantified by IPA’s FEL Index. 
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worse FEL planning than global Best-in-Class projects, Figure 3 shows how those OSTM 
projects that took the time to leverage their relatively better FEL were more cost competitive.  

OSTM Cost Performance vs. FEL Index at Start of Execution
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Figure 3. OSTM cost performance and FEL index at start of execution 

6 NON-FINANCIAL RETURNS 

The analysis shows that business-critical, low-return investments like OSTM projects still have 
an effect on asset NPV and that the effect can be optimized when the projects follow a proactive 
planning strategy and apply better FEL practices prior to execution. However, in many ways, the 
cost effectiveness of these investments is less important than their operability and environmental 
compliance. Although the projects have no direct ROI, they deliver major indirect returns to the 
business. 

21st century businesses are increasingly responsible for the environmental effects of their 
operating activity. Regulation and environmental compliance drives OSTM project initiation 
and execution, and meeting those objectives is critical not only to staying in business, but to 
competitive positioning for future growth. This is because failure to comply with a regulation or, 
worse, asset failures that lead to environmental and/or safety disasters, can significantly sway 
the public’s perception of a company. Amplified by the power of social media, public 
perception increasingly influences investing decisions in financial markets. In this way, indirect 
returns from capital ineffectiveness on environmental compliance projects stand to seriously 
degrade shareholder value. 

Research shows that good project planning, as quantified by IPA’s FEL Index and other input 
metrics, is strongly correlated with safer projects as well as safer and more reliable operating 
assets. Modern businesses must maximize both the direct and indirect returns on capital projects 
and programs with compliance objectives. Maximizing these returns means that the organization 
must invest the resources necessary for projects to implement strong work processes that ensure 
the achievement of Best Practical FEL. 

Implementing Best Practices in project planning and following the recommendations resulting 
from capital effectiveness research is not only critical to the balance sheet, it is critical for 
exercising the social responsibility that is expected of businesses in today’s world. There are 220 
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combined square kilometers of oil sands tailings storage in Fort McMurray and the operators 
who participated in IPA’s research study are committed to continuously improving the 
effectiveness of the capital being invested to fix that problem. 

7 PHASE 2 OF OSTM RESEARCH 

Following the success of this first phase of research, IPA is taking note of a variety of 
suggestions that have been made for future research on the capital performance of oil sands 
tailings management projects. Future research topics include, but are not limited, to: 

 Assess technological innovation in oil sands tailings  

 Identify most effective technology strategies on compliance & capacity bases 

 Benchmark total tailings management system effectiveness 

 Expand database to include OSTM projects from all operators in Alberta’s oil sands 

 Compare OSTM projects to tailings management projects in other mining industries 

 Derive IPA’s full suite of quantities-, cost-, and hours-based cost metrics  

 Identify common challenges and Best Practices for composite tailings (CT) production 

 Enhance predictive cost modeling by increasing number of observations and adding cost 
data by scope area 

 Benchmark OSTM asset operability 

 Calculate NPV performance and identify relationships between NPV and project inputs 

 Quantifying corporate social responsibility and environmental returns on OSTM 
projects 

 Benchmarking other schedule phases   

 Sensitivity analyses to distinguish the performance of small-cap OSTM projects 

At this time, we are seeking preliminary interest from industry participants for Phase 2 of the 
research effort.  
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ABSTRACT 

In a time where tailings disposal has come under increased scrutiny and legislative control, the 
need to minimize operational footprint and environmental impact is critical, for both operating 
mines and proposed new mining operations. The process of in-line polymer treatment of mineral 
tailings, prior to deposition, has gained wider acceptance as a viable means of managing and 
controlling tailings operations. For combinations of polymer and mineral slurry to be viable and 
effective operational treatments, those process variables that have a significant impact on 
polymer application performance must be identified. Once identified their actions and 
interactions need to be understood. An awareness and understanding of the process variables is a 
powerful tool in managing the tailings deposition operation on an ongoing basis. Selected 
variables can either be physically controlled or managed through reactive and proactive polymer 
preparation/application systems directed by process control logic. This paper will investigate a 
number of common process variables and demonstrate their individual and conjoint influence on 
the depositional performance of polymer treated tailings.  

Keywords: polymer, tailings, deposition, experimental design, d-optimal design  

1 INTRODUCTION 

Polymers are applied across a variety of mineral tailings operations globally (Beveridge, 2015). 
They have been proven to effectively provide operational benefits including faster rates of liquor 
release; significant reduction in tailings footprint and deposition time required to achieve given 
solids or yield stress, as well as positive effects on final rehabilitation when operations are 
ceased. 

The ability of polymers to provide a cost-viable proposition to tailings operations is significantly 
influenced by the comprehensive understanding of the process and mineralogical variations 
inherent within the tailings deposition process (Riley, Utting, 2014). In order to adequately 
investigate such variables, experimentation can require a significant amount of test-work, 
resources and subsequent data analysis unless experimental design methodology such as 
response surface techniques are utilized. Of course, such experimental design programs require 
planning for effective execution, however the use of designs such as D-optimal can give 
significant information on the data model with a reduced number of experiments to be 
completed (de Aguilar, 1995). D-optimal designs are also of use where categorical (non-
numerical) variables are assessed.  
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Figure 1. Schematic representation of the D-Optimal design 

This paper discusses two scenarios, one live scenario where an experimental design program 
was interrupted due to usual interruptions in the day to day on-site mining laboratory and a 
second scenario where a stable test work environment was possible. 

2 EXPERIMENTAL 

2.1 Substrate Preparation 

In the experiments conducted, two substrates were investigated: 

a. A tailings slurry from a commercial mineral processing operation  

b. A laboratory prepared synthetic slurry 

The synthetic slurry was prepared to comprise of super fine sand, kaolin, and silica. The 
sands:slimes ratio (namely the fine sand:kaolin ratio) was varied according to the planned design 
(See Section 2.7). The slurry was prepared with de-ionised water containing 2 g/L sodium 
chloride and was mixed for one hour. The resulting slurry was left to hydrate for three days prior 
to subsampling for the test work. Dilution using de-ionised water was made to the required 
solids content according to the planned design. Details of the compositions used are detailed in 
Table 1 below. For the commercial tailings substrate a fresh sample was taken from the live 
process. Further process information was not made available at the time of sampling; however 
the basic physical properties are tabulated below in Table 2: 

Table 1. Composition of Synthetic Tailings Slurry Samples 
Component (% w/w) Sand:Slimes Ratio 
 45 55 65 
Super Fine Sand  25.2 26.0 36.4 
Kaolin  30.8 30.0 19.6 
Silica  44.0 44.0 44.0 
 

Table 2. Physical Properties of Commercial Tailings Sample 
Physical Properties  Value  
Dry Weight (%w/w)  28.50  
Specific Gravity (slurry, gcm-3)  1.226  
Specific Gravity (liquor, gcm-3)  1.000 
 

2.2 Polymer Preparation 

Solutions of the Rheomax® ETD polymers were prepared at 0.5% stock solution strengths by 
weighing 0.500 grams into a clean, dry, 200ml bottle and then adding 100ml de-ionised water. 
The resulting solutions were allowed to hydrate for 24 hours prior to dilution to the relevant 
working solution strength as required for the experimental design. 
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2.3 Preliminary Screening - Dose Range + Polymer Conditioning Preparatory Work 

In order to build an appropriate experimental model, preliminary screening work, using BASF 
Standard Method Ref. WTTW46.0, was conducted on the full Rheomax® ETD product range to 
select viable products and mixing/dose ranges for the design as per the method above. Lead 
candidate products were selected based upon their ability to affect structural stability of the 
treated tailings and visual water release. Results were obtained using a polymer solution strength 
of 0.1% w/v at a fixed polymer dosage of 394g/T. Mixing was performed using a planetary 
mixer with the time recorded being in seconds. Structure formed is assessed visually to obtain a 
perceived optimum. A calculated Stability Factor indicates the relative longevity of the structure 
formed using the various polymer treatments and can be used to facilitate product selection 
where time or sample resources are limited.  

The so-called Stability Factor was calculated as below: 
Stability Factor = Shear Value at which Structure Deteriorates – Shear Value at which Structure Forms 

       10 
2.4 Tailings Deposition Laboratory Simulation Technique 

The applications test method for deposition employed in both cases involved using a planetary 
mixer to control polymer conditioning followed by deposition of the resulting treated slurry onto 
porous media to facilitate longer term deposit monitoring with regards to drainage. The method 
employed does not account for de-watering due to compression or evaporation, only that arising 
from gravity free-drainage.  

The percentage of water released from the deposit is calculated as below: 

% Water Release = 
(g) added Water ofAmount  + (g)Slurry  Treatedin Water 

(g) releasedWater 100    

2.5 Experimental Design 

Response Surface Methodology (RSM) is a well-proven, but sometimes under-utilized 
mathematical technique, for modeling physical responses when different chemical variables are 
introduced into a tailings system via polymer treatment in a laboratory environment prior to 
final polymer selection. Traditional laboratory testing in past years within the industrial 
chemical industry has often relied solely on the generation of two-dimensional data and graphs 
where one factor is varied at a time to produce one or more responses; the use of three-
dimensional Factorial Experimental Design (FED) methodology where multiple factors can be 
altered simultaneously within one experimental run allows for a greater understanding of a 
factor, e.g. product performance with respect to defined responses, i.e. process parameters. 

Performing a full factorial experimental design can be time consuming and historically for that 
reason, could likely be associated with the negative press on utilising this approach to 
experimentation. Other three-dimensional experimental models are now commonly used which 
can be referred to as reduced designs; whereby only part of the required points for a full-
factorial are considered.  

2.6 Commercial Mineral Processing Operation Tailings Slurry 

Initially a D-Optimal experiment was designed due to the inclusion of a categorical variable, 
product-type and limited on site resources. Unfortunately due to production shutdowns it was 
not possible to complete the on-site work program. The resultant partial dataset was analysed 
and interpreted using historical data analysis methodology. In total, 94 tests were performed, 
covering five defined variables; four numerical and one categorical as detailed in Table 3 below. 
Block number (Experimental Day) was included in order to assess aging effects. 
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 Table 3. Experimental Model for Commercial Tailings Investigation 

Variable Lower value Upper Value 

A: Block 1 2 
B: Polymer Dose (g/T) 350 650 
C: Polymer Solution Concentration (% v/v) 0.05 0.15 
D: Mixing Time (seconds) 35 120 
E: Rheomax® ETD Products 5 

 

2.7 Synthetic Slurry 

A D-Optimal design was used, requiring a total of 63 experiments, incorporating five numerical 
variables at three levels and one categorical variable. Due to time restraints associated with the 
generation of the applications test data and the longevity of the period over which the deposit 
was monitored; it was necessary to perform the experiments over seven days, creating seven 
experimental blocks.  

Table 4. Experimental Model for Synthetic Slurry Investigation 

Variable Lower Value Upper Value 

A Polymer Dose (g/T) 100 340 
B Polymer Solution Conc (% w/v) 0.05 0.50 
C Mixing Time (seconds) 25 55 
D Slurry Solids (% w/w) 40 50 
E Sands:Slimes Ratio (%w/w) 45 65 
F Molecular Weight LOW MEDIUM HIGH 

 

In order to vary molecular weight, three polymers were synthesized, as detailed in Table 4 
below. A commercial polymer, Rheomax® ETD9010 was included for comparative purposes 
alongside the laboratory synthesized polymers.  

Table 5. Physical Properties of Polymers Used in Synthetic Slurry Experimental Model 

Polymer Name Solids Content 
(%w/w) 

Reduced Viscosity 
(dl/g) @125ppm  Molecular Weight 

A19040 89.1 12.3 Low 
A19016 88.5 20.1 Medium 
A18631 87.7 27.0 High 
Rheomax® ETD9010 89.5 17.0 Medium 

 

Responses measured on the polymer treated deposit were: 1. Solids (%w/w), 2. Yield Stress 
(Pa), and 3. Quantity of water released (% of available). All were recorded at two time intervals 
of 0.5 and 24 hours. Water quality was also assessed. The results discussed in the following 
sections are limited to responses 2 and 3 at this juncture.  

3 RESULTS  

3.1 Preliminary Screening on Commercial Operation Tailings 

As described in Section 2.3, five products were selected for inclusion in the Experimental 
Design based on the results in Table 6 below. 
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Table 6. Preliminary Screening results for Polymer Treated Commercial Operation Tailings 
Rheomax® 

Product Structure Forms 
Optimum 
Structure 

Structure 
Deteriorates 

Structure 
Lost 

Stability 
Factor 

ETD9055 25 75 180 420 2.6 
ETD9035 25 52 100 150 1.3 
ETD9020 30 55 100 225 1.2 
ETD9010 25 60 110 172 1.4 
ETD9065 25 60 110 170 1.4 
ETD9060 23 70 137 190 1.9 
ETD9050 23 65 110 183 1.5 

 

3.2 Experimental Design on Commercial Operation Tailings  

As described in Sections 2.5 and 2.7; a Response Surface D-Optimal experiment was partially 
completed; in total, 94 tests were performed over two days. The ‘test day’ was included as a 
variable in the subsequent historical data analysis, in order to assess aging effects. Responses 
measured were as follows: 

R1: Initial Water Release (% w/w available, 30 minutes post deposition) 

R2: Initial Water Quality (FTU, 30 minutes post deposition) 

R3: Deposit Yield Stress (Pascals) 

3.2.1 Initial Water Release – Commercial Operation Tailings 

The quantity of water released from the polymer treated deposit was assessed after a time period 
of 30 minutes. From the variables investigated, B, C, D & E were found to be significant terms 
for inclusion in the model i.e. all factors with the exception of the day of test. 

The following graphs explain how the water release is affected when the variables are changed. 

 
Figure 2. Effect of Product Choice on Initial Water Release (% available water) 

The plot displayed in Figure 2 above shows that the effect of product choice (Factor E) was not 
significant in terms of water release; however, stability (not modeled) is an important factor to 
consider as per Table 6 when considering operational scale-up.  
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3.2.2 Deposit Yield Stress – Commercial Operations Tailings Slurry 

 
Figure 3. Contour Plot Showing Effect of Polymer Dose (g/T) and Mixing Time (seconds) on Deposit 

Rheology (Yield Stress, Pa) 

3.3 Experimental Design on Synthetic Slurry 

As described in Section 2.6 and 2.7, a Response Surface D-Optimal experimental procedure was 
carried out over seven days. The deposits were monitored both initially (30 minutes post-
deposition) and over a prolonged period (24 hours). 

3.3.1 Initial Water Release – Synthetic Slurry 

From the variables investigated, A: (Polymer Dose, g/T), D: (Slurry Solids, %w/w), E: 
(Sands:Slimes Ratio) & F: (Molecular Weight) were found to be significant terms for inclusion 
in the model. 
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Figure 4. Perturbation Chart showing variables to maximize initial water release 

3.3.2 Initial Deposit Rheology – Synthetic Slurry 

The factors A: (Polymer Dose, g/T), B: (Polymer Solution Concentration, % w/v), D: (Slurry 
Solids, %w/w), E: (Sands:Slimes ratio) and F: (Molecular Weight) were all found to be 
significant terms for inclusion in the model.  

 
Figure 5. Perturbation Chart showing variables to maximize initial deposit rheology 

3.3.3 24 Hour Water Release – Synthetic Slurry 

The factors A: Polymer Dose (g/T), B: Polymer Solution Concentration D: Slurry Solids, E: 
Sands:Slimes ratio and C: Mixing were all found to be significant terms for inclusion in the 
model. 

Figure 6. Interaction Graph Showing effect of Slurry Solids on 24 hour Water Release  
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Figure 7 – One Factor Graph Showing effect of Sands:Slimes ratio on 24 hour Water Release  

          *WR = Percentage Water Release calculated from Available Water 

3.3.4 24 Hour Deposit Rheology – Synthetic Slurry 

 
Figure 8. Graph Showing effect of polymer solution strength ratio on 24 hour Deposit Rheology 

        *YS = Yield Stress 
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3.4  Statistical Analysis Results 

Table 7. Summary Chart Comparing Main Common Factors affecting initial Deposition Characteristics 
for Commercial Operation and Synthetic Slurry 

 Polymer 
Dose 
(g/T) 

Polymer 
Solution 

Concentration 
(% w/v) 

Conditioning 
Time (mix, 

seconds) 

Molecular 
Weight 

(Measured 
Product intrinsic 
viscosity, dl/g) 

R-Squared Fit 

X ¥ 
Initial Water 

Release 
 

X ¥ X ¥ X ¥ X ¥ 0.6535 0.8543 

Initial 
Deposit 

Rheology 

X ¥ X ¥ X ¥ X ¥ 0.7622 0.7043 

X = Synthetic Slurry 

¥ = Commercial Operation Tailings 

Table 8. Statistical Fit of Data Modelled 
Commercial Operation Tailings Synthetic Slurry 

 Initial 
Water 

Release 
(%) 

Initial Deposit 
Yield Stress 

(Pa) 

Initial Water 
Release (%) 

Initial 
Deposit 

Yield Stress 
(Pa) 

24 Hour 
Water 

Release (%) 

24 Hour 
Deposit Yield 

Stress (Pa) 

R2 0.8543 0.5714 0.6535 0.7622 0.8535 0.8052 
Adjacent R2 0.8421 0.5568 0.6119 0.7282 0.8326 0.7902 
Predicted R2 0.8265 0.5364 0.4583 0.6125 0.7545 0.7178 
Adequate Precision 33.827 19.027 12.016 14.860 19.531 16.453 
Coefficient of 
Variation (%) 

 
16.44 

 
30.61 

 
68.79 

 
21.29 

 
7.23 

 
18.26 

 
Table 9. Main Factors Affecting Synthetic Slurry Deposition Model with Prolonged Monitoring 

 Polymer 
Dose 
(g/T) 

Polymer 
Solution 

Concentration 
(% w/v) 

Conditioning 
Time (mix, 
seconds) 

Slurry Solids 
(% w/w) 

Sands:Slimes 
Ratio 

R-
Squared 

24 Hour Water 
Release 
 

     0.8535 

24 Hour 
Deposit 
Rheology 

  x   0.8052 

4 DISCUSSION 

Generally speaking, for all responses modelled to date, the values for R-Squared and the 
Adjacent R-Squared (significantly <1.00) as displayed in Table 7 indicate that the mathematical 
models applied were adequate; i.e. the applied model adequately described the data-set. During 
the modelling process for both tailings slurries there was some evidence to suggest more 
discreet interactions between factors such as molecular weight and mixing however the level of 
experimental error within the data-set made such interactions invalid for inclusion in the model. 
Some of the observed coefficient of variation (CV) values in Table 7 above may be considered 
high (with reference to the initial water release of the synthetic slurry) indicating that even in the 
controlled laboratory environment, an unknown factor influenced the model applied. With 
reference to Table 6 however it can be said however that certain main linear factors were 
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apparent between the two slurries investigated and the different approaches in terms of a 
historical analysis on a partially completed design, and a full completion of a larger more 
extensive design.  

In terms of actual effect of polymer treatment on the properties of the tailings deposit; 
interestingly, when polymer molecular weight was included in the model for the synthetic 
slurry; it was found that the molecular weight of the commercially produced product was the 
most favorable in terms of initial deposit rheology, as shown in Figure 5, and was in fact most 
comparable to the medium molecular weight laboratory generated sample indication that a 
molecular weight of 17 – 20 (dl/g) was in this case optimum. For a higher initial water release 
however as displayed in Figure 4, a lower molecular weight polymer (12 dl/g) was found to be 
more beneficial, however for prolonged water release molecular weight was not found to be 
significant with reference to Figure 6. Similarly for a deposit with higher final (24 hour) yield 
stress, a lower polymer solution strength was found to be advantageous as shown in Figure 8, 
however surprisingly, polymer molecular weight was not found to be significant in this case.  

Due to the different experimental protocols employed, it was only possible to make a prolonged 
assessment on the de-watering properties of the synthetic slurry deposit. It was this longer 
monitoring, as well as the likely designed experimental approach, that was able to identify 
significant interactions between some variables such as displayed in Figure 6 as well as some 
degrees of curvature, Figure 8. This was summarized in Table 8; whereby it was apparent that 
the prolonged monitoring of the synthetic tailings deposit was beneficial firstly by resolving the 
high CV observed for water release and secondly by identifying curvature of the modelled 
response which was not apparent from initial data. That said, the model applied to the 
commercial tailings slurry was still valid and produced significant data with regards to factors 
affecting water release; not only the dosage and choice of the polymer were important but also 
the applied mixing and polymer solution strength. For the commercial operations however, the 
model was not able to fully capture the factors affecting the initial deposit yield stress, with only 
a 57% fit of data (Table 7). The trends displayed in Figure 3 are in line with what is already 
known about polymer treated tailings (Reid, Utting, 2015), however for the rest of the model to be 
correctly captured, an extended model as performed for the synthetic slurry including most 
likely the tailings feed solids and sands:slimes ratio should be considered for a reduced number 
of polymers.  

5 CONCLUSION 

As the number of polymer treated tailings deposition applications grow, numerous environments 
to functionally maximize deposition potential are unfolding. Many variables such as polymer 
solution strength, conditioning time in addition to simple dosage and product selection have 
been established as critical to date in order to optimize such treated deposits, and many more are 
likely present.  

Whether or not the tailings and polymer treatment assessed should always be conducted 
extensively upon a laboratory or full-scale via larger data set analysis (using alternative 
analytical techniques) remains to be seen, but it can be concluded that 3-dimensional 
experimentation and analyses are essential tools to understand and respond to process variables. 

Initial deposit assessment data can give basic information about the likely final water de-
watering and rheological properties of the deposited material however it is only with prolonged 
monitoring that interactions and model curvature become apparent. When deciding upon which 
factors are most significant for deposition of tailings, an agreement has to be found to optimize 
on water release and subsequent consolidative effects (deposit solids), or to focus on deposit 
yield stress. The two factors are linked however the optimum choice to satisfy both conditions 
may likely be a compromise. 
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A multi-disciplinary approach whereby the use of response surface methodology is cross-
referenced with key responses could ultimately provide more insight into the optimisation of 
polymer treating tailings deposits in order to maximize efficiency in both technical and 
economic terms. 
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Designing and constructing a mine water treatment facility to 
remove multiple contaminants 

Joseph R. Tamburini*, H.C. Liang, Frank J. Johns  
Tetra Tech, USA 

ABSTRACT 

Regulations for sulfate in mine water discharge have become more common, requiring more 
advanced sulfate–removal processes at many mining operations. Where they apply, sulfate 
discharge standards in the United States generally range between 250 mg/L and 1,000 mg/L, 
with proposals in certain areas to apply sulfate discharge standards as low as 10 mg/L. The 
design and construction of a full–scale mine water treatment facility to remove multiple 
contaminants, including sulfate, fluoride, aluminum, iron, manganese, molybdenum, and total 
dissolved solids (TDS), at a molybdenum mine in New Mexico, United States, are presented. 
The design flowrate of the mine water treatment facility is approximately 5 million gallons per 
day (MGD), where certain waste streams with greater than 5,000 mg/L sulfate concentrations 
are treated to below 600 mg/L and below 1,000 mg/L TDS along with discharge limits for other 
contaminants–of–concern. The evaluation of treatment technologies and decision–making 
processes utilized to develop the final design are discussed. Construction of the mine water 
treatment facility is expected to be completed by 2016.  

Keywords: sulfate, ettringite, gypsum, mine water treatment 

1 INTRODUCTION 

Sulfate (SO4
2–) is often produced in acid mine drainage (AMD) as a result of exposing pyritic 

rocks to air due to mining activities, which leads to a cascade of reactions forming both acidity 
and sulfate that can be summarized by Equation 1:  

2FeS2(s) + 7O2(g) + 2H2O(l)  2Fe2+(aq) + 4SO4
2–(aq) + 4H+(aq)     (1)

        

Although AMD is a major environmental concern (Liang & Thomson, 2010), and many AMD–
impacted waters contain high levels of sulfate, most mine water treatment facilities have not 
been designed to remove the sulfate anion. Instead, when sulfate removal does occur at mine 
water treatment facilities, it usually occurs as an unintended consequence of using lime to raise 
the pH of the solution, which provides a source of calcium ions (Ca2+) to precipitate and remove 
some of the dissolved sulfate ions as gypsum (CaSO4·2H2O). One of the reasons why sulfate has 
been mostly ignored in mine water treatment is that it is traditionally considered a benign, non–
toxic inorganic contaminant. For example, the U.S. Environmental Protection Agency (U.S. 
EPA) has not established an enforceable primary drinking water standard for sulfate and only 
has a non–enforceable secondary drinking water standard of 250 mg/L for sulfate. Because of 
the perception that sulfate is relatively harmless, mine water treatment has typically focused 
more on pH adjustment and the removal of more acutely toxic inorganic contaminants such as 
copper, cadmium, arsenic, antimony, selenium, and other inorganic contaminants that often 
occur as a result of AMD instead of on sulfate removal. Recently, however, research has shown 
that sulfate–reducing bacteria (SRB) can generate highly toxic and bioavailable methylmercury 
in the environment by methylating inorganic Hg2+ and converting inorganic mercuric 
compounds into methylmercury (Jeremiason et al, 2006). In addition, research has also shown 
that high sulfate levels in wetlands can induce the liberation of precipitated, bound phosphates in 
the sediment and lead indirectly to the eutrophication of wetland systems (Lamers, Tomassen & 
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Roelofs 1998). Because of the issues stated above, sulfate removal has become much more 
important in mining water treatment in recent years.  

2 METHODOLOGY 

The major criteria used to select the sulfate–removal treatment process were, in order of 
importance: 1) Capability to remove sulfate consistently to < 600 mg/L; 2) Treatment costs, 
which included examining the amounts of wastes generated by the treatment process; 3) Ease–
of–operations. Any treatment process that in–and–of–itself cannot practically be expected to 
remove sulfate to < 600 mg/L on a consistent basis was not examined further. 

As the stability diagram of sulfur in water shows (Figure 1), the sulfate anion is the predominant 
sulfur species under most conditions encountered in surface waters, which typically range in pH 
from 5 to 9 and have Eh values from approximately 0.15 to 0.60 V. Because of the high design 
flowrate (~5 MGD) and fluctuating water quantities and qualities for the mine water treatment 
facility and the high sulfate concentrations, it was determined that it would not be practical to 
pursue biological sulfate reduction due to the large amounts of electron donor that would be 
required to feed the microbes for biological sulfate reduction and the large amounts of sulfide 
that would be generated from the sulfate reduction. Therefore, assessment of the treatment 
options focused on chemical precipitation or membrane filtration to remove the sulfate.  

3 ASSESSMENT OF TREATMENT OPTIONS 

3.1  Chemical precipitation to remove sulfate 

Adding hydrated lime to neutralize acidic mine waters and for chemical precipitation of gypsum 
to remove sulfate is one of the more common practices encountered in mine water treatment. 
The hydrated lime (Ca(OH)2) is added to supply Ca2+ ions for removing sulfate as gypsum, as 
represented by Equation 2: 

Ca(OH)2(s) + SO4
2–(aq) + 2H2O(l)  CaSO4·2H2O(s) + 2OH–(aq)     (2) 

      

Because gypsum is slightly soluble in water (Ksp = 3.14 x 10–5), both theoretical calculations and 
field results show approximately 1,500 mg/L or higher of calcium would remain dissolved in 
solution after gypsum precipitation treatment. Therefore, gypsum precipitation by itself would 
not be sufficient to meet the 600 mg/L sulfate discharge limit at this mine. 
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Figure 1. Stability diagram of sulfur showing the predominance of the sulfate anion in water. The dashed 

lines are the stability limits of water (Pourbaix, 1966) 

Another chemical precipitation process, the formation of the insoluble mineral ettringite 
(3CaO·3CaSO4·Al2O3·31H2O), was also explored (GARD Guide, 2015). Because ettringite is 
much more insoluble in water (Ksp = 2.8 x 10–45) compared to gypsum, removal of sulfate by 
precipitating ettringite could consistently reduce the sulfate levels to below 600 mg/L (Equation 
3):  

6Ca2+(aq) + 3SO4
2–(aq) + 2Al(OH)3(s) + 37H2O(l)  3CaO·3CaSO4·Al2O3·31H2O(s) + 

6H3O+(aq)            (3)
        

One of the ettringite precipitation treatment processes that has been developed for sulfate 
removal is called the CESR process (Reinsel, 1999). In the CESR process, lime is first added to 
raise the pH and also to precipitate gypsum if the sulfate concentration is high enough and also 
to supply a calcium source to form the mineral ettringite. More lime and an aluminum reagent 
are then added in the next step, which results in the formation of the highly insoluble ettringite 
and the removal of most of the sulfate from solution (Figure 2). 

Although bench scale testing showed that the CESR process can consistently remove sulfate 
down to < 200 mg/L, well below the 600 mg/L sulfate target (Reinsel, 1999), it was determined 
that CESR or similar ettringite–forming processes would not be suitable for several reasons. For 
example, careful examination of the stoichiometry of the ettringite formation reaction (Equation 
3) shows that an exorbitant amount of sludge would be generated by the process, where more 
than four times the mass of sludge would be generated for every mass unit of sulfate removed. 
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This compares to a mass ratio of less than two to one for the amount of gypsum sludge 
generated per mass unit of sulfate removed by the gypsum precipitation process (Equation 2). 

Another reason for not considering further the CESR or related ettringite–formation processes 
for the full–scale mine water treatment plant to remove sulfate was because of the slow kinetics 
of the reaction to form ettringite using calcium aluminate as the reagent. Bench scale testing 
showed that it required long reaction times, up to 5 hours for completion (Liang et al., 2012). At 
a design flowrate of 5 MGD, a residence time of 5 hours would require more than one million 
gallons of capacity, which would be impractical for the full–scale water treatment system.  

It should be pointed out that an ettringite–formation process using sodium aluminate as the 
aluminum source and hydrated lime as the calcium source to form ettringite has been developed 
and is reported to have much faster kinetics of ettringite formation (Outotec, 2015). Because of 
the relatively large amounts of sludge generated by ettringite processes, the undesirable side 
effect of increasing sodium concentration in the treated water if sodium aluminate is used as a 
reagent, and the fact that the treated water sulfate concentration required at this site is not low 
enough to require ettringite formation, however, the ettringite process using sodium aluminate 
reagent was not considered either.  
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Figure 2. Schematic of CESR sulfate removal process 

3.2 Membrane process for removing sulfate 

Nanofiltration (NF) is also a potential option for sulfate removal for mine water treatment. NF 
can reject > 99% sulfate and would be able to consistently generate treated water with < 50 
mg/L sulfate, much lower than the required 600 mg/L sulfate discharge target. Because of 
potential scaling issues on the NF membranes, especially for waters with high sulfate 
concentrations, pre–treatment for NF would need to be carefully considered. Another potential 
issue with using NF is that it would generate a lot of waste brine that would be expensive to 
manage. For example, at a 5 MGD flowrate and 70% recovery of the NF treatment process, 1.5 
MGD of NF concentrate/brine waste would need to be managed and disposed (Figure 3).  

Considering the issues of brine management and the fact that treating the water to < 50 mg/L 
sulfate would be an overkill at this mine site, it was determined that NF treatment in and of itself 
was not a viable option.  
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Figure 3. Schematic of NF treatment process showing need to manage large NF waste stream 

4 RESULTS AND DISCUSSION 

4.1 Hybrid membrane chemical precipitation sulfate removal process 

Based on the issues with gypsum or ettringite precipitation and with NF membrane treatment 
discussed in the previous sections, preliminary evaluation of sulfate removal options for the 
mine water concluded that none of the options by themselves would be practical at the site. 

Using the geochemical modeling software Phreeqc (USGS, 2015) to conduct chemical modeling 
suggested that a hybrid treatment process combining NF treatment with gypsum precipitation 
may be viable and meet the major criteria of consistently treating the water to < 600 mg/L 
sulfate and not generating as much waste sludge as the ettringite precipitation process. The 
concept was to use the NF to concentrate the stream so that more sulfate can be removed by 
gypsum precipitation in the NF concentrate stream compared to the more dilute full stream flow. 
And then the chemically treated NF concentrate stream can then be re–blended with the NF 
permeate stream so that no NF brine/concentrate stream will need to be managed or disposed 
separately; the re–blended stream will consistently meet the < 600 mg/L sulfate discharge limit 
due to the higher sulfate–removal capacity of gypsum precipitation of the brine stream 
compared to gypsum precipitation of the full flow stream because of the higher concentration of 
sulfate in the NF brine stream. There would also be a recycle stream for the gypsum removal 
clarifier overflow that can be adjusted to fine–tune the blended discharge water quality.  

The main components of the hybrid sulfate removal process are: 1) Pre–treatment using 
hydrated lime to decrease sulfate concentration to the gypsum saturation point. The pre–
treatment process also precipitates and removes metals and silica to protect the nanofilter 
downstream in the process and increase the NF recovery; 2) Filtration upstream of the NF; 3) 
Nanofiltration process, which serves to concentrate the stream; 4) Hydrated lime treatment of 
NF concentrate stream to further remove sulfate as gypsum; 5) Re–blending of the chemically–
treated NF concentrate stream with the NF permeate stream. The hybrid sulfate removal process 
is summarized and depicted in Figure 4. 
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Figure 4. Schematic of hybrid gypsum precipitation and NF treatment processes 

4.2 Pilot testing data 

The hybrid treatment process depicted in Figure 4 and described above has been examined in a 
pilot test. The pilot testing was run for seven months at an average overall flowrate of 
approximately 20 gallons per minute (gpm), and the average NF recovery was approximately 
70% with the use of antiscalant and after iron, aluminum, and manganese were removed in the 
hydrated lime pre–treatment process. Data on the removal of these potentially scaling 
components in the lime pre–treatment process are shown in Table 1. It is of interest to note that 
aluminum was removed to low concentrations even at the pH of approximately 10. Data from 
major components of the pilot test are summarized in Table 2, which show data of the mass 
balance of sulfate removal across the hybrid treatment processes as determined from the pilot 
testing.  

 
Table 1. Data from lime pre–treatment process to remove metals and increase NF recovery 

  Al (Total, mg/L) Fe (Total, mg/L) Mn (Total, mg/L) 

Raw Water 18 2.5 19 

Lime Pre–Treated 
Water 0.15 0.02 0.01 
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Table 2. Data from pilot testing of hybrid gypsum precipitation and NF treatment processes (average 

values reported using two significant figures) 

  pH Sulfate (mg/L) Total Dissolved Solids (TDS) 
(mg/L) 

Raw Water 6.3 1,900 2,600 

Lime Pre–Treated Water 10 1,400 2,200 

NF Permeate 10 2.3 42 

NF Concentrate 10 4,600 7,100 

Lime–Treated NF Concentrate 11 1,800 2,400 

Blended Discharge 7.5* 540 750 

Treatment Goals 6.5–9 600 1,000 

*After pH adjustment using CO2 

As can be seen from the data presented in Table 2, the pilot study confirmed that it would be 
possible to use a hybrid treatment process to achieve the goal of treating sulfate down to 600 
mg/L or less. Final design of the full-scale mine water treatment facility has been completed, 
and the mine water treatment plant is currently being constructed.  

5 CONCLUSION 

A full–scale mine water treatment facility has been designed and is currently under construction 
for treating up to approximately 5 MGD of water to remove sulfate to < 600 mg/L on a 
consistent basis. Assessment of chemical precipitation options showed that gypsum precipitation 
alone would not meet the 600 mg/L sulfate discharge target. So gypsum precipitation by itself 
was ruled out as a viable option. Although treating the water using ettringite precipitation would 
generate water that would meet the 600 mg/L sulfate discharge standard, it would also generate 
large amounts of waste sludge that would be difficult and expensive to manage. Additionally, 
bench scale testing showed that ettringite precipitation using calcium aluminate reagents were 
exceedingly slow and would require unrealistically large reaction tanks at a flowrate of 5 MGD, 
while using sodium aluminate, which is a potentially viable from a kinetics standpoint, would 
add too much sodium to the water as well as still generate exorbitant amounts of sludge. 
Therefore, chemical precipitation by itself, either using gypsum or ettringite precipitation, was 
ruled out as a practical option at the mine site. Evaluation of NF treatment also showed that 
while it would generate treated water that could easily meet the 600 mg/L sulfate discharge 
limit, the high flows of NF brine waste would be expensive to manage. Based on further 
evaluation of treatment options, a hybrid treatment process combining NF treatment and gypsum 
precipitation was developed first based on chemical modeling and then confirmed by pilot 
testing. The pilot testing confirmed that 600 mg/L sulfate in the treated water is achievable on a 
consistent basis.  
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ABSTRACT 

All oil sands plants operating in Alberta, Canada use the Clark Hot Water Extraction process. 
This process causes production of mature fines tailings (MFT) at 30-35% solids content which 
remains in a fluid state for decades because of its very slow consolidation rate. Existing mature 
fines tailings inventory is approaching 109 m3, remediation of which by thin layer deposition 
and centrifuging are being tested by oil industry. Residual bitumen in mature fine tailings can 
complicate remediation, as it can interfere with the performance of coagulants and polymers 
which hinders the dewatering process. To support oil industries mature fine tailings remediation 
effort, we have investigated a method that reduces residual bitumen content, facilitates 
dewatering of the mature fine tailings and improves process water chemistry, simultaneously, by 
using lime as a process aid between 750 to 1500 mg-CaO/kg-MFT dosages. Experimental 
observations suggest that the residual bitumen of the mature fine tailings could be recovered by 
flotation process with about 5-10 minutes retention time. This investigation shows that use of 
lime could enhance the performance of mature fine tailings remediation processes.  

1  BACKGROUND 

Development in refining technology since 1940’s had a great impact on the utilization of heavy 
oil and bitumen to refinery feedstock all over the world. This scenario positioned Alberta’s 
Athabasca oil sands bitumen of 7-10 API gravity and Peace River and Cold Lake heavy oil of 8-
19 API gravity deposits as one of the largest hydrocarbon reserves in the world. Athabasca oil 
sand deposits lie under 141,000 square kilometres (54,000 square mile), contain about 270×109 
m3 or 1.7 trillion barrels of bitumen in-place. Oil sands consist of 0 to 19 % (averaging 12 %) 
bitumen, 84 to 86 % mineral matter predominantly quartz, silts and clay and 3-6 % water. Clays 
are present in the forms of discontinuous beds or bands varying from 1 cm to 15 cm in 
thickness, which are composed of mainly kaolinite and a lesser amount of illite (Kaminsky, 2008; 
Carrigy, 1966). 

Sand particles in Athabasca deposits are water-wet; for a typical sand grain of about 100 m 
diameter, the water film thickness is of about 2 m. Because of this structure, about 15% of the 
Athabasca oil sands deposits are suitable for bitumen production by surface mining followed by 
ore-water slurry based extraction processes. In Alberta, bitumen is commercially produced since 
1967; daily production of which reached at 1.3x106 barrels in 2014. Clark Hot Water Extraction 
(CHWE) process developed at the Alberta Research Council during 1930s, or its slight modified 
versions, are used at all commercial plants (Clark, 1939; Clark and Pasternack, 1932). 

CHWE process uses caustic NaOH as an extraction process additive, which provides acceptable 
bitumen extraction efficiency; however, it accumulates Na+ ions in process water, disperses silt-
clay size particles and produces toxic mature fine tailings (MFT), a tailings effluent of about 
32% solids content, 98% of fines (-325 mesh, <45 µm diameter). Oil sands plants are 
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discharging about 3.3 m3 of tailings, 1.5 m3 of which becomes mature fine tailings (MFT), to 
produce one barrel of bitumen. Existing MFT inventory is about 109 m3, which is growing in 
accelerated manner because of the commissioning of new plants and capacity increase in 
existing plants. Increasing MFT inventory is a serious liability for the oil sands operations. 

Oil sands industry and government regulating agencies acknowledge the severity of the MFT 
problem; both industry and all levels of government have devoted sincere effort to solve or to 
reduce the magnitude of the MFT problem. Remarkable results of these efforts were the low 
temperature non-additive bitumen extraction process and development of the Composite 
Tailings (CT) process.  

Non-additive extraction process could reduce thermal energy demand and eliminate Na+ 
accumulation in process water. It could also reduce MFT production since dispersion of silt-clay 
size particles were suppressed by elimination of the NaOH addition into extraction process 
slurry. Unfortunately, non-additive extraction processes provided lower than expected bitumen 
recovery efficiency and extraction plants at Albian Sands’ Muskeg River Mine and Syncrude 
Canada Ltd.’s Aurora Mine were modified to versions of the CHWE process.  

The CT process was based on the cycloning of the whole tailings followed by treating the blend 
of Cyclone Underflow effluent (about 63% solids; <10% of which are fines, < 45 µm size 
particles) and existing MFT (about 33% solids; >98% of which are fines) with gypsum (CaSO4). 
The blending must produce a CT that behaves as a nonsegregating tailings material; however, 
the CT must also have an acceptable hydraulic conductivity, which limits the sands-to fines 
(S/F) ratio of the CT to be in the range of 4 to 5 (Matthews et al, 2002; Morgenstern and Scott, 1997; 
Caughill et al, 1993). The concerns over the use of CaSO4 as an additive to prevent segregation 
are that it increases process water Ca2+ concentration and emits hazardous H2S by anaerobic 
bacterial reduction of SO4

2- species with residual hydrocarbon in the tailings. Suncor Energy Inc. 
has decided to discontinue CT production while Syncrude Canada Ltd. and Shell Canada Ltd. 
are continuing to use some form of CT. Other plant operators are prepared to implement CT in 
the near future.  

The CT process was a great invention for the future development of oil sands tailings disposal 
practices; however, commercial implementation didn’t result in a substantial change in the 
existing MFT inventory, since Cyclone Overflow (>10% solids, >55% fines) produced during 
the CT process results in fine tails that will become new MFT. A modified version of the CT, 
the nonsegregating tailings (NST) production process was developed at our laboratory (Ozum et 
al, 2014). In NST production process the whole tailings is cycloned, the Cyclone Overflow 
effluent is thickened using high performance thickeners, then the blend of Cyclone Underflow 
and Thickener Underflow is treated with lime (CaO, or Ca(OH)2 in aqueous environments) or 
CaO and CO2. If CaO is also used as an extraction process additive, a small amount of existing 
MFT could also be added into the NST material. 

For the last decade, oil sands operators have tested Tailings Reduction Operation (Suncor 
Energy Inc.), In-Line Thickening (Syncrude Canada Ltd.), Atmospheric Drying (Shell Canada 
Ltd.) and Centrifuge Technology (Syncrude Canada Ltd. and Shell Canada Ltd.) for further 
consolidation of the existing MFT into a smaller volume to comply with the directives of the 
Alberta Energy Regulator (COSIA, 2014; ERCB, 2009). In all of these processes polymeric 
additives are used to flocculate MFT as an initial step for its further processing. Residual 
bitumen trapped in MFT interacts with the polymeric additives; removal of which from MFT 
could improve the performance of the polymeric additives. 

In the present study, based on our previous experience using of lime (CaO) as additive for 
bitumen extraction and NST production processes, the performance of CaO is investigated for 
the removal of residual bitumen from MFT with an emphasis on understanding how CaO alters 
clay characteristics and process water chemistry.  
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2 RESIDUAL BITUMEN RECOVERY IN MFT 

2.1 Bitumen production by ore-water slurry based extraction processes 

Bitumen production using ore-water slurry based extraction processes involves three 
fundamental processes by which a bitumen rich froth, composed of about 60% bitumen, 30% 
water and 10% solids, is formed. Bitumen is recovered from the extraction process froth by 
naphthenic or paraffinic treatment processes. Bitumen produced by naphthenic treatment 
process contains about 18% asphaltenes; therefore, it is converted to synthetic crude oil (SCO) 
and shipped refineries by coking followed by hydrotreating processes (Gray, 2015). Bitumen 
produced by naphthenic treatment process contains about 8% asphaltenes, therefore, it can be 
accepted as a feedstock by the refineries equipped with a hydrocracker unit. At oil sands plants 
tailings effluents from the extraction and froth treatment plants are combined into the whole 
tailings stream. As a result, unrecovered bitumen in the extraction plant tailings and unrecovered 
bitumen and solvent in the froth treatment plant tailings are blended into the whole tailings. 
When the whole tailing is discharged into the tailings ponds, some hydrocarbons will separate 
and float on the surface of tailings ponds; however, a fraction of the hydrocarbons will be 
trapped in the MFT. 

The amount of residual bitumen or residual hydrocarbons trapped in in MFT depends on the oil 
sands characteristics (sand and fines-clay composition, connate water salinity, bitumen 
characteristics) as well as the nature of extraction process (temperature, hydrodynamics and 
additives). It is speculated that regardless of the differences in bitumen extraction plants, the 
mechanism of residual bitumen or hydrocarbons captured in MFT have similarities. 
Understanding these mechanisms would help to develop processes for the recovery of residual 
bitumen from any tailings effluent including the MFT.  

During the last seven decades a large number of publications have been generated on bitumen 
production using oil sands ore-water slurry based extraction processes (Liu et al, 2005; Masliyah 
et al, 2004; Kasperski, 2001). Existing knowledge proposes that bitumen extraction in ore-water 
slurry based systems involves three fundamental steps: liberation of bitumen from oil sands 
matrix, followed by coalescence of bitumen droplets and aeration of bitumen droplets to form a 
bitumen rich froth (Masliyah et al, 2011). Alkaline reagent, such as NaOH, conditioning of ore-
water slurry to liberate bitumen was developed in 1930s, which became a standard process used 
at all commercial plants. Alkaline conditioning increases pH of the extraction process slurry and 
produces surfactant species with carboxylic and sulfonic acids functional groups from bitumen 
asphaltenes naturally contained in bitumen. These surfactant species reduce water surface and 
bitumen-water interfacial tensions, promote silt-clay size particle dispersion and liberation of 
bitumen from sand grains by increasing disjoining pressure in the water film between sand 
grains and bitumen. Existing literature and commercial experience teaches us that overall 
performance of the extraction process is controlled by the interaction of the alkaline additive 
with process water and silt-clay size particles, as well as by the temperature, hydrodynamics and 
retention time of the process vessels.  

2.2 Interactions between bitumen-clay and process water 

Oil sands ore-water slurries are different than many mining industry slurries, because of the clay 
component of the oil sands ore. Clay minerals are fine grained (<2 µm size) hydrous silicates, 
commonly of aluminum and magnesium. Clays are made of layers built from components with 
tetrahedrally and octahedrally coordinated cations. The most common characteristics of the clay 
minerals are that, they form varying degree of plasticity when mixed with water, lose adsorbed 
and constitutional water when heated and yield refractory materials at high temperature. 
Because of these characteristics clays minerals are used in many industries; however, they are 
also the source of many industrial challenges. 
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Surface of clay minerals have active functional groups of a few nanometers scale, which are of 
negatively charged isomorphic substitution sites (Si4+ by Al3+ and Al3+ by Fe2+), neutral siloxane 
surfaces, hydroxyl surfaces and broken edge sites. In the case of oil sands slurries, all of these 
active sites involve interactions between bitumen, clay and process water, as well as particle-
particle interactions (Solc et al, 2011; Johnston, 2010 and 2008). Bi-wetting characteristic of 
kaolinite could stabilize oil-in-water and water-in-oil emulsions by Pickering effects (Jiang et al, 
2011; Kpogbemaboua et al, 2014). Process water pH and ion concentration are also important 
parameters influencing bitumen extraction and tailings settling and consolidation characteristics, 
because of their effect on clay surface chemistry in relations to particle-bitumen, particle-water 
(swelling, viscosity, yield stress) and particle-particle (flocculation) interactions (Wang et al, 
2014; Zbik et al, 2008). 

In summary, clay minerals are the source of many challenges that are been experienced with 
bitumen extraction and tailings disposal processes. The present study, recovery of residual 
bitumen from MFT, or more generally reducing the amount of unrecovered bitumen in the 
extraction process slurry, also faces the similar challenges. 

2.3 Residual bitumen in oil sands tailings 

Bitumen trapped in oil sands tailings may be result of: (i) incomplete bitumen recovery in 
extraction process slurry because of the formation of stable bitumen-in-water emulsions; (ii) 
rejection of asphaltenes in the froth treatment plant by the use of paraffinic or naphthenic 
treatments; and (iii) incomplete separation of bitumen froth because of the formation of stable 
rag layer in froth treatment process. Both sources of unrecovered bitumen in oil sands tailings, 
as well as dewatering characteristics of oil sands tailings and MFT, are related to the bitumen-
water interfacial tension and interactions of clay particles with themselves and with bitumen and 
process water. All of these interactions are influenced by process water chemistry; therefore, 
chemical additives that can alter and control process water chemistry can be used to promote 
residual bitumen recovery and tailings dewatering characteristics. 

Incomplete bitumen recovery in the extraction of process slurry is a consequence of the reduced 
bitumen-water interfacial tension and Pickering effect of bi-wetting clay particles, mostly 
kaolinite clays, attached to bitumen-water interface. Reduction of bitumen-water interfacial 
tension promotes bitumen liberation from sand particles and promotes attraction of bitumen to 
water; however, it obstructs coalescence of bitumen droplets and attachment of air bubbles to 
bitumen droplets in extraction process slurry (Pan et al, 2012; Pan and Yoon, 2010). Large 
retention times are required in alkaline based extraction processes to overcome the reduced 
speeds of coalescence and aeration kinetics. Pickering effect of clay particles in extraction 
process slurry could happen by attachment of bitumen to clay particles, especially to kaolinite 
clay since it has bi-wetting characteristic. Also, excess divalent cations such as Ca2+ and Mg2+ 
could act as a binder between negatively charged clay and bitumen droplet surfaces (Konan et 
al, 2007). Differences in the effect of additives on slurry pH (i.e. CaO increase pH while CaSO4 
doesn’t) is another factor to be focused on. 

3  EXPERIMENTAL 

In the present study performance of two calcium based additives, lime (CaO) and gypsum 
(CaSO4), were tested on the recovery of residual bitumen from MFT. These additives were 
selected because of a long history of the use of CaSO4 to produce CT and recent increase in 
interest in nominating CaO as additives for tailings disposal and bitumen extraction processes 
(Chalaturnyk et al, 2002; Scott et al, 2007). 

Two different MFT samples were used in the present study, their compositions based on Dean-
Stark extraction were 27.4% solids, >99% fines, 1.65% bitumen, 1.17 g/cm3 bulk density and 
32.5% solids, >99% fines, 2.9% bitumen, 1.23 g/cm3 bulk density. 
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3.1 Column settling experiments 

In these tests 1 kg MFT (27.4% solids content) was mixed with CaO and CaSO4·2H2O, that 
were both either slaked or dissolved in approximately 10 mL distilled water, with a paddle 
mixer at 200 rpm for 5 minutes. CaO and CaSO4 were added at different dosages to evaluate 
effects of two calcium based additives on dewatering characteristics of MFT. Slurry was then 
placed in a 2 L beaker. Immediately after CaO addition, bitumen was observed to release from 
the MFT and float to the surface. 

Column settling tests were performed by treating MFT (27.4% solids content) with CaO and 
CaSO4 at different dosages to evaluate effects of two calcium based additives on dewatering 
characteristics of MFT. In these tests it was also observed that CaO and CaSO4 performed 
differently on the release of residual bitumen recovery from MFT.  

3.2 Jar test for water chemistry and viscosity 

Jar experiments were performed to investigate effect of additive and its dosage on the pH of the 
MFT slurry and release water chemistry. 

Approximately 140 g of homogenized MFT were mixed in a 120 mL jar with CaO and 
CaSO4·2H2O additives, that were both either slaked or dissolved in approximately 5 mL distilled 
water, and shaken for 15 minutes using a wrist action shaker. Additives were used between 250 
to 3000 ppm dosages on an MFT mass basis. The treated MFT samples were first visually 
assessed for bitumen release. The treated MFT was then analyzed for viscosity at 200 rpm using 
a vane spindle (V-73) on a Brookfield rheometer (RV-DVT).  

Finally, water was recovered from the treated MFT by centrifuged at 13,000 x g for 2 hours. The 
released water recovered by centrifuging was filtered to remove >0.22 μm particles and 
submitted to University of Alberta for water chemistry analysis; ICP-AES (cations), ion-
exchange (anions) and titration (alkalinity). 

3.3 MFT Flotation 

Released residual bitumen from MFT was recovered by air flotation using a 1 L glass flotation 
apparatus. The MFT sample in the flotation apparatus was mixed by a magnetic stirbar. 
Flotation experiment was performed by placing approximately 500 g of MFT into the apparatus, 
adding CaO or CaSO4·2H2O, both either slaked or dissolved in approximately 5 mL distilled 
water, followed by mixing with the stirbar and air injection at approximately 100 mL/min for 5 
minutes. The resulting froth was removed and analysis by Dean-Stark extraction. 

4 RESULTS AND DISCUSSIONS 

In the present study the role of Ca2+ to release residual bitumen trapped in MFT was 
investigated. For this purpose CaO and CaSO4 additives were selected as the source of Ca2+; the 
major difference is that CaO addition increases pH of MFT while CaSO4 doesn’t. Because of 
this difference, it is hoped that the role of slurry pH on the interactions of Ca2+ with the clay-
bitumen-water system, as discussed in Sections 2.1 and 2.2, would be better understood.  

4.1 Bitumen liberation during settling experiments 

The ability for CaO to release residual bitumen from MFT was observed while evaluating 
performance of CaO as an additive for dewatering MFT. In these tests immediately after CaO 
addition bitumen was observed to be released from the MFT. Unlike CaO, CaSO4 appeared to 
actually promote the trapping of residual bitumen in the MFT better than the control. The 
differences between CaO and CaSO4 addition is that CaO affects the pH of the slurry and alters 
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interactions between the clay-bitumen-water species. Furthermore, the ionic composition of the 
process water may affect the stability of clay-bitumen interactions. A better understanding of 
both pH and chemical composition of the water could provide insight into the mechanism of 
residual bitumen liberation and help to develop a MFT de-oiling process. 

4.2 Effect of CaO and CaSO4 additives on water chemistry and viscosity 

The effect of CaO and CaSO4 on pH and process water chemistry was investigated by 
performing jar tests. Similar to the settling experiment, bitumen was liberated during the mixing 
process. The extent of bitumen liberation was visual assessed and is presented in Table 1 and 
Figure 1. The visual observations of the flotation test made for a low dose CaO addition, 13 
mmol/kg-MFT or 750 ppm CaO, are shown in Figure 2. The best bitumen liberation was 
observed using about 30 mmol of CaO per kg of MFT (about 1500 ppm). It appears that 
overdosing CaO may decrease bitumen liberation, which is speculated to result from an increase 
in slurry viscosity. When CaSO4 is used as an additive, it immediately yielded a viscous slurry, 
did not produce any froth and furthermore splattered the thickened slurry throughout the flask.  

Table 1. Visual assessment of bitumen liberation from MFT 
CaO CaSO4·H2O 

Dose Bitumen Release Dose Bitumen Release 
mmol/kg* 

 
mmol/kg* 

 0 - 0 - 
4 - 3 - 
9 + 6 - 

13 ++ 9 - 
18 ++ 

  27 +++ 
  36 +++ 
  53 ++ 
  * MFT mass basis; bitumen recovery: - no, + some, ++ lots, +++ covers surface 

 
  
  
 

 
 
 
 
 No Additive (*) CaO CaSO4 CaO CaSO4 
 27 mmol 27 mmol 53 mmol 53 mmol  

Figure 1. Bitumen released from MFT by CaO and CaSO4; (*) dosages are in mmol/kg-MFT. 

The viscosity of the slurries was determined at 50 rpm as shown in Figure 3. Unlike CaSO4, 
CaO initially decreases the viscosity of the slurry up to doses of about 35 mmol/kg (2000 ppm); 
however, over this dose a significant increase is observed in the viscosity. On the other hand all 
doses of CaSO4 result in a high viscosity that is independent of additive dose. The slight 
decrease in viscosity might help to explain why bitumen is able to liberate from the MFT and 
should aid in recovery by flotation. 

After measuring viscosity, the water was removed from the slurry by centrifuge and analyzed 
for pH and water chemistry, results of which are presented in Table 2. The trends for pH and 
ionic concentrations with increasing additive dose are plotted in Figures 4 and 5.  

CaO has a significant effect on the bicarbonate concentration in the MFT, where the bicarbonate 
decreases with CaO addition, likely consumed and converted to CaCO3 according to Equation 
1. The pH slowly increases, as the system remains buffered by bicarbonate at pH 8 and Ca2+ is 
depleted from the system, likely lowering the viscosity; however, after a CaO dose of 
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approximately 20 mmol/kg (1000 ppm) the pH rises rapidly approaching 12. At this high pH all 
of the bicarbonate is consumed, which corresponds with the increase in viscosity, as all Ca2+ can 
now start to flocculate clays according to Equation 2. 
 

 OHOHCaCO)OH(CaHCO 2323                      (1) 
 
 ClayCaClayCaClay   22                        (2) 

 
Additive Before Flotation After Flotation 
None 

  
13 mmol CaO/kg-MFT 

  
13 mmol CaSO4/kg-MFT  
 

  

Figure 2. Observations of flotation experiment performed on MFT. 

 
CaSO4 addition does not significantly affect the pH, precipitate as much CaCO3; or reduce 
solution bicarbonate concentration at the same level as CaO. Calcium (Ca2+), magnesium 
(Mg2+) and sodium (Na+) concentrations increased with increasing CaSO4 dose. While CaSO4 
appears to promote an initial increase in viscosity, likely through reaction in Equation 2, it 
appears that beyond a small initial amount the excess Ca2+ ions stay dissolved in the water and 
do not contribute to additional clay flocculation. The combination of the viscosity and water 
chemistry results suggest that at low doses, 750 to1500 ppm, CaO can be used to increase pH 
and lower viscosity to promote residual bitumen recovery by flotation. 
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Figure 3. Effect of CaO and CaSO4 on MFT viscosity. 

 
Table 2. Effect of CaO and CaSO4 on MFT pH and water chemistry 

Additive Additive Dose *   HCO3- CO32- OH- Mg2+ Na+ Ca2+ K+ Cl- SO42- 
Type ppm mmol/kg pH mM mM mM mM mM mM mM mM mM 

Control 0 0 8.3 9.8 0.1 0.0 0.3 9.9 0.5 0.4 5.1 0 
CaO 250 4.5 8.7 8.3 0.2 0.0 0.2 12.7 0.3 0.3 5.3 0.2 
CaO 375 6.7 8.7 6.8 0.2 0.0 0.2 11.2 0.2 0.3 5.4 0.2 
CaO 500 8.9 8.7 7.8 0.2 0.0 0.3 15.3 0.4 0.4 5.4 0.3 
CaO 750 13.4 8.6 4.7 0.1 0.0 0.1 12.8 0.2 0.3 5.4 0.3 
CaO 1,000 17.8 8.6 3.5 0.1 0.0 0 11.2 0.2 0.3 5.5 0.4 
CaO 1,500 26.7 9.5 3.1 0.3 0.0 0 12.0 0.2 0.3 5.5 0.7 
CaO 2,000 35.7 9.8 4.0 0.7 0.1 0 11.6 0.1 0.3 5.3 0.4 
CaO 3,000 53.5 11.6 7.4 1.8 3.6 0 15.1 0.6 0.5 5.4 0.6 

CaSO4.2H2O 500 2.9 8.9 12.6 0.4 0.0 1.2 20.4 0.8 0.8 5.1 0.6 
CaSO4.2H2O 1,000 5.8 8.4 9.0 0.1 0.0 2.4 23.1 2.4 1.0 5.0 2.2 
CaSO4.2H2O 1,500 8.7 8.6 7.3 0.1 0.0 3.3 21.1 4.6 1.2 4.9 3.8 
* MFT mass basis 

 

 
Figure 4. Effect of CaO on MFT pH and water chemistry. 
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Figure 5. Effect of CaSO4 on MFT pH and water chemistry. 

5 CONCLUSIONS AND FUTURE WORK 

Investigations into CaO for dewatering of MFT additionally demonstrated that CaO appears to 
be an effective additive to recover the residual bitumen from MFT. Further investigation 
demonstrated that CaO’s ability to increase pH and decrease bicarbonate concentration likely 
play critical roles to destabilize the interaction between bitumen and clays in the MFT matrix. 
The altered water chemistry allows for CaO to decrease the viscosity of MFT which would aid 
recovery of the residual bitumen by flotation processes. Initial investigation into a model 
flotation indicates that CaO enhances flotation; however, additional research is required to 
optimize the experiment. Lime was clearly more effective than CaSO4 in recovering residual 
bitumen from MFT. Successful recovery of the residual bitumen from MFT by CaO should 
improve the effectiveness of further MFT processing techniques, such as the production of NST 
or dewatering of MFT by centrifugation. 
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ABSTRACT 

Electrokinetic (EK) methods of de-watering and strengthening tailings are often considered too 
expensive for practical use in production. The results of the recent program to investigate EK 
treatment of oil sands tailings conducted by ElectroKinetic Solutions, Inc. (EKS) are showing 
potential for economical use at scale. Analysis of power consumption, water production, 
changes in water chemistry, solids content and shear strength at medium scale for unit volumes 
up to 135,000 liters between 15% and 40% by weight solids indicates that large scale treatment 
using the EKS process may be economically viable. The in-situ treatment process developed by 
EKS may be used to significantly reduce the volumes of existing tailings ponds thereby 
reducing the need to construct new ponds. The process developed by EKS may be used to 
supplement other reclamation technologies and may be integrated at different points in the 
production stream. The main and interaction effects for different configuration scenarios 
covering treatment duration, initial tailings properties, electrode materials, and suitability of 
recovered water for re-use in the bitumen extraction process are examined. Results from the 
EKS testing program are encapsulated in software models to predict the power usage, water 
recovery, and time to treat a volume of tailings. The model provides support for the selection of 
configuration parameters for different treatment scenarios. Relationships between configuration 
and cost factors such as electricity costs and material costs are being investigated.  

1 TESTING AND EXPERIMENTATION 

EKS has performed a number of testing programs to characterize the performance of EK 
processes on oil sands tailings. Prior to the implementation of this large scale laboratory testing, 
a smaller scale lab program (10 – 1,000 L) was performed to evaluate the responses to the 
variables that influence the Electrokinetic Reclamation (EKR) process. The primary goal of the 
testing presented here is to characterize the scale up behaviors of the technology in a controlled 
environment. 

1.1 Success Metrics of Test Plan 

• Achieve 60% by weight solids (% wt solids) average composition within the 
electrode array. 

• Assess cost and time to achieve an average composition of 70% solids within the 
electrode array. 

• Release water quality acceptable for reuse in bitumen extraction. 

• Power costs of $9/m3 of Mature Fine Tailings (MFT) or $15-20/dry tonne of solids. 

• Demonstrate electrode array at potential commercial design and scale. 

1.2 Design of Experiments 

Testing performed on oil sands tailings by EKS has been performed under a Design of 
Experiments (DOE) matrix. The DOE provides an efficient framework that quantifies the effects 
of individual variables (Main Effects) and combinations of two or more variables (Interaction 
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Effects) on water production, power consumption and treatment duration in a minimum number 
of experiments. 

Responses are the output or dependent variables of the process. In terms of the EKR process the 
responses considered are power consumption and the rate of water recovery. A Factor is a 
parameter that affects the responses. Key factors considered include the initial volume of 
material under treatment, initial average percent solids, clay content, and interstitial water 
chemistry. A factor that affects changes in a response is referred to as a Main Effect. The 
combination of two or more factors that influence changes in process responses is called an 
Interaction Effect. The typical analyses performed in a DOE ranks the Main and Interaction 
Effects according to the influence they have on a given response. In some cases, the 
combination of two or more factors taken together produce greater changes than individual 
factors. EKS has analyzed the effect of Initial Volume, % Solids and source material as 
variables in bench scale testing. This testing indicated that initial volume is the primary driver of 
changes in water production and the combination of volume and % solids (interaction of volume 
and % solids) is the primary driver of changes in power consumption. 

Results of this and previous DOE testing are being used to develop a working model that can 
evaluate the effect of factors on responses that can lead to prediction and control of treatment 
duration, power usage, water recovery as well as optimizing equipment configurations for cost 
effectiveness. 

1.3 Apparatus 

Testing activities performed by EKS include the use of two vessels. One located outdoors and 
the other inside at the C-FER Technologies testing facility in Edmonton, Alberta. The outdoor 
tank is designed to treat 25 m3 of material while the indoor tank holds 135 m3 of MFT. The 
outdoor tank was subject to freezing conditions and provides insights into the influence of the 
freeze-thaw cycle on EKR performance. The indoor tank contains a hybrid vertical and 
horizontal array that makes up one module of a scalable electrode array concept. 

1.3.1 Outdoor Tank 

The 25 m3 vessel, shown in Figures 1-3, is located outdoors and consists of a steel tank housing 
a horizontal electrode array. 

 
Figure 1- Outdoor 25 m3 tank and power unit. 
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Figure 2 - Inside outdoor tank just after filling. 

 
Figure 3 - Inside tank after treatment to 60%. 

1.3.2 Indoor Tank 

The 135 m3 vessel (shown in Figures 4-6) is located indoors and consists of a fiberglass tank 
housing a hybrid vertical and horizontal electrode array. 

 

 
Figure 4 - Indoor 135 m3 tank after 5 months treatment. 
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Figure 5 - Cone penetration testing the indoor tank. 

 
Figure 6 - Indoor tank just after filling 

 
Figure 7 - Hybrid electrode array module. 

The hybrid array is composed of a self-supporting floating array that utilizes stainless steel 
electrode components to distribute the electric field throughout the material. The 135 m3 test is 
designed to evaluate 5 metre vertical electrode spacing. Vessel size and material volume 
requirements meant that the vertical scale of the test was less than the envisioned field 
application. At 1.5 metres depth the vertical scale is only 30% of the envisioned full sized 
deployment. Larger depths will have impacts on the distribution of consolidated material and 
electric field distribution.  

EKS preassembled the electrode arrays in the vessels that were then filled with fluid fine tailings 
from Shell’s tailings pond and dredged specifically for this testing. The power signature 
developed by EKS was then applied to the fines while the various parameters of concern are 
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recorded and evaluated. Periodic increases in the applied voltage gradient have been made as the 
changing properties of the material allow it. Geotechnical evaluation is also being performed at 
regular intervals along with a variety of chemical analysis. 

Initially the water that collected at the surface was allowed to evaporate. Once the water cap 
disappeared, however, it was necessary to add water to the system to avoid further evaporative 
losses affecting the results. Equipment malfunctions have also led to a number of times that the 
test was not under treatment or had reduced treatment capabilities. These instances can be seen 
in the data for the results presented below. The lessons learned from these incidents have been 
incorporated into the process and have led to a better understanding of the technology. 

2 RESULTS  

The results presented below are from an interim status report this test program. The 
experimentation is still underway at the time of this paper’s writing and these results cover 
October 2014 through to July/Septembert 2015. It is important to note that the results of the 
outdoor 25 m3 test are likely strongly influence by the winter freezing period and the impact of 
freeze/thaw. An analysis is underway to understand contribution of the freeze/thaw cycle. 

Summary 

• 25m3 Test: In Operation Since October, 2014 

- Primary Goal of ≥60% wt solids Achieved in June, 2015 (9 months 
duration) 

- Secondary Goal of 70% wt solids. In Progress 

• 135m3 Test: In Operation Since October, 2014 

- Primary Goal: an average of ≥60% wt solids within the original array 
footprint. Pending confirmation sampling this goal was tentatively achieved 
in September, 2015 (12 month duration) 

- Secondary Goal: an average of ≥70% wt solids within the original array 
footprint. Target Date October/November, 2015  

 
Table 1 - 25m3 Test Performance Status as of July 2015. 

 Metric July Data Performance Target 
Tailings Volume (m3) 25 --- 
Starting % wt solids 37% --- 
Electrode Array % wt solids 62% 60% 
Overall % wt solids 62% 60% 
Water Separated (L) 14,000 13,800 
Power Used (kWh) 4,200 2,250 
Power Costs ($) $334  $180  
kWh/m3 Treated 168 90 
$/dry tonne treated $25  $15  
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Table 2 - 135m3 Test Performance Status as of September 2015. 
 Metric September Data Performance Target 

Tailings Volume (m3) 135 --- 
Starting % wt solids 32% --- 
Electrode Array % wt solids >60%* 60% 
Overall %Solids 56% --- 
Water Separated (L) 76,500 85,000 
Power Used (kWh) 6,400 15,000 
Power Costs ($) $515  $1,200  
kWh/m3 Treated 49 111 
$/dry tonne treated  $8.96  $15.00  

*Value is an approximation pending destructive confirmation sampling. 
 

2.1 Power consumption 

Power consumption is tracked through data acquisition of power monitoring devices on both the 
power applied directly to the material and the overall power consumed by the process 
equipment. The figures presented here depict the overall power consumption. In the case of the 
25 m3 horizontal test the power consumption shows a declining trend during the time period of 
November 2014 through April 2015 when the tank was experiencing freezing conditions. 

Figure 8 and Figure 9 display the power in kilowatt hours that has been used to treat the tailings 
to their current level. Figure 10 and Figure 11 show the dollar cost per dry tonne for a given 
solids content level assuming a power cost of $0.08/kWh treated for all of the tailings in the 
tank. Future analysis of this power usage data will further segregate the power dissipated to the 
tailings versus power consumed by the power generation equipment which is limited to 
approximately 50% efficiency in the laboratory configuration.  

To expedite the treatment time in this test, on May 13, 2015, EKS installed 4 additional cathodes 
at the edge of the 135 m3 tank and increased the voltage gradient from 20 volts/metre (v/m) to 
60 v/m by reconfiguring the power units. Cathodes had been omitted from the edge of the tank 
at the start of the test in order to evaluate edge effects on the process. This limited the 
configuration to a single vertical cathode in the center. The addition of perimeter cathodes 
created a more uniform electric field within the treatment vessel and increased the water 
production rate. Voltage gradient increases can be made without large impact to power 
consumption (as the MFT dewaters its permittivity drops and can no longer pass as much 
electrical current). Treatment continues to progress through chemically driven processes as 
charge differences alter the pH of the slurry 
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Figure 8 - Total power consumed 135 m3 test (kWh) 

 
Figure 9 - Total power consumed 25 m3 test (kWh) 
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Figure 10 - 135 m3cost per dry tonne. 

 
Figure 11 - 25 m3 cost per dry tonne 

 
2.2 Water Production 

Water is recovered by the process in two ways. First, the cathodes used are capable of 
transporting the water recovered through electro-osmosis to the surface water cap. Second, 
density changes in the material also lead to collection of water at the surface and an increase in 
the water cap thickness. The amount of water released is tracked by measuring changes in the 
mud line depth using conductivity profiles measured in locations throughout the tank. This 
method provides an estimate of the overall solids content of the treated material. These estimates 
are further refined through solids content measurements performed on samples taken throughout 
the tank. Water production data is presented below. 

$0
$2
$4
$6
$8
$10
$12
$14

25%

30%

35%

40%

45%

50%

55%

0 30 60 90 12
0

15
0

18
0

21
0

24
0

27
0

30
0

33
0

36
0

$/
D

ry
 T

on
ne

 T
re

at
ed

O
ve

ra
ll 

So
lid

s C
on

te
nt

 in
 V

es
se

l
Total Days Since Filling

%Solids

$/Dry
Tonne

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

0 30 60 90 12
0

15
0

18
0

21
0

24
0

27
0

30
0

33
0

36
0

K
ilo

w
at

t H
ou

rs

Axis Title

 
566



 
Figure 12 - 135 m3 test water production 

 
Figure 13 - 25 m3 test water production 

2.3 Changes in water chemistry 

As ions are released from the slurry they will accumulate in the release water, resulting in water 
chemistry changes. Measurements of water chemistry parameters provide insight into the 
chemical processes at work in EKR. Samples are collected from the water cap in each tank on a 
weekly basis to measure changes in water chemistry over the duration of treatment. Samples are 
collected near the surface at random locations. Water samples are analyzed for Total 
Recoverable Metals, Chloride, Sulfate, Alkalinity, Bicarbonate, Carbonate, Hydroxide, 
Hardness, Conductivity, and pH. A subset of these data is presented below.  

 
Table 3 - Water quality targets and baseline values. 

Source pH Bicarbonate Calcium  Potassium  Sodium 

 S.U. mg/l mg/l mg/l mg/l 
Shell WQ Targets ~8 300 - 500 <30 --- 500 - 1000 
Untreated MFT 8.89 - 8.97 797 - 845 19.7 - 21.1 21.3 - 26.9 543 - 549 
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Table 4 - 25 m3 Test surface water chemistry detection ranges. 
Duration pH Bicarbonate Calcium  Potassium  Sodium 
Oct 17 2014 to  
July 15 2015 

S.U. mg/l mg/l mg/l mg/l 
9.46 – 11.38 29 – 614 5.8 – 27.5 11.2 – 37.2 326 - 537 

 
Table 5. 135 m3 Test surface water chemistry detection ranges. 
 pH Bicarbonate Calcium  Potassium  Sodium 
 S.U. mg/l mg/l mg/l mg/l 
WQ with Evaporation* 8.76 - 9.47 827 - 3320 8.5 - 20.4 20.7 - 70 544 - 2350 
WQ with Fresh Water 
Cap** 

8.48 - 8.91 565 - 830 17.2 - 26.2 9.1 – 20.3 285 - 500 

 
* Oct 17 2014 – March 11 2015 
**March 18 2015 – Present 
 
In the 135 m3 tank, the water cap produced by EKR treatment slowly evaporated over time 
yielding water samples with increasingly higher ionic content per unit volume for each sampling 
event. By early March 2015, a significant portion of the water cap had evaporated. In order to 
eliminate potential confusion between EKR and evaporative solidification processes, the water 
cap was replaced with City of Edmonton tap water to the original fill level. The water cap was 
replaced on March 11, 2015 and it is periodically topped off to maintain a constant level.  

 
Figure 14 - Average pH 135 m3 Test 

 
Figure 15 - Average Bicarbonate 135 m3 Test (mg/L) 
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Figure 16 - Average Calcium 135 m3 Test (mg/L) 

 
Figure 17 - Average Potassium 135 m3 Test (mg/L) 

 
Figure 18 - Average Sodium 135 m3 Test (mg/L) 

 
Figure 19 - Average Conductivity 135 m3 Test (uS/cm) 
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2.4 Solids content  

EKS field technicians monitor solids content by gauging changes in mud line over time and then 
estimating water separation volumes based on the changes. Gauging is accomplished by 
lowering a conductivity probe at fixed locations through the water cap. As the probe is lowered, 
the technician observes changes in conductivity and the mud line depth is estimated based on 
large changes in conductivity when the probe intersects the mud. This technique provides a 
rough estimate of the water separated by the process. Further characterization is required to 
further refine the estimates of treatment progression. 

With the installation of the scaffolding structure across the 135 m3 tank, it became possible to 
remove physical samples for analysis. Cores of the treated material are removed and analyzed 
on a monthly basis in order to characterize the level of treatment and provide the basis for an 
estimate of the solids content of the treated material both overall and inside/outside the original 
array footprint as well as overall water production volumes. Some of the samples depicted in 
Figure 22 have been estimated based on changes seen (increases) in solids content from 
surrounding sampling locations.  

Table 6 - Percent solids content by weight estimates. 
Testing Date 135m3 Test 25m3 Test 
 inside array / outside array / overall Overall 
September, 2014 32% / 32% / 32% 37% 
April, 2015 41% / 37% / 39% NM** 
June, 2015 43% / 39% / 41% 62%*** 
July, 2015 
August, 2015 
September, 2015 

46% / 42% / 44% 
51% / 47% / 49% 
60% / 49% / 56% 

62%*** 
62.5%*** 
63%*** 

*Start of test 
**Not measureable due to frozen conditions 
***Includes the effects of the freeze thaw cycle. 
 

 
Figure 20 - 135 m3 test overall estimated solids content changes 
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Figure 21 - 25 m3 test overall estimated solids content changes. 

 
Figure 22 - Solids content distribution in the 135 m3 test - July 2015. 

Percent by weigh 

*Value estimated based on previous sampling. 
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Figure 23 - 25 m3 solids content distribution – July 2015. 

Percent by weight. 

2.5 Shear strength  

Shear strength evaluation will take place when the treatment in both tests has met performance 
objectives. Shear strength has not been measured to date due to the destructive nature of in-situ 
shear vane testing. Disturbing the solids built up around the anodes can allow water to intrude 
into formation and cause current spikes. 

2.6 Volume Reduction 

The amount of volume reduction produced by the EKR process is dependent on the starting 
solids content of the material. In the case of the 135 m3 test the starting solids content of the 
material was approximately 32% wt solids. As of July 22 there had been approximately 58,000 
liters of water separated from the original volume of 135,000 liters. This represents 43% of the 
original volume that could be removed to join the process water stream by treating to an overall 
solids content of 49.4% solids/wt. Treatment to higher levels will lead to greater changes in the 
fines volume. 

3 CONCLUSIONS 

The in-situ treatment process developed by EKS may be used to significantly reduce the 
volumes of existing tailings ponds and thereby reducing the need to construct new ponds. EKR 
appears to provide an economical means to extract water from MFT without requiring additional 
material handling. The process developed by EKS may be used to supplement other reclamation 
technologies, such as freeze/thaw, and may be integrated at different points in the mine 
reclamation planning of a surface oil sands mining facility. Results from the EKS testing 
program will be used to provide insight into potential power usage, water recovery, and time to 
treat for a given reclamation scenario. Relationships between configuration and cost factors such 
as electricity costs and material costs are being investigated in order to provide the tools 
necessary to best integrate EKR technology into tailings reclamation strategies. 
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Modelling of pit lake filling scenarios using a coupled physical 
and biogeochemical model 
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ABSTRACT 

Pit lakes are a common post-closure feature at mine sites where open pits are allowed to fill with 
groundwater and surface runoff. The large volume of pit lakes and their potential role in water 
management make them a focal point of closure planning. Pit lakes can be allowed to fill 
passively, or alternatively, filling can be engineered to best meet closure objectives. In this 
paper, engineered filling scenarios are modelled using PitMod, a coupled 
physical-biogeochemical pit lake model. The filling scenarios considered include: 1) slow 
filling, involving the routing of clean surface waters away from the open pit; and 2) staged 
filling, involving initial filling of the pit with contaminated seepages, followed by freshwater 
inflows. The model results indicate that considerable benefits can be realized for pit lake surface 
water quality under engineered filling scenarios. Benefits relate to: 1) development of permanent 
stratification (meromixis) and development of sulfate reducing conditions in anoxic lake bottom 
waters; 2) physical and chemical isolation of poor water quality in pit bottom waters; 3) 
development of surface water quality conditions more conducive to in-pit bioremediation; and 
4) delay of pit filling, allowing greater time to reduce contaminant concentrations prior to pit 
lake overflow.  

Keywords: meromixis, ARD, bioremediation, water management, modelling 

1 INTRODUCTION 

Pit lakes are a common post-closure feature at mine sites where open pits are allowed to fill with 
groundwater and surface runoff. Due to the oxidation of exposed sulphide minerals on pit walls, 
and to the flushing of soluble metals during pit filling, many pit lakes are characterized by poor 
water quality (Gammons and Duaime, 2006)). Further, the large volume of pit lakes and their 
potential role in water management make them a central focus of closure planning. Given the 
implications for environmental protection, regulatory compliance and potential long-term 
environmental liability of pit lakes, considerable attention has been given to their management, 
characterization and remediation (Castro and Moore, 2000; Martin et al., 2003).  

Lakes formed by flooding of open pits are typically deep and steep-sided, with a much smaller 
surface area to depth ratio than most natural lake systems. A consequence of a small fetch (i.e., 
length of lake surface exposed to wind-energy) and relatively deep water is the ineffective 
transfer of wind energy to pit lake bottom waters. These properties can greatly limit vertical 
mixing and contribute to the tendency of pit lakes to form stratified water columns with suboxic 
bottom waters. For some systems, passive or engineered stratification can offer significant 
benefits relating to: 1) potential for passive treatment through alkalinity generation and metal 
sulfide precipitation in anoxic bottom waters; 2) isolation of poor water quality in the pit lake 
bottom layer, thereby minimizing impacts to surface waters.  

Most pit lakes are allowed to fill passively, whereby surface and groundwater inflows are driven 
by natural water balance variables. In some cases, engineered filling can offer an effective 
means to improve the water quality of surface discharges from the pit. Engineered filling options 
may include: 
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 Staged Filling: This involves the preferential filling of the pit with saline (i.e., 
denser) waters in the early stages of filling, followed by capping with low salinity 
water (e.g., Poling et al., 2003). The objective of this scenario is to maximize the 
potential for meromixis (permanent stratification), development of bottom water 
anoxia, and natural bioremediation processes (alkalinity generation and metal 
sulfide precipitation in lake bottom waters). 

 Deep Water Injection of Acid Rock Drainage (ARD): This scenario is related to 
Staged Filling, and entails the conveyance of ARD to the pit bottom as a means to: 
1) isolate poorer water quality in the pit bottom; and 2) under conditions of 
meromixis, allow for neutralization of acidic waters (through alkalinity generating 
reactions in anoxic bottom waters) and passive metal removal through metal sulfide 
precipitation.  

 Slow Filling: This involves the exclusion of clean waters from entering the pit, 
which could include surface runoff from reclaimed surfaces or treated effluents. The 
objective of this scenario is to delay the onset of pit lake overflow; thereby allowing 
for greater time to reduce contaminant concentrations prior to discharge (e.g., 
through in-pit bioremediation).  

2 MODELLING METHODS 

Pit lake model simulations were conducted using PitMod, a one-dimensional numerical 
hydrodynamic model developed by Lorax to predict the spatial and temporal distribution of 
temperature, density, dissolved oxygen and water quality parameters in lakes (Dunbar, 2013; 
Crusius and Dunbar, 2002a). PitMod has been used at over 50 sites globally, and is an accepted 
tool by both Canadian and U.S. regulatory agencies. Through work in Idaho (Thompson Creek 
Mining Company) and Alaska (Donlin Gold), PitMod has gained regulatory acceptance by 
several U.S. agencies including the U.S. Environmental Protection Agency, U.S. Bureau of 
Land Management, U.S. Forest Service and the U.S. Army Corps of Engineers. A primary 
strength of PitMod is that it has undergone rigorous verification using empirical data collected 
from modelled sites, including the Island Copper and Equity Silver Mine (Main Zone Pit Lake) 
(Crusius et al., 2002 a,b; Dunbar et al., 2004; Dunbar and Pieters, 2008).  

The physical limnology component of PitMod simulates the evolution of water column structure 
with time by calculating the vertical and temporal distribution of salinity, temperature and 
density (calculated from salinity and temperature). PitMod is a 1-dimensional model comprised 
of a vertical stack of 1 m-thick layers that assumes lateral homogeneity of a lake's physical and 
geochemical properties. The principal physical processes simulated by PitMod include: heating 
of the lake surface by incident long- and short-wave solar radiation, sensible heat exchange 
between the atmosphere and the lake surface, heat loss through black body radiation, wind-
driven mixing, convective mixing, ice formation and melting, evaporation, and input of direct 
precipitation, pit wall runoff, and surface and groundwater inflows. The biogeochemical 
component of PitMod incorporates PHREEQC (mineral/gas equilibria, redox reactions), 
dissolved oxygen (DO) consumption and metal scavenging from the water column (e.g., 
scavenging by biogenic particles followed by particle settling). The latter process represents the 
dominant vertical transport mechanism for trace elements in lakes. Settling particles, especially 
organic aggregates (biogenic particles), play a dominant role in the binding and transfer of trace 
elements to lake bottom waters, thereby regulating the concentrations of dissolved species in 
surface waters (Sigg, 1985). 
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3 STUDY SITES 

3.1 Aitik Mine, Sweden 

Boliden Mineral AB owns and operates the Aitik open pit copper mine and concentrator located 
17 km east of Gällivare in Northern Sweden. Since 1968 the mine has extracted copper-, gold- 
and silver-bearing ores contained within metamorphosed plutonic and volcano-sedimentary 
rocks. Development of the Aitik Pit entails the placement of both potentially acid generating 
(PAG) and non-PAG waste rock within the catchment of the pit. Climate conditions are 
subarctic in nature, with a mean annual temperature of -1˚C and mean annual precipitation of 
~550 mm.  

Post mine closure, groundwater and surface water inputs to the Aitik pit will result in the 
formation of a pit lake occupying a void ~1 km wide, 3.5 km long and 525 m deep (maximum 
depth), with a total volume of 579 million m3. Key inputs to the pit during the closure period 
will include tailings management facility (TMF) runoff (first 10 years post closure), TMF 
seepage, non-PAG waste rock seepage/runoff, PAG wasterock seepage/runoff, runoff from 
natural ground, pit wall runoff, groundwater recharge and direct precipitation to the pit lake 
surface. Two filling scenarios are presented for the Aitik Pit: 

 Passive Fill: This scenario entails the passive input of all inflows to the pit. 

 Slow Fill: This scenario includes the collection and treatment of PAG waste rock 
seepages with discharge to receiving water courses. Clean sources of runoff within 
the pit catchment (i.e., runoff from covered waste rock dumps and natural ground) 
are also conveyed directly to the recipient. The objective of the Slow Fill scenario is 
to delay the onset of pit lake overflow, thereby allowing the benefits of PAG 
seepage quality improvements to be realized prior to pit lake overflow. Specifically, 
significant improvements in drainage quality from PAG wastes are expected 
between years 30 and 60 post-closure in response to cover system application. In 
this manner, discharges from the pit under a Slow Fill scenario can be managed to 
better align with the time scales of drainage quality improvements. 

3.2 Mine B, Eastern Canada 

This proposed mine (anonymously named Mine B), is located in the interior region of eastern 
Canada. Waste rock to be generated from the pit largely comprises felsic metalvolcanics, with 
smaller contributions from mafic volcanics and clastic metasediments. Approximately 42% of 
the waste volume is expected to be PAG. The site is characterized by a cold-interior continental 
climate, with a mean annual temperature of 3˚C and mean annual precipitation of ~700 mm. 
Post mine closure, groundwater and surface water inputs to the pit will result in the formation of 
a pit lake occupying a void ~1.5 km wide, 1.8 km long and 425 m deep (maximum depth), with 
a total volume of 253 million m3. Two pit filling scenarios are presented for Mine B: 

 Passive Filling Scenario: This scenario entails the passive input of all inflows to the 
pit, while maximizing the filling rate with freshwater sources (river withdrawal). 
Maximizing the flow rate to the pit serves to minimize the exposure time of wall 
rock to weathering reactions, thereby minimizing loadings to the pit.  

 Staged Filling Scenario: This scenario entails the preferential filling of the pit with 
PAG waste rock seepages for the initial 10 years of pit filling. Other sources of 
clean water are diverted away from the pit during this phase. After 10 years, clean 
surface flows within the pit catchment are allowed to flow passively to the pit, while 
PAG seepages continue to be routed to the pit bottom. The objective of the Staged 
Filling scenario is to maximize the potential for permanent pit lake stratification, 
thereby isolating poorer water quality in pit bottom waters. The development of 
stratification will increase the potential for suboxic bottom waters and maximize the 
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potential for in situ bioremediation processes (e.g., sulfate reduction, metal sulfide 
precipitation and alkalinity production). 

4 RESULTS AND DISCUSSION 

4.1 Aitik Pit – Slow Fill versus Passive Fill 

In the Slow Fill scenario for the Aitik Pit, PAG waste rock seepages are collected, treated (lime) 
and conveyed directly to the recipient. This serves to: 1) remove significant loadings from 
entering the pit; and 2) increase the time to pit lake overflow from 55 to 130 years. Despite the 
removal of saline source waters from the system, there is still sufficient input of saline inflows 
to promote water column stratification, as illustrated by the model output for salinity (Figure 1). 
This relates to the input of saline runoff and seepages in the early stages of pit flooding 
associated with the TMF, waste rock dumps and pit walls. 

 
Figure 1. PitMod output showing the vertical and temporal distribution of salinity (left) and dissolved 

oxygen (right) for the Aitik pit lake (200 year simulation) for Passive Fill scenario (overflow in year 55) 
and Slow Fill scenario (overflow in year 130). Units of salinity are parts per thousand (ppT). 

The redox structure in the water column of the Aitic pit lake will be governed by the balance of 
mechanisms that replenish and consume dissolved oxygen (DO). The primary source of DO is 
via atmospheric exchange with the lake surface and the input of oxygenated surface inflows. 
Dissolved oxygen levels are assumed to be less than 1 mg/L in groundwater, and therefore 
groundwater does not provide a significant source of DO. Conversely, the primary sink of DO 
will be through the bacterial respiration of organic matter produced through in situ primary 
production (algal growth). For both scenarios, the development of permanent stratification 
promotes the development of suboxic conditions below a mixed layer that extends seasonally to 
a depth of approximately 30 m (Figure 1).  

The predicted absence of DO below the surface mixed layer in both scenarios will have a 
significant effect on the distribution of redox sensitive species. Specifically, suboxia can be 
expected to be accompanied by: 1) consumption of secondary electron acceptors such as nitrate, 
Fe oxides, Mn oxides and sulfate; and 2) increases in the concentrations of redox reaction 

Year

Dissolved Oxygen (mg/L)

Slow Fill

Passive Fill

Salinity (ppt) Dissolved O2 (mg/L)

Slow Fill

Passive Fill

Pit Lake Overflow

Pit Lake Overflow

Pit Lake Overflow

Pit Lake Overflow

 
577



products including dissolved Fe, Mn, alkalinity, ammonia and H2S. The consumption of sulfate 
and liberation of dissolved H2S is particularly relevant to natural bioremediation since this 
process will promote trace element removal via sulfide mineral precipitation. Another 
significant benefit of suboxia is the generation of alkalinity, which is produced through suboxic 
redox pathways (nitrate reduction, Fe/Mn-oxide reduction, sulfate reduction) (Sigg et al., 1991).  

Surface water quality trends for dissolved Cu and Zn for the Passive and Slow Fill scenarios 
show similar absolute concentrations versus time (Figure 2). For both scenarios, surface water 
quality shows marked improvement over time, largely in response to improvement in the 
seepage quality from PAG waste rock in response to cover system application. Additional 
benefits to surface water quality over time relate to: 1) development of pit lake stratification 
which serves to isolate poorer water quality in pit bottom waters; 2) decrease in pit wall 
exposure area and pit wall runoff as the pit lake fills; 3) decrease in groundwater flux as 
hydraulic gradients lessen; and 4) increase in amount of direct precipitation to pit lake surface as 
area of pit lake expands. The benefits of Slow Fill are linked to the delay in pit lake overflow. 
Specifically, at the onset to pit lake overflow for the Slow Fill scenario (Year 130), pit lake 
surface water quality is considerably improved relative to the Passive Fill scenario (pit lake 
overflow at Year 55). At Year 130, for example, Slow Fill values for Cu and Zn reach 
concentrations of 77 µg/L and 28 µg/L, respectively. These values are considerably lower than 
the values predicted for the Passive Fill scenario at pit lake overflow (Year 55) for Cu (850 
µg/L) and Zn (115 µg/L) (Figure 2).  

 
Figure 2. Model output showing the temporal evolution of dissolved Cu and Zn in surface waters of the 

Aitik pit lake (200 year simulation) for Delayed Filling scenario (overflow in year 130) and Passive 
Filling scenario (overflow in year 55).  

Overall, the benefits of the Slow Fill scenario relate to lower loading rates (due to removal of 
PAG seepages from system) and due to the delay in pit lake flooding, which allows the full 
measure of surface water quality improvements to be realized prior to pit lake discharge. 
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Specifically, given the volume and residence time of the Aitik pit, the benefits of PAG waste 
seepage quality improvements (associated with cover system application) are not fully realized 
in the pit until after Year 130. In this regard, the synchronous occurrence of pit flooding and 
water quality improvements results in more favourable water quality in pit lake discharges at the 
time of pit lake overflow for the Slow Fill scenario. 

4.2 Mine B - Staged Fill versus Passive Fill 

The evolution of physical properties of the Mine B pit lake for the Passive and Staged filling 
scenarios is illustrated by the spatial and temporal distributions of salinity and DO (Figure 3). 
For the Passive Filling scenario, permanently stratified (meromictic) conditions develop in the 
water column as revealed by the evolution of salinity. The meromictic nature of the water 
column is well established prior to pit lake overflow, at which time salinity shows a strong 
gradient (halocline) in the upper 50 m of the water column. The stratified water column for the 
Passive Filling scenario relates to both the large depth of the pit in relation to its surface area 
(limiting vertical mixing by wind) as well as to the evolution of pit inflows. Specifically, water 
quality associated with pit walls improves over time as the water elevation intersects the 
overburden, producing relatively clean runoff. In parallel, direct precipitation to the pit lake 
surface increases over time as the pit lake surface area expands. Collectively, these processes 
contribute to the development of permanent stratification.  

Figure 3. PitMod output showing the vertical and temporal distribution of salinity (left) and dissolved 
oxygen (right) for the Mine B pit lake (200 year simulation) for Passive Fill and Staged Fill scenarios. Pit 

lake overflow in year 72 is highlighted. Units of salinity are parts per thousand (ppT).

For the Staged Fill, the physical structure of the water column is similarly influenced by the 
processes described above for the Passive Fill scenario (i.e., progressive increase in the 
contribution of freshwater to the pit lake surface). As an additional feature, the injection of PAG 
seepage at the pit bottom imparts strongly stratified conditions in the lower water column. This 
is illustrated by the model output for salinity, which shows the progressive accumulation of 

Passive Fill

Staged Fill

Passive Fill

Staged Fill

Salinity (ppt) Dissolved O2 (mg/L)

Pit Lake Overflow

Pit Lake Overflow

Pit Lake Overflow

Pit Lake Overflow

 
579



higher salinity PAG flows in the pit bottom and the presence of a strong salinity gradient (Figure 
3). The model output demonstrates that the PAG inflows are contained within the lower portion 
of the pit and do not mix appreciably with the lower salinity waters above. At year 200, the 
model output show the accumulation of PAG seepages to a thickness of approximately 220 m in 
the pit bottom, with no incursion of the deeper saline water into the surface layer. Longer-term 
modelling indicates that the introduction of PAG seepage water into the surface layer does not 
occur for at least 400 years.  

The model output indicates that surface waters do not mix appreciably below a depth of 50 m 
for both the Passive and Staged filling scenarios. Given these conditions, on-going bacterial 
respiration, in conjunction with negligible DO replenishment to deep waters, will result in the 
depletion of dissolved oxygen below the surface mixed layer. These conclusions are supported 
by the model predictions of DO, which show suboxic conditions below the surface mixed layer 
(Figure 3). For the Staged Fill scenario, the introduction of oxygen-rich PAG seepage to the pit 
bottom results in a deep layer of oxygen-replete water. Note that in contrast to salinity, DO does 
not progressively accumulate in bottom waters under the Staged Filling scenario. This steady-
state distribution of DO is a function of the balance between the DO input (via PAG seepage 
discharge to depth) and DO consumption via bacterial respiration of organic matter.  

As observed for salinity, surface waters for both scenarios show a progressive decline in trace 
element concentrations over time (Figure 4). This relates to a progressive increase in the 
contribution of freshwater inputs to the pit surface in response to an increase in pit lake surface 
area and a decrease in pit wall surface area. For trace metals the model output for the Staged Fill 
scenario shows markedly lower values in surface waters in comparison to the Passive Fill 
scenario (Figure 4). In this regard, the injection of PAG seepage to the pit bottom results in an 
immediate benefit to surface water quality due to the rapid onset of stratification and isolation of 
PAG seepages in the pit bottom. At the period of initial lake overflow (Year 73), the benefits of 
the Staged Fill are pronounced, with considerably lower values observed for Al, Cu, Ni and Zn, 
in comparison to the Passive Fill scenario (Figure 4). 

 
Figure 4. Model output showing the temporal evolution of dissolved Al, Cu, Ni and Zn in surface waters 
of the Mine B pit lake (200 year simulation) for Passive and Staged Filling scenarios. Pit lake overflow in 

year 72 is highlighted.  

Over time, the progressive input of saline metal-rich waters to depth under the Staged Fill 
scenario displaces overlying water in the Mine B pit (as illustrated for salinity in Figure 3). 
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Specifically, the progressive accumulation of PAG seepages over time in bottom waters will 
eventually result in the displacement of this water mass into the surface layer. However, for the 
Mine B pit, the incursion of poor quality water into the lake surface is not predicted to occur for 
at least 400 years. Given the time scales of this delay, there is considerable time to invoke 
remediation measures to reduce acidity and soluble trace element concentrations in lake bottom 
waters prior to their introduction to the surface layer.  

For example, in-pit bioremediation offers a potentially effective means to mitigate acidity and 
reduce metal concentrations in pit bottom waters (Martin et al., 2003). The in situ 
bioremediation of mine site pit lakes typically involves the addition of nutrients and/or organic 
matter to create conditions conducive to contaminant removal. The addition of organic matter, in 
the form of liquid or solid amendments provides a direct source of organic carbon to the water 
column. In contrast, the addition of nutrients (i.e., nitrogen and phosphorus) adds organic carbon 
indirectly to the system through enhanced algal and bacterial growth (Dessouki et al., 2005). For 
both direct and indirect forms of organic enrichment an increase in organic matter content in the 
water column serves several functions critical to successful bioremediation. For metal sulfide 
precipitation to occur, suboxic conditions must be achieved to allow sulfate reduction and 
precipitation of secondary sulfide minerals (e.g., ZnS, CdS). Since the oxygen demand in pit 
lakes is governed by the oxidation of organic matter the depletion of oxygen and onset of sulfate 
reduction in pit lakes can be accelerated through the addition of nutrients and/or organic matter. 
In this regard, the promotion of sulfate reduction and metal sulfide precipitation in stratified pit 
lakes can promote the removal of dissolved metals from suboxic bottom waters. 

A second benefit of increased oxygen demand is the generation of alkalinity, which can serve to 
neutralize acidity associated with the input of acidic seepages. These are the same principles that 
facilitate the neutralization of acidity for various forms of bioremediation that rely on sulfate 
reduction, such as permeable reactive barriers (Blowes et al., 2000). 

5 CONCLUSIONS: 

Pit lake stratification and mixing are key processes that must be assessed prior to selecting an 
optimal pit filling strategy. In this regard, PitMod provides an effective tool for modelling both 
the physical and chemical evolution of pit lake systems.  

All model scenarios show the development of permanently stratified (meromictic) water 
columns and suboxic bottom waters below a surface mixed layer. Slow filling can be viewed as 
a means to delay the onset of pit lake overflow. In the Aitik Pit example the timing of pit 
discharges is congruent will improvements in pit lake surface chemistry, allowing for more 
favourable water quality at the time of pit lake overflow. 

Staged filling, and the promotion of strong stratification in the water column, can be viewed as a 
means to isolate poor quality drainages in the pit bottom, and to delay the introduction of these 
waters into the surface layer. The time scales of this delay (> 400 years) for the Mine B pit 
example afford an opportunity to reduce acidity and metal levels prior to pit lake overflow. In 
particular, in-pit bioremediation offers an effective means to promote alkalinity generation and 
metal sulfide precipitation in anoxic bottom waters.  
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ABSTRACT 

Buildup of sodium in mine process water and tailings is problematic for oil sands operations. 
Barr Engineering constructed a model of sodium transport/sequestration throughout the multiple 
process-water streams and reservoirs that characterize a typical oil sands operation and used the 
model to predict sodium levels for various operating configurations over multi-decadal life-of-
mine scenarios. To investigate the effects of geologic/stratigraphic uncertainty on long-term 
water chemistry, Monte-Carlo-type simulations with stochastic ore parameters were performed. 
Model predictions suggest the dominant controls on long-term sodium concentration in the 
process water are ore grade, sodium concentration in connate water, and the rate of caustic 
addition to facilitate extraction. Post-depositional processes in the ore tailings, such as mature 
fine tailings (MFT) consolidation, are relatively unimportant. Model results indicate that the 
long-term process-water sodium concentration is a relatively simple dilution of primary sodium 
sources: The hydrologic budget balances input of saline connate (ore) and fresh (river) water 
and export of tailings-basin water to pore spaces; in this steady state, the effective concentration 
of sodium in the ore feed is diluted by the input of fresh water needed for mine operations. 
Model results emphasize the importance of properly characterizing ore feed for the life of mine.  

1 INTRODUCTION 

Accumulation of excessive sodium in oil-sands process water poses significant problems to 
mine operation. Takamura and Wallace (1988) and Wallace et al. (2004) suggested that a high 
concentration of sodium in the water phase of the conditioning stage could negatively affect 
recovery as a result of coagulation of fine solids in the oil sand. While the effects of high sodium 
levels on bitumen extraction are poorly understood, fundamental colloid chemistry texts (e.g., 
Hiemenz, 1986) and long-standing references on soil sciences (e.g., Lambe and Whitman, 1969) 
describe the contribution of monovalent species in the water phase to the so-called ‘activity’ of 
clay particles in an aqueous suspension. Sodium in recycle water poses a more difficult problem 
than does divalent calcium or magnesium, which can be precipitated or complexed into a lower-
charged species, thereby reducing their ability to cause coagulation; sodium, in contrast, must be 
removed in a separate and costly water treatment process. The ability to predict sodium buildup 
in process water over the life of a mine thus is of significant utility to operators. While each oil-
sands mine is unique in terms of design and ore characteristics, all possess common features. 
The overarching objective of this work is to utilize relatively simple mathematical modeling to 
gain insight into the basic controls on long-term sodium concentration in the process water of a 
generic oil-sands operation. 

2 CONCEPTUAL MODEL 

Barr Engineering developed a model of process-water chemistry for a generic oil-sands mine 
consisting of ore-processing, bitumen-production, utilities-and-upgrading plants; a recycle-water 
pond; and a tailings basin; in addition, the entire tailings beach and each (monthly) MFT layer 
are treated as distinct reservoirs (Fig.1). These model reservoirs are common to nearly all oil-
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sands mines; furthermore, reservoirs can be added or subtracted to the model as appropriate for 
specific plant designs. Water and sodium are exchanged between model reservoirs. The model 
tracks the evolution of sodium concentration in the various reservoirs in response to specified 
streams of water and ore. The ore-processing, utilities-and-upgrading, and bitumen-production 
reservoirs encapsulate the mixing of process water and ore slurries in the associated plants. 
These model reservoirs have negligible physical volumes and no mechanism for storage of 
water or chemical species; as such, they are treated mathematically as quasi-steady-state 
reservoirs, in which water streams mix instantaneously and, by extension, the sodium 
concentration responds instantaneously. In contrast, the tailings-disposal reservoirs, i.e. the 
tailings basin fluid mass and the underlying saturated beach and mature fine tailings (MFT) 
sediments, have significant volume and storage capacity. The beach and MFT reservoirs (layers) 
represent long-term sinks for water and chemical species. The model deposits a layer of MFT at 
each (monthly) time step, with each such layer treated as a reservoir. Exchange of fluid and 
sodium between MFT layers and the overlying tailings-basin reservoir occurs during MFT 
consolidation. For this modeling exercise, because its volume was small relative to that of the 
tailings basin, the recycle-water reservoir was treated in the same quasi-steady fashion as the 
ore-processing, utilities-and-upgrading, and bitumen-production reservoirs 

 

Figure 1. Generic oil-sands mine and processing plants. Bold, italicized titles denote model reservoirs. 

The fundamental drivers for the model are specified time series of ore feed rate and ore 
characteristics (e.g., sand, fines, bitumen, and water content and chemistry). A typical sodium 
budget for an oil sands plant has three major contributors: connate water (pore fluids) associated 
with the ore, sodium liberated from clays in the ore during processing, and process aids 
containing sodium, e.g. NaOH, added to the ore stream in the ore-processing plant. Additional 
inputs of sodium from surface runoff, groundwater, and Athabasca River input are represented 
in the model but constitute, at most, second- or third-order contributors to the sodium budget. 
Water chemistry evolves in response to solids (ore) and water streams between the various 
reservoirs. A separate tailings model—informed by industry norms—is used to provide mass 
and density estimates for tailings deposits such as beaches and MFT, as well as the rates of 
consolidation for these tailings deposits. Water stream data used in the model are derived from 
hypothetical heat- and mass-balance sheets, which provide water discharges (mass water / time) 
between the reservoirs and, again, are based on industry norms. Interpolation schemes are 
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incorporated into the model to allow varying these water discharges with ore characteristics such 
as fines or bitumen content. 

3 MATHEMATICAL MODEL 

The conceptual model described above was abstracted to construct a semi-analytical model of 
sodium evolution in the system reservoirs. The hydro-chemical evolution of the zero-storage 
reservoirs (ore processing, utilities and upgrading, bitumen production, and recycle water) is 
fully analytical and, for each reservoir, has the general form: 

 ∑ 𝑄𝑖𝑐𝑗𝑖,𝑗 = 0         (1a) 

 ∑ 𝑄𝑖𝑖 = 0         (1b) 

Where the cj are the instantaneous sodium concentrations in the various model reservoirs and the 
Qi are the water streams (mass discharge rates) between reservoirs. The generic model is 
characterized by approximately 20 distinct water streams (see Figure 1). 

Mass balance in the tailings-basin reservoir has the form: 

 ∑ 𝑄𝑖𝑐𝑗𝑖,𝑗 = 𝑀𝑡𝑏
𝑑𝑐𝑡𝑏

𝑑𝑡
+ 𝑐𝑡𝑏

𝑑𝑀𝑡𝑏

𝑑𝑡
       (2a) 

 ∑ 𝑄𝑖𝑖 =
𝑑𝑀𝑡𝑏

𝑑𝑡
         (2b) 

Where, as above, the Qi are the various input/output water streams to/from the tailings basin, the 
cj are instantaneous sodium concentrations in the various model reservoirs; in Equation 2, Mtb 
and ctb are, respectively, the instantaneous water mass and sodium concentration in the tailings 
basin. The right-hand sides of Equations 2a and 2b represent storage of sodium and water. Mass 
balance for the beach and for each MFT reservoir (layer) has a similar form to Equation 2. The 
system of equations in (1) is solved analytically; the system of equations in (2) is solved 
numerically. For several limiting-case scenarios, closed-form, fully analytical solutions to the 
entire system of equations were obtained and used as benchmarks for the more general semi-
analytical solution. 

4 BASELINE MODEL PREDICTIONS 

Process water chemistry frequently is monitored in the tailings basin. Figure 2A shows the 
model prediction for evolution of sodium concentration in the tailings basin for a baseline mine-
operating scenario. In this baseline scenario, the intake of river water to the mine is adjusted to 
balance approximately the loss of water to the combined beach and MFT reservoirs, thus 
maintaining a nearly steady volume of water in the tailings basin. The baseline concentration of 
sodium in connate water is 4000 parts per million (ppm); 50% of sodium adsorbed on clay is 
assumed to be liberated in the ore-processing reservoir; and NaOH (‘caustic’) is added to the 
incoming ore feed at a rate of 150 g/tonne. The model baseline fines capture is 75%; model 
MFT consolidates exponentially in time, with an e-folding time of six months.  
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Figure 2. (A) Baseline model predictions for sodium accumulation in the tailings basin (bold black time 
series) superimposed on specified ore feed (red) and ore grade (blue) time series. (B) Time series of 

sodium in process water within the various model reservoirs for the baseline scenario. 

Superimposed on the predicted sodium concentration in Figure 2 are time series for the ore feed 
rate (Mt/month) and ore grade (fines content) from a hypothetical tailings model that was 
informed by industry norms. The ore feed rate increases rapidly in the first decade of mine 
operation, remains relatively steady (with fluctuations) over the next 35 years, before falling 
rapidly during mine closure.  Fluctuations in the hypothetical ore grade reflect natural 
(stratigraphic) variations in fines content and variations imposed by mining strategies. These 
time series drive the model and represent the dominant forces on sodium concentration. 

Predicted baseline sodium concentration in the tailings basin (Figure 2A) increases rapidly in the 
first decade of mine operation—driven primarily by an increase in ore feed rate—before 
approaching equilibrium. Over the next three decades of mine operation, the sodium 
concentration fluctuates by approximately 200 ppm about a mean value of approximately 850 
ppm; these fluctuations are driven by temporal variation in the ore feed rate and grade. At the 
most basic level, an increase in fines content (decrease in ore grade) drives an increase in 
sodium concentration in the tailings basin due to an increase in clay content and associated 
liberation of adsorbed sodium. Model results are consistent with industry experience that sodium 
concentration in the tailings basin reaches an approximate equilibrium, which occurs when the 
rate at which sodium exits the water inventory by becoming hydraulically isolated in the pores 
of the solids deposits balances the rate at which sodium enters the water inventory from new oil 
sand feed and from process chemicals such as NaOH. 

Oil sands operators may be interested in tracking the sodium concentration in process water 
throughout the entire mine system, i.e. through all the reservoirs. Figure 2B shows the baseline 
sodium concentration in the tailings basin; the ore-processing, utilities-and-upgrading, and 
bitumen-production plants; and the recycle-water pond. For baseline model parameters, sodium 
concentration varies by approximately 800 ppm across all model reservoirs. Sodium 
concentration is greatest in the ore-processing plant, as this reservoir hosts the primary sodium 
sources—connate water, clay, and caustic dosing. Sodium concentrations in the 
utilities-and-upgrading plant and recycle-water pond are lowest due to the relatively large 
streams of fresh (river) water delivered to both. Following the initial decade of increasing ore 
feed rate, the sodium concentration the bitumen-production reservoir is similar to that in the 
tailings basin; this equivalency results because the bitumen-production plant is the dominant 
source of fluid (and sodium) for the tailings basin. Note that the volume of the tailings-basin 
reservoir effectively buffers it from high-frequency (annual or shorter timescales) fluctuations in 
ore feed and grade. 
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Figure 3. Baseline mass inventory in the model tailings basin. Note the small fluid mass of the tailings 
basin relative to the masses of the beach and MFT reservoirs. 

5 MASS INVENTORY 

Figure 3 shows the accumulation of fluid and solid mass (i.e., the mass inventory) in the tailings 
basin over the five-decade lifespan of the hypothetical baseline mine scenario. (Superimposed 
on the mass inventory is the specified ore feed rate from Figure 2A.) The mass inventory is 
dominated by beach material, which consists primarily of sand with tailings-basin fluid and ore 
fines trapped in the pore spaces; the dominance of the beach deposit reflects the grain-size 
distribution of the ore, which is primarily sand. MFT represents the second largest term in the 
mass inventory, albeit an order of magnitude smaller than the beach reservoir; MFT has a 
relatively high porosity and thus sequesters a significant volume of tailings-basin water in its 
pores. The fluid mass of the tailings basin (i.e., the mass of fluid situated above the MFT 
mudline), while several tens of megatonnes in scale, is several orders of magnitude smaller than 
the combined beach and MFT reservoirs. 
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Figure 4. Sensitivity of sodium concentration in the tailings basin to variations in (A) caustic (NaOH) 
dosing, (B) liberation of sodium adsorbed to clay, (C) sodium concentration in ore connate water, (D) rate 

of MFT consolidation, and (E) long-terms fines capture in beach sand. 

6 SENSITIVITY STUDY 

Natural variability in ore characteristics (fines content, connate water), poor constraints on 
geotechnical processes (fines capture, MFT consolidation), and variable operator specifications 
(caustic dosing rate) introduce considerable uncertainty to model predictions. A numerical 
sensitivity study, in which parameters and processes were varied and the effects quantified, was 
performed to address this uncertainty. Figure 4 summarizes the results of this study. 

Caustic dosing (addition of NaOH) in the ore-processing plant is one of three primary sources of 
sodium; industry dosing rates show considerable variation. In the sensitivity analysis, variations 
in the dosing rate of +/- 100 ppm NaOH / tonne ore about the baseline value (150 ppm NaOH / 
tonne ore) translate linearly to approximately +/- 175 ppm variations in sodium concentration 
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within the tailings basin (Figure 4A). Empirical models of sodium release from clay, which are 
based on the Methylene Blue Index (MBI; Cenens and Schoonheydt, 1988; Currie et al., 2014), 
suggest a maximum release rate of approximately 75 g Na / tonne ore. The baseline model 
scenario assumes a 50% release rate (i.e., approximately 37 g / tonne ore). Incorporating the 
detailed physics of sodium release from clays is beyond the scope of this model at the present 
time. Instead, the sensitivity study placed upper (100%) and lower (0%) bounds on sodium 
release from clay, with the net effect being a linear translation of +/- 100 ppm fluctuation about 
the baseline sodium concentration in the tailings basin (Figure 4B). The baseline concentration 
of sodium in connate water was 4000 ppm. The sensitivity study varied this concentration by +/- 
1000 ppm about the baseline value, with the resultant sodium concentration in the tailings basin 
fluctuating by roughly +/- 150 ppm about the baseline value (Figure 4C). 

Water and sodium are sequestered in the pore space of MFT deposited in the tailings basin. The 
rate of MFT consolidation is poorly constrained; this consolidation rate dictates the time interval 
over which pore fluids in the upper MFT layers can exchange water/sodium with the overlying 
water mass in the tailings basin. In the baseline scenario, MFT consolidates exponentially with a 
six-month e-folding time. Once MFT ‘ages’ by a few e-folding time intervals, consolidation has 
ceased effectively and the pore water chemistry is preserved indefinitely in the buried MFT. In 
the sensitivity study, the e-folding time of MFT was varied asymmetrically (three months, 18 
months) about the baseline value. Figure 4D shows the effects of varying the MFT consolidation 
rate. Model results suggest that water/sodium exchange between MFT and tailings basin exerts 
only a weak control on sodium concentration in the tailings basin, regardless of the 
consolidation rate. Slow (18 month e-folding) consolidation limits slightly the buffering effects 
of the tailings-basin fluid mass and, by extension, increases slightly the sensitivity of tailings-
basin water chemistry to fluctuations in ore feed / grade. 

Increased capture of fine tailings in beach (sand) pore space reduces the volume of MFT 
produced and thus the mass of the MFT reservoir; long-term fines capture rates are not well 
constrained. The sensitivity study varied fines capture (%) about the baseline value of 75%. An 
(optimistic) 90% fines capture rate increased the sodium concentration in the tailings basin by 
approximately 100 ppm relative to baseline (Figure 4E). Conversely, a (pessimistic) 60% fines 
capture rate decreased the sodium concentration by approximately 100 ppm. Model results 
suggest a tradeoff between reduced MFT production (increased fines capture) and increased 
sodium concentration in the tailings basin. The reason for this tradeoff is that model MFT has a 
lower solids fraction than model beach deposits; hence, a reduction in fines capture translates to 
an increase in the volume of tailings-basin water trapped in MFT and, by extension, an increase 
in river water input (increased dilution) required to maintain an approximately steady volume of 
water in the tailings basin. 

7 LONG-TERM BEHAVIOUR: A DILUTION PROBLEM 

Short-term fluctuations in sodium concentration of process water depend on the complicated 
exchange between reservoirs embodied in Equations 1 and 2. However, on timescales longer 
than the tailings basin mixing time (i.e., on timescales of one year or greater) the controls on 
sodium concentration simplify considerably. At the most basic level, the sodium concentration 
in the tailings basin is determined by the dilution of highly saline water in the ore feed with 
fresh river water. The key to understanding the long-term sodium concentration is the 
recognition that the net hydrologic budget for the tailings reservoir is controlled by two inputs—
fresh river water (Qriv) and saline ore water (Qore)—and a single output—tailings-basin water 
sequestered (permanently) in the pores of beach sands and MFT (Qsed). The plant reservoirs and 
recycle-water pond exchange large volumes of sodium but, for all intents and purposes, these 
exchanges amount to recirculation, not net addition or subtraction. In the long-term hydrologic 
steady state, the sodium concentration in the tailings basin (ctb) is given by: 
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Equation 3 has a simple interpretation: The tailings-basin concentration is set by the effective 
concentration of pore fluid in the ore feed stream, core, multiplied by a ‘dilution factor,’ Qore / 
(Qore + Qriv). For the baseline model scenario, the time-averaged, effective concentration of 
sodium in the ore stream (core) is approximately 6600 ppm. This concentration includes 
contributions from connate water (~180 g Na / tonne OS), caustic dosing (~80 g Na / tonne OS) 
and liberation from clays (~37 g Na / tonne OS). Using baseline stream values for river water 
intake (Qriv) and water from ore (Qore), the time-averaged dilution factor, Qore / (Qore + Qriv), is 
approximately 0.13. Equation 3 thus predicts a sodium concentration in the tailings basin of 
approximately 850 ppm, which is consistent with the equilibrium concentration in Figure 2A.   

 

Figure 5. Comparison of predicted sodium concentration in the tailings basin for the full model (Equations 
1 and 2; bold, black time series) and simplified dilution model (Equation 3; red, step-like time series). 

More generally, the effective ore concentration, core, and the dilution factor, Qore / (Qore + Qriv), 
vary with time, in response to fluctuations in ore feed and grade (Figure 2A). Figure 5 shows a 
comparison between the tailings-basin sodium concentration predicted by Equation 3 (step-like 
time series) and the concentration predicted from solution of the ‘full’ set of governing 
equations (Equations 1 and 2). (The step-like behaviour predicted from Equation 3 arises from 
the stepwise annual changes in model ore feed and grade.) By inspection, the simple dilution 
model embodied in Equation 3 captures the first-order behaviour of the system for times beyond 
approximately 130 months (i.e., for times greater than the initial decade of mine expansion). 

8 STOCHASTIC MODELING 

The simple dilution model of Equation 3 highlights the importance to mine operators of proper 
ore characterization, for it is natural fluctuations in fines content and connate water (in addition 
to operator-controlled caustic dosing) that control core and thus the long-term sodium 
concentration in the tailings basin. (The sensitivity study indicates that fines capture also exerts 
a relatively strong control on sodium concentration, but, to a large extent, fines capture 
represents a post-processing geotechnical problem.) Forward models of sodium accumulation in 
process water are informed by geologic data (e.g., drill cores) on ore quality. The spatial and 
stratigraphic coverage of these geologic data thus control the uncertainty of predictions of future 
ore grade. Well-conditioned geostatistical models allow interpolation between ‘hard’ data 
(cores), but considerable uncertainty in life-of-mine predictions of ore grade likely persists.  
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Figure 6. (A) N = 2 realizations of stochastic time series for model ore grade; (B) corresponding time 
series of sodium concentration in the tailings basin. 

Stochastic modeling—commonly termed Monte Carlo modeling—provides one approach to 
addressing uncertainty in model parameters. To illustrate the utility of this approach, the above 
model (Equations 1 and 2) was modified to treat one parameter stochastically—ore grade (fines 
content). At every time step, the model queries a probability distribution function (PDF) to 
obtain an ore grade. Ideally, the PDF would be informed by a robust geostatistical model; here, 
for illustrative purposes, the PDF is a simple Gaussian distribution with a mean fines value 
corresponding to that of the imposed ore-grade time series in Figure 2A (note that this mean 
value is itself a time series) and a constant standard of deviation in fines content of 0.03 (a value 
informed by industry fines-content data). Repeating this process for all time steps (here 600 
months) generates a single time series of sodium concentration (i.e., a single realization). 
Multiple realizations (i.e., ‘running the model’ repeatedly) generates a collection—an 
ensemble—of realizations (an ensemble of time series). This ensemble of time series can be 
analyzed statistically to define confidence intervals (bandwidths) for system behavior in 
response to uncertainty in model parameters. 

Figures 6 and 7 illustrate this stochastic modeling process for ensemble sizes (N) of two (Figure 
6) and 1000 (Figure 7), respectively. Figure 6 shows the stochastic ore-grade time series 
generated for N = 2 realizations (Figure 6A) and the corresponding time series (realizations) of 
sodium concentration in the tailings basin (Figure 6B). In both panels of Figure 6, the stochastic 
time series are overlaid on the purely deterministic baseline model time series of Figure 2, 
thereby providing a visual measure of how variability in ore grade might affect model 
predictions for N = 2 realizations. In practice, stochastic modeling involves generating many 
realizations. Figure 7 is the analog to Figure 6, but with an ensemble size of N = 1000. The 
individual ore-feed time series and the resultant sodium time series for each realization were 
processed to generate the aforementioned confidence intervals (bandwidths). Figure 7A shows a 
+/- 2 (two standards of deviation) bandwidth in ore grade generated by N = 1000 realizations 
(with  = 0.03). Figure 7B shows the corresponding +/- 2 confidence intervals in predicted 
sodium concentration in the tailings basin. The key point of Figure 7 is that a stochastic model 
with uncertainty in ore grade characterized by a fines-content  of 0.03 generates an 
approximately 70 ppm bandwidth (i.e. a 4 ~ 96% confidence interval) in sodium concentration. 
From an operational standpoint, this level of uncertainty in ore grade has only a modest effect on 
process-water chemistry. More generally, multiple model parameters (e.g., fines content and 
connate-water concentration) would be treated stochastically simultaneously.  
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Figure 7. Analog to stochastic modeling of Figure 6, but with an ensemble size of N = 1000; individual 
realizations of (A) ore-grade and (B) corresponding sodium-concentration time series have been replaced 

with 2 bandwidths. 

9 CONCLUSIONS 

Despite the apparent complexity of fluid/ion exchange between the various reservoirs of a 
typical oil-sands mine, modeling results suggest that long-term sodium accumulation in the 
process water can be analyzed as a relatively simple dilution problem. On timescales longer than 
approximately one year, the sodium budget for the entire system simplifies to inputs of saline 
water from the ore-processing plant and fresh river water and a single export of tailings-basin 
water to the pore spaces of beach and MFT sediments. With the exception of the first decade of 
mine operation, this greatly simplified budget captures the first-order aspects of sodium 
accumulation in process water. By extension, model results indicate that the complicated 
exchange of water / sodium between the individual plants, the recycle-water pond, and the 
tailings pond exerts a relatively weak and / or short-term control on process-water chemistry. 
Similarly, MFT consolidation, historically thought to be an important control on tailings-basin 
water chemistry, would appear largely irrelevant. However, the long-term fines capture rate is a 
first-order control on sodium concentration, with an increase in fines capture generating less 
MFT, a reduced need for fresh river water (i.e., less dilution) and a corresponding increase in 
sodium accumulation. 

The apparent success of the simplified dilution model in capturing long-term sodium 
accumulation suggests that mine operators should focus efforts on proper characterization of ore 
over the life of the mine. Stochastic modeling, preferably informed by a robust geostatistical 
model, can aid in quantifying the range of process-water sodium concentration expected to arise 
from geologic uncertainty in ore. 
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Building on soft tailings: east lake TMF expansion 

John B. Kurylo, Trevor Podaima, Maritz Rykaart 
SRK Consulting (Canada) Inc., Vancouver, BC, and Saskatoon, SK Canada 

ABSTRACT 
To accommodate an increased mine life at a northern Saskatchewan mine, an expansion to its 
existing tailings storage capacity was required. Innovative solutions were necessary due to 
operational and space limitations associated with the mine’s existing tailings management 
facilities (TMF). Specifically, staged construction of a waste rock containment dike directly over 
previously deposited unconsolidated tailings coupled with a complex seasonal tailings deposition 
plan for new tailings was required.  

Despite efforts to characterize the tailings foundation conditions, significant uncertainty remained 
regarding the variability of its properties. The impact of this variability was examined through a 
sensitivity analysis; however, in an effort to minimize risk, a full-scale test section was constructed 
within the existing facility footprint and across the most sensitive section of the tailings 
foundation.   

This paper presents the findings of the test section monitoring and overviews settlement and 
deformation back analysis completed to confirm and refine the dike design and overall tailings 
operational plan. It also provides a case study on how state-of-practice desktop analysis can be 
effectively coupled with field verification to support design. 

Keywords: back analysis, field verification, tailings foundation, deformation, dike expansion, case 
history 

1. INTRODUCTION 
The Seabee Mine is located about 120 km northeast of La Ronge, Saskatchewan Canada (Fig. 1) 
and is operated by Claude Resources Inc. (CRI).  

Seabee has been in operation since 1991 with an original 
project life of approximately five years. Additional reserves at 
Seabee Mine and at nearby Santoy 7, Santoy 8, Santoy Gap, 
and Porky West and Main deposits were discovered in the 
interim. As a result, the life of the mine for the Seabee Project 
is projected to continue past year 2020. 

Ore from all zones is being processed at the Seabee mill and 
tailings are deposited into the East Lake and Triangle Lake 
TMFs (Fig. 2). The current capacity of the combined TMFs is 
not sufficient to handle the increased mine life and; therefore, 
expansion of the facilities are required. The design of the East 
Lake TMF expansion was carried out by SRK Consulting 
(Canada) Inc.  

The design consisted of constructing a waste rock containment 
dike directly on top of existing tailings in the East Lake TMF. 
To improve uncertainty associated with the strength 
characteristics of the tailings, and how that might affect the 
proposed dike, the initial phase of construction served as a test 
section allowing for rigorous data collection on actual 
performance of the foundation. This paper presents how this 
field monitoring/verification was coupled with Figure 1. Project location 
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state-of-practice desktop analysis to support ongoing design of 
the dike.  

 

Figure 2. Site plan and general arrangement of existing tailings management facilities. 

1.1 Historical use of East Lake 

East Lake was a natural lake converted to a TMF when Seabee Mine was first developed. Prior to 
initial tailings deposition, the lake was partially dewatered to provide the necessary capacity. Over 
the years as new reserves were found, a series of earthen and concrete containment walls were 
constructed along the TMFs low-lying edges to increase its capacity. The last series of raises 
brought the retaining structures to their current final crest elevation of 460 m, which includes 0.5 
m of freeboard. Tailings were hydraulically deposited in East Lake TMF from one location via 
single pipe discharge. 

2. EAST LAKE TMF EXPANSION DESIGN HISTORY 
Several design concepts to expand the existing East Lake TMF were evaluated, which consisted 
of utilizing and/or raising the existing retaining structures, constructing a series of internal waste 
rock containment cells, and various waste rock dike alignments for internal tailings storage. 

The design selected consisted of a continuous waste rock dike, approximately 900 m in length 
that would be constructed entirely within the footprint of the existing TMF.  

Following preliminary design work, a field investigation was carried out that consisted of 16 cone 
penetration tests (CPTs) along the alignment of the proposed dike. The design was subsequently 
optimized using field data coupled with limit equilibrium and bearing capacity calculations. 
Specifically, areas of potentially weaker/softer unconsolidated tailings were identified and the 
alignment of the dike was adjusted to areas of higher strength tailings. 

Staged construction of the expansion dike was subsequently undertaken, with the first step being 
a starter dike (aka the test section) that would allow for collection of actual performance data to 
alleviate some of the uncertainty associated with the weak foundation properties. The test section 
data subsequently allowed for back analysis to determine suitable tailings properties for 
finalization of the expansion dike design to confirm short and long-term stability requirements. 
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3. TEST SECTION CONSTRUCTION 
The test section was constructed over the weakest foundation zone as identified through the field 
investigation. Construction of the test section commenced early October 2012 and was largely 
completed by late April 2013. The target crest elevation of the test section was 460 m and the base 
width was the full final design width as illustrated in the design cross section of Figure 3. 
 

Figure 3. Typical cross section through test section. 

4. MONITORING DATA 

4.1 Survey monuments 

A total 47 fixed survey monuments were placed near the upstream and downstream crests of the 
test section to assess deformation of the test section after construction. The location of these 
monuments, as illustrated in Figure 4, had to accommodate ongoing construction traffic over the 
test section. 
 

Figure 4. Test section as-built and settlement monument locations. 

4.2 Ground survey 

An initial survey of the as constructed dike test section is shown in Figure 3 and an isopach of the 
as-built waste rock fill thickness is illustrated in Figure 5.  

 
597



Figure 5. Isopach of test section waste rock thickness. 

 

Following construction, monthly ground surveys of the test section were carried out using global 
navigation satellite system (GNSS) survey equipment coupled with a global position system 
(GPS).  These ground surveys had an accuracy of about ± 0.1 m and were used to monitor large-
scale displacements of the dike.   

4.3 Monitoring duration 

Primary data collection was stopped in August 2013, four months after completion of the test 
section. Ongoing review of deformation and primary settlement data showed an attenuation of 
movement towards steady state conditions by that time.  

4.4 Monitoring results 

Vertical displacements ranged from 0.03 to 0.93 m (Fig. 6), while horizontal displacements ranged 
from around 0.00 to 0.38 m (Fig. 7). 

The bulk of the displacements occurred within the first two and a half months of monitoring up 
to the end of June 2013.  Displacements after this time were noticeably smaller and by August 
2013 primary settlement appears to have stopped.  A histogram timeline plot of settlement is 
presented in Figure 8. 
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Figure 6. Vertical displacements of test section survey monuments. 
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Figure 7. Horizontal displacements of test section survey monuments. 

 

Figure 8. Settlement histograms for test section survey monuments. 

Survey monuments M24, 25, 26, 32, 35, and 38 (Figures 6 through 8) were placed very close to 
the edges of the test section crest. Some slumping/relaxing of the waste rock was observed at these 
locations due to over steepened slopes. Therefore, some of the ongoing changes in these locations 
are attributed not only to primary settlement, but also from deformations as a result of the 
monuments moving as the slope relaxed.  

Figure 9 presents an isopach of how the settlement data varied spatially across the test section at 
the end of the monitoring period.   

 

 

Figure 9. Settlement isopach based on vertical settlements at test section survey monuments. 
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5. INCORPORATION OF MONITORING DATA  
For the final proposed full height expansion dike arrangement, the test section monitoring data 
was used to complete empirical settlement calculations using Terzaghi’s one-dimensional theory 
of consolidation (REFERENCE). The data was then incorporated into finite element deformation 
and shear strength reduction models to determine ‘safety factors’ for each of the dike construction 
stages. 

5.1 One-dimensional consolidation analysis 

One-dimensional consolidation settlement calculations were carried out to facilitate an improved 
understanding of the test section data, and to help define critical two-dimensional cross section 
locations for completing the more rigorous finite element analysis.   

Given the large variability in dike geometry and foundation conditions (physical extent and 
material variability), consolidation calculations were completed at several key locations across 
the dike section (Fig. 10), and about every 50 m along the dike centerline. Calculations were also 
completed for interim dike heights at elevations 460 and 463 m. These were done to assess the 
potential benefits of staged construction and to determine the maximum expected settlement 
during construction. For these calculations, the foundation material was assumed to consist 
entirely of variable thickness tailings with consolidation index values (Cc) from 0.3 to 0.4. 

 

Figure 10. Simplified cross-section assumed for 1D consolidation. 

 

5.2 Finite Element Analysis 
5.2.1 Model set-up 

Deformation analyses were carried out using PLAXIS 2D Anniversary Edition two-dimensional 
finite element software (Plaxis 2014).  

The analyses included pore water pressures induced by compression and consolidation of the 
foundation tailings, solved simultaneously with the soil and rock mass stress field (Plaxis 2014). 
The results were also coupled with the computation of a strength factor via strength reduction 
techniques. This was done to get a better understanding of expected failure mechanisms and 
identification of areas where larger displacements may occur.  

For the tailings foundation the nonlinear Hardening Soil model with a Small Strain Stiffness (HS-
Small) constitutive soil model was used. This constitutive model allows for improved evaluation 
of increases in tailings stiffness at small strains while obtaining more reliable displacement 
estimates in the finite element models, specifically for working load conditions (Plaxis 2014).  

5.2.2 Model calibrations 

Dimensionless ratios were used to simplify and group interrelated variables (dimensionless 
groups). This was done to facilitate comparison of test section data and modelled finite element 
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results, and allowed for theoretical solutions to be more readily identified. To approximate 
deformations (ε), the ratio of settlement (S) divided by tailings thickness (d) was tabulated (i.e. ε 
= S/d ratio). These values were then plotted against the dimensionless ratio of load (h or waste 
rock dike height) divided by the tailings thickness (i.e. dimensionless ratio ε plotted against h/d). 

This plot revealed two distinct groups of data. One group (Group 1) appeared to be correlated 
with settlement of the tailings foundation and the second group (Group 2) had influences from 
tailings settlement as well as from slumping/relaxing of the waste rock dike slopes. Specifically, 
it was confirmed that the highest S/d and h/d ratios corresponded to areas with thinner tailings 
foundations, while the highest displacements were primarily due to relaxing of the outer slopes. 

Group 1 showed less horizontal displacements (primarily vertical settlement) and correlated well 
with the tailings foundation settlement. Group 2 data primarily consisted of monuments affected 
by slope relaxation. Since deformations for Group 2 could not be attributed to only foundation 
settlement, the deformation data was excluded in the back analysis. 

Two Plaxis calibration models were subsequently set up to allow for comparison to the monitoring 
data as follows: (1) Uniform 5 m thick waste rock dike with a tailings foundation that increased 
in thickness from 0 to 5 m; and (2) Uniform 5 m thick tailings foundation that had an overlying 
waste rock dike thickness that increased from 1 to 6 m.  

Using the initial Plaxis calibration model results, the tailings material properties were adjusted 
until the results best fit the collected monitoring data. The primary values that were adjusted 
included void ratio, compression index, recompression index and internal friction angle. These 
values, along with engineering judgement and published benchmark values, were used to calculate 
some of the secondary material properties for the tailings (based on EPRI 1990, Plaxis 20014, 
Santos et al. 2001). These back analyzed tailings material properties were then adopted and used 
in the subsequent deformation models for the two critical design sections.  

All monitoring data (including Group 2 data) were used as a check to review deformations 
predicted in the tailings and in the waste rock dike from the deformation model.  

5.2.3 Modelled sections  

Two critical dike sections were modelled (see Figure 11 and Figure 14). The first, Station 0+750 
was chosen because it represents an area close to the zone of maximum observed displacements, 
and the second, Station 0+525 represents and area of maximum dike thickness overlying a thick 
tailings foundation (approximately 12 m thick). Sensitivity analyses were completed for these two 
sections varying the water table, tailings foundation stiffness, and tailings strength parameters. 

6. BACK ANALYSIS RESULTS 

6.1 One dimensional consolidation analysis 

For the 1D dimensional settlement calculations, the footprint of the expansion dike was divided 
into a series of sections, approximately 50 m apart. Along each section settlement was calculated 
at about nine points (Fig. 10). Figure 11 illustrates the predicted maximum settlement based on 
these calculations that ranged from 0.3 to 2.1 m. These settlement values assume instantaneous 
full construction of the expansion dike to its maximum crest elevation of 466 m.  
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Figure 11. Predicted settlements based on 1D consolidation calculations. 

6.2 Finite element analysis 

Displacements due primarily to consolidation (i.e. vertical displacement of the dike crest), were 
less than 2.1 m for the worst case deformation model and were typically less than 1.6 m. The 
largest displacements typically occurred near the crest of the expansion dike and on the side that 
had the thicker tailings foundation. The analysis suggests that the majority of primary 
consolidation for a given raise occur over a period of approximately 7 to 12 months. Based on 
these calculations, supported by observations during construction of the test section, the critical 
time period for settlement is during the first four months following construction. Settlement after 
this period slows down in rate and magnitude. As the dike is raised, adding more load, further 
primary consolidation is triggered resulting in an increased total settlement over the life of the 
structure. 

Finite element modeling of horizontal sections across the expansion dike indicated differential 
settlements may range from 0.8 to 1.2 m.  These differential settlements lead to some strain 
development within the expansion dike; however, these strains do not appear to result in the 
development of a large failure plane in the waste rock itself.  Base case deformation results for 
the two critical sections are shown in Figure 12. 
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Figure 12. Deformation sections - example finite element model results. 

Based on the settlement, deformation and stability analysis, Safety Factors for all modelled cases 
under static conditions, and without consideration of staged construction, were found to be above 
1.4. With staged construction, the proposed method to construct the expansion dike, the finite 
element models yielded minimum Safety Factors of 1.6 or greater. These results were used to 
confirm that the expansion dike design, as proposed, will function appropriately. Figure 13 shows 
select results from the analyses completed for the critical dike section at Station 0+750. 

 

Figure 13. Example finite element model result for modelled deformation and corresponding safety 
factors. 

7. EAST LAKE EXPANSION DESIGN OVERVIEW 
The initial design work and the subsequent back analysis has confirmed that in almost all cases 
the failure mode for the East Lake TMF expansion dike would be complete foundation failure 
governed by the low strength tailings or failure of a portion of the dike as a result of the poor 
mechanical response of the underlying tailings foundation material. 

To final expansion dike design entails a 6 m high, 900 m long waste rock dike, constructed in 1.5 
m high raises (see Figure 15 for typical cross section). Tailings deposition will done to ensure 
development of a uniform beach immediately upstream of the dike as illustrated in Figure 14.  
This beach will reduce seepage rates through the dike and ensure dike stability by moving the 
pool as far from the dike as practical. 
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Figure 14. Overview of the East Lake TMF expansion design and proposed tailings deposition 

. 

Figure 15. Typical expansion dike design section. 

The analysis described in the paper confirmed that to ensure adequate performance of the design, 
the following considerations must be adhered to: 

1. Staged Dike Construction: Staged construction allows for increases in the sheer strength 
properties in the foundation tailings over time, and assist dissipation of foundation pore 
pressures. 

2. Tailings Deposition and Water Management Plan: The deformation analysis confirmed 
the importance of ensuring a proper beach immediately upstream of the expansion dike 
to move the pool as far as practical from the dike. 

3. Dike Monitoring: As long as overall stability remain within acceptable limits (i.e. to 
ensure freeboard is maintained), deformation of the dike is not a concern. To track this, 
continued dike monitoring during each construction phase will be required. Proposed 
monitoring includes piezometers along the upstream slope (driven into the tailings 
foundation), deep settlement points at or near the tailings surface (expected to consist of 
flat metal plates affixed to vertical rods -the top of which would be surveyed), and fixed 
survey monuments. 
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8. CONCLUSION 
This paper demonstrates how state of practice desktop analysis can be effectively coupled with 
field monitoring and verification to improve the design and associated operational plans for a 
structure founded on soft tailings. 

Inherent uncertainty associated with the strength characteristics of the tailings foundation was 
addressed by designing the structure to allow the first construction stage to double as a test section 
to allow in-situ performance testing of the materials. 

Next, using the collected field data, multiple desktop analysis methods ranging from empirical to 
rigorous finite element models was used to back analyze the tailings foundation strength 
properties and as such allow for a well-understood assessment of the likely performance of the 
structure. 

For the East Lake TMF expansion it was established that the dike should be constructed in stages 
to allow for expected deformations and that a detailed tailings deposition, water management and 
monitoring plan should be completed to ensure successful construction and operation of the TMF.  
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ABSTRACT 

The most common management practice for mining residuals (e.g. tailings, contaminated process 
byproducts, etc.) is pond storage (Zinck, 2013). Alternatively, mine slurries can be managed by 
geosynthetic dewatering tubes. This treatment option combines several process phases. By 
pumping the conditioned slurry into a geosynthetic element the liquid and solids are separated. 
Due to the permeable dewatering fabric the water is able to drain through the system while the 
solid particles are retained. 

In comparison to other dewatering techniques the higher process capacity and the lower 
investment and maintenance costs are remarkable. Furthermore the dewatered material can be 
permanently stored within the tube which could create operational advantages. 

The paper is intended to illustrate the basic working principles of the geosynthetic dewatering 
tube system in general. Moreover it will show the environmentally sustainable and efficient 
implementation of the previously described system to the water balance and management system 
of the Talvivaara Mine in Finland. As Europe’s largest nickel mine Talvivaara produces a large 
volume of gypsum slurry as process byproduct. This originates from the bio-heap leaching method 
used for metal recovery. 

Keywords: solid liquid separation, geotextile 
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 INTRODUCTION 

The Talvivaara Mine is considered to be the largest opencast nickel & zinc mine in Europe withlife 
of mine estimated at 46 years, the mine consists of two deposits 3 km apart, Kuusilampi and 
Kolmisoppi and has an annual production capacity of over 10 million tons of ore and produces 
large volumes of gypsum waste product per annum. The Talvivaara mine is the first mine to 
produce nickel through bioleaching. Bioleaching is preferred as it is a natural, cost-effective and 
environmentally friendly process utilizing the catalytic action of iron and sulfur oxidizing 
bacteria.  Key process parameters include particle size, aeration, irrigation and acid consumption. 
The bioleaching process at the Talvivaara mine runs in two stages 1.) Primary leaching cycle for 
15-18 months with an expected nickel recovery of approximately 80% and 2.) A secondary 
bioleaching cycle for an additional 3.5 years with a total expected nickel recovery of >90%. The 
Talvivaara mine produces ~13,000 tons of nickel and ~26,000 tons of zinc sulphides per annum. 

Figure 1. Talvivaara Mine site layout 

In November 2012 the mine experienced a leak in their gypsum ponds which was quickly located. 
As an emergency response the remaining gypsum from the gypsum ponds and gypsum produced 
from the process plant were pumped into the open pit. In early 2013 trials commenced to 
investigate and prove the suitability of the use of geosynthetic dewatering tubes as a remediation 
solution to provide environmentally sustainable storage of the gypsum material to be dredged 
from the open pit. The trial and subsequent dewatering operations was so successful that 
Talvivaara decided to not only utilize geosynthetic dewatering tubes for the permanent storage of 
the gypsum being pumped out of the open pit, but to use the technology as the gypsum storage 
solution for all the waste gypsum product going forward. 
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 THE DEWATERING TUBE SYSTEM 

For treatment the processed sludge is pumped into the geosynthetic dewatering tube. Within this 
geotextile containment and dewatering element the solid-liquid separation takes place. Due to the 
particle retaining ability of the fabric, the solids deposit inside the tube and the water is able to 
drain as a result of the fabric permeability. Initially the process is mainly a suspension filtration. 
During this period small amounts of fines might escape the tube.  After the initial startup phase of 
tube operation a natural filter cake develops on the inner side of the tube shell. This significantly 
increases the degree of separation.  

The influence of flocculation aids on the filtration efficiency and their working principles are 
explained in greater detail in chapter 3.1.2. 

Practically, dewatering by means of geosynthetic tubes comprises a cyclical process, 
schematically shown in Figure 2. During the first filling cycle the dewatering tube is filled to the 
given maximum initial design height, and the filling is stopped. The static drainage of the sludge 
commences as soon as the filling process is halted and following a degree of dewatering the tube 
can be re-filled. During this cycle the water within the sludge is extracted, therefore the volume 
is reduced and the solids concentration of the residual dewatered material is increased. 

The principal process is repeated until the tube is completely filled. If the tube stays in place for 
an additional period of time, a subsequent consolidation and further desiccation occurs. 

Finally the tube can be opened and the dewatered material with a solid state can be re-used or 
disposed.  

 

Figure 2. Schematic dewatering cycle by use of geosynthetic tubes (adapted and modified from Lawson 
(2008)). 

A substantial advantage of the dewatering tube system is the stacking availability. By arranging 
the single tubes in a pyramidal stacked group pattern with several layers the footprint can be 
effectively reduced and the storage volume increased. 

2.1 System components 

The main system components required for operation are briefly explained. 
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2.1.1 Dewatering tubes 

After filling dewatering tubes are almost elliptically shaped long geotextile containment elements 
designed with a dewatering and storage function. By use of high strength seams for connecting 
the specifically developed filter fabric sheets, this tubular element is formed. Dewatering tubes 
are available with standard dimensions but can also be customized with adopted tube dimensions 
for specific project requirements. The standard dimensions vary from small tubes with 30m³ 
storage volume up to 65m long elements with a containment capacity of approximately 1,600m³ 
per unit.  

Normally dewatering tubes are furnished with inlets, distributed along the longitudinal axis of the 
tube. The tube filling is undertaken through these nozzle inlets with the processed slurry.  

2.1.2 Flocculation aids 

There are several ways to agglomerate fine suspended solids in order to increase the water release 
capacity and enhance the dewatering performance of slurries. Two basic physical bonding or 
agglomeration principles exist: coagulation and flocculation. Flocculation, which to date has been 
most commonly used in conjunction with geotextile dewatering tubes, will be briefly explained. 

The flocculation is the step where destabilized colloidal particles are assembled into aggregates 
and can then be efficiently separated from the water medium. Flocculants clarify water by 
combining with suspended solids, in such a way as to enable these particles to be quickly and 
easily separated from the water. The basic phenomena is based on the opposite charge of the 
suspended solids and the admixed flocculation aid. Because of this the destabilized particles in 
combination with the flocculation aid form stable flocs. Flocculation aids can be produced from 
different raw materials like polyacrylamides, starch, chitin and minerals. Widely used and 
currently most common are flocculation aids on polyacrylamide base. Depending on the particle 
characteristics (size, charge, etc.) and the sludge properties (pH, concentration of suspended 
solids) an appropriate flocculation aid can be selected. For all dewatering operations the blending 
of a flocculation aid is necessary (exception: very coarse mineral sludge; comparable to a medium 
sand) in order to facilitate/enable sufficient and relatively rapid dewatering. 

2.1.3 Dewatering area 

The dewatering tubes have to be placed on a prepared area which is capable of bearing the 
expected loads. Additionally, the dewatering area has to allow for sufficient drainage capacity of 
the effluent water. Normally the dewatering pad consists of a containment bund, a flexible 
membrane liner and a gravel drainage layer (rounded gravel e.g. 16/32 is preferable). The 
protective gravel layer is optional and is beneficial if the prepared area is going to be used for 
several dewatering tube cycles. 

The set-up of the dewatering field can be adapted to specific project requirements. Nevertheless, 
some points always have to be taken into account: 

 The lining system design has to be adjusted to the degree of contamination of the 
sludge. 

 The area on which the dewatering tubes will be placed has to be erosion-resistant. 
Otherwise the effluent water may erode the surface. 

 The area has to be horizontally levelled (slope perpendicular to the longitudinal axis of 
the tubes ≤ 0.1 %; slope in direction of the longitudinal axis of the tube ≤ 1.0 %). 

Proper laydown area preparation is essential for the subsequent dewatering tube operation. 
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 IMPLEMENTATION OF THE DEWATERING TUBE SYSTEM AT THE TALVIVAARA 
MINE  

3.1 Talvivaara gypsum slurry characteristics 

The sieve size analysis curve of the gypsum residual is shown in Figure 3. A d50 of 0.02 to 0.03 
was determined. The grain density is given at 2.84g/cm³ to 2.72g/cm³. The pH value is in the 
range of 6.6 to 8.8 after neutralization.

 
Figure 3. Sieve sizes analysis of the gypsum slurry. 

The friction angle and the cohesion have been determined for two dry solid (DS) contents of the 
slurry (cw40 with a DS content of 40% and cw50 with a DS content of 50%). The results are shown 
in Table 1.  

Table 1. Results of the cohesion and angle of repose analysis. 
Sample Cohesion 

[kPa] 

Angle of internal friction 

[°] 

cw40 4.8 31.2 

cw50 11.7 34.7 

3.2 Dewatering area construction and tube layout 

The designated tube laydown areas are lined with a 1.5mm to 2.0mm thick HDPE geomembrane. 
The recommended maximum slope inclination was taken into account. For discharge of the filtrate 
a lined drainage trench was incorporated into the field. Apart from one field the standard 
dewatering area geometry is rectangular. 

Figure 4 shows an overview of a typical layout pattern for a standard dewatering field. 
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Figure 4. Typical pyramidal stacking pattern top view: First layer (blue), second layer (red), third layer 

(green), fourth layer (orange). 

In order to be able to place a tube layer on top of the lower layer, the top layer tubes are shortened 
by at least 5m in order to avoid so called “overhead sliding”. 

3.3 Dewatering tube operation 

As previously described for the dewatering acceleration the gypsum slurry was mixed with a 
flocculation aid. Figure 5 illustrates the working efficiency. 
 

 

Figure 5. Influence of polymer admixture: Not properly treated slurry (left hand side); Proper flocculated 
sludge (right hand side). 

The sludge is transported into the dewatering tubes on the dewatering area by a manifold system. 
The flow can be diverted in a controlled manner to every tube by use of several valves. Due to 
preventing measures the whole system can also be operated during winter time (see Figure 6). 
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Figure 6. Operation of the additional placed fifth tube layer during winter; the four tube layers below are 

completely covered by snow and ice. 

 
Figure 7. Completed dewatering field with fifth tube layer. 
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 DISCUSSION 

The common way of mining residual treatment is primarily through the reduction of the water 
content (thickening/dewatering) before it is further processed. Typically the tailings are stored in 
Tailings Storage Facilities (TSF) which require large prepared areas for storage and have an 
increased risk of unplanned tailings escape. Alternatively, dewatering can be undertaken by 
mechanical devices, such as belt filter presses, chamber filter presses or centrifuges. These 
processes require large amounts of energy and are limited by the small volume which can be 
processed.  

The geosynthetic dewatering tube system has been successfully implemented at the Talvivaara 
Mine in Finland. In comparison to the other options the following points were the decisive factors 
for choosing the alternative dewatering tube solution: 

 Higher process capacity and lower investment and maintenance costs. 
 Increased storage flexibility by adding an additional tube layer or additional tubes. 
 Demobilization of the tailings by water extraction. 
 Encapsulation and permanent storage of the dewatered material inside the tube. 
 As a result of the tailings being stored in a solid state the risk of environmentally 

detrimental spillage is drastically reduced. 
 Research (Wilke, 2016) has shown that rain does not affect the moisture content inside 

the tubes after dewatering. The material stays dry. 
 Tube operation is possible to be performed during winter. 
 Tube drainage water can be rapidly recycled and re-used in the mine process. 

Through practical experience it has been shown that making use of geotextile dewatering tubes 
the volume of tailings to be stored can be reduced by up to 40%, through rapid water extraction 
and the corresponding volume reduction. 
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ABSTRACT 

Minera Peñasquito, S.A. de C.V., operates a tailings storage facility (TSF) that currently covers 
650 hectares (ha) and will have an ultimate dam length of approximately 11 kilometers (km) at 
their mine in the state of Zacatecas, Mexico. Historically, the size of the Peñasquito TSF has 
presented challenges with respect to monitoring and documenting construction and operational 
activities. Ground-based observation and topographic survey methods have been time-consuming, 
labor-intensive, and have been limited by site distances, shallow relief of tailings beaches, and 
restricted access to the tailings beach. Utilization of outside contractors to perform large-scale as-
built surveying with unmanned aerial systems (drones) has been successful but also time-
consuming and expensive, due to mobilization and site logistics. 

Through the innovative application of both publically and commercially available satellite data 
and data processing techniques developed by Photosat Ltd., Golder Associates Inc. (Golder) has 
been able to provide cost effective and reliable topography and aerial imagery to monitor and 
document the development of the Peñasquito TSF. This data has provided valuable insights into 
the construction progress and operational performance of the facility. 

Landsat Survey Infrared Construction Operation Capacity. 

1. INTRODUCTION 

Visual observation and as-built surveys are common aspects of TSF operation, maintenance, and 
surveillance (OMS) plans; however, for large facilities, these activities can be time-consuming, 
labor-intensive, and costly. Ground-based observation and topographic survey methods can be 
limited by site distances and shallow relief of tailings beaches. Further restrictions can include 
safe access to the tailings beach, dam slopes, or surrounding natural topography. Unmanned aerial 
systems (commonly referred to as drones) are an increasingly popular tool for developing 
topography and aerial imagery as a convenient alternative to light aircraft survey methods. 
However, drone systems require a qualified operator and spotter to be mobilized to the TSF, may 
require multiple flights to cover the complete survey area, and can be costly to complete on a 
routine basis, if multiple mobilizations are required. Furthermore, governmental regulations may 
restrict where and how drones may be used. Collecting survey data and imagery using satellites, 
however, is largely unencumbered by these limitations. 

Since 2013, Golder has been providing the mine with weekly moderate-resolution satellite 
imagery of the entire mine site and TSF from the USGS/NASA Landsat program. Although 
limited in physical resolution, the high temporal resolution provides valuable insight to the 
operation and performance of the TSF, in particular the behavior of the tailings beach and water 
reclaim pond. 

On a monthly basis since December 2014, Golder has also contracted with PhotoSat Ltd. 
(PhotoSat) to produce high-resolution satellite imagery and digital elevation models using stereo 
satellite imagery. The topographic survey data is used for construction quality assurance review 
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of TSF including monitoring of the deposited tailings volumes; tracking of TSF dam construction 
quantities; validation of storage capacity estimates and monitoring of average in-place density of 
deposited tailings. 

These powerful tools have significantly enhanced the monitoring of the TSF at considerable 
savings with respect to costs, labor, and time compared to similar comprehensive methods. 

2. BACKGROUND 

Minera Peñasquito 

The Peñasquito mine, operated by a wholly owned subsidiary of Goldcorp Inc., produces gold, 
silver, lead, and zinc from a mixed sulfide and oxide ore body. Oxide ore is leached and sulfide 
ore is processed by floatation and grinding. The sulfide circuit has a capacity of 130,000 tonnes 
per day (tpd) and the discharged tailings are transported as a slurry to the TSF.  

The TSF is a three-sided, 11 km long hybrid rockfill and cycloned sand dam. The dam is raised 
continually via centerline-raise methods. Rockfill for the dam construction is hauled via truck 
from a local waste rock stockpile and cycloned sand tailings, which is used as a transition zone 
between the rockfill and deposited tailings, are placed by hydraulically utilizing paddock 
construction and deposition methods. The Peñasquito TSF includes a water reclaim pond that 
must be managed to achieve minimum beach lengths, while maintaining the required minimum 
water storage volumes for reclaim. 

Landsat Program 

Since 1972, the U.S. Geological Survey and NASA have launched and successfully orbited a 
series of seven earth-observing satellites under the Landsat program (USGS 2013a and 2013b). 
The newest satellite, Landsat 8, was launched on February 11, 2013, and was fully operational on 
April 11, 2013. Landsat 8 orbits the Earth once every 99 minutes, collecting 185-km wide images 
and providing a revisit time of 16 days. Landsat 7 follows an offset orbit to allow a revisit time of 
8 days for every point on the planet with the Landsat program.  

Landsat 8 carries optical and thermal sensors that collect 11 spectral bands of data at pixel 
resolutions of 15 to 100 m, as summarized in Table 1. A typical natural-color image produced 
from Landsat 8 data is shown as Figure 1. This image is produced by combining data from the 
blue, green, and red data bands. The panchromatic band, with a higher 15 m resolution, is used to 
pansharpen the color imagery.  
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Table 1. Landsat 8 Data Bands (USGS 2013a). 
_____________________________________________________________________________ 

Spectral Band     Wavelength    Resolution 

µm       m 
_____________________________________________________________________________ 

Band 1 – coastal/aerosol 0.43-0.45     30 

Band 2 – blue     0.45-0.51     30 

Band 3 – green    0.53-0.59     30 

Band 4 – red     0.64-0.67     30 

Band 5 – near IR    0.85-0.88     30 

Band 6 – SWIR 1   1.57-1.65     30 

Band 7 – SWIR 2   2.11-2.29     30 

Band 8 – panchromatic  0.50-0.68     15 

Band 9 – cirrus    1.36-1.38     30 

Band 10 – TIRS 1   10.60-11.19    100 

Band 11 – TIRS 2   11.50-12.51    100 
_____________________________________________________________________________ 

 

Figure 1. August 19, 2015 Landsat image of the Peñasquito Mine (USGS/NASA Landsat). 

Landsat data is terrain-corrected by USGS and provided at no charge and without user restrictions. 
Data is typically available for download from http://earthexplorer.usgs.gov within 24 hours of 
acquisition.  

Data for the Peñasquito project is downloaded, processed to produce the pansharped, natural color 
imagery and analyzed with typically less than 2 hours of labor effort. This provides an 
inexpensive, frequent source of imagery data with 15-m resolution. 

PhotoSat Topographic Mapping 

Many satellite vendors offer digital elevation products based on stereo imagery. Horizontal and 
vertical accuracies of these surveys are typically limited to approximately 1 m. Measuring small 
elevation and slope changes on tailings beaches and dam walls typically requires greater elevation 
accuracy than can be achieved with these conventional satellite photogrammetry methods.  
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To achieve accuracy better than 30 cm, PhotoSat uses algorithms that were derived from Oil and 
Gas seismic data processing. These algorithms and processing methods result in an accuracy 
improvement of about 5x over the best photogrammetry methods. Producing stereo satellite 
surveying accurate to better than 30 cm in elevation requires knowledge of the specific 
characteristics of each of the various types of stereo satellite photos. Over the past seven years, 
PhotoSat has measured satellite photo characteristics using dozens of accuracy studies and in over 
500 client satellite survey projects. These projects include continuous monitoring of some mine 
sites and their tailings facilities. Using these case histories, PhotoSat has built a database of 
processing parameters and procedures that routinely achieve better than 15 cm surveying accuracy 
at some mine sites. With these methods, accurate surveys of areas exceeding 100 km2 can be 
rapidly produced, with typical elevation model grid spacing of 1 m. 

Imagery for the Peñasquito project is acquired monthly using DigitalGlobe’s WorldView-1, -2 
and -3 satellites. These satellites provide panchromatic ground resolution of 0.31 to 0.5 m 
(DigitalGlobe 2013, 2014a, and 2014b). WorldView-3 is the most advanced satellite in the fleet, 
with 0.31-m panchromatic imagery, 1.24-m resolution multi-spectral and near infrared imagery 
in eight bands covering 0.400 to 1.040 µm, and 3.7-m resolution shortwave infrared imagery in 
eight bands covering 1.195 to 2.365 µm. Among the three satellites, revisit times of less than one 
day can be achieved, subject to a prioritization hierarchy lead by government tasking requests. An 
example WorldView-2 image is shown as Figure 2. 

After stereo satellite images are acquired, PhotoSat processes them using their proprietary 
algorithms. The code for these runs on massively parallel multicore GPUs. This allows surveys to 
be processed, projected into any coordinate space (including custom mine grids), and then 
delivered within a few days of imagery acquisition. Surveys are projected to the mine coordinate 
system and vertical accuracy evaluated using photo-identifiable ground control points (GCP). 
Following construction and initial survey of these points, no action is required from on-site 
personnel. 

For the Peñasquito project, surveying costs are less than $12,000 USD for an imagery area of 
100-km2 covering the active mining and TSF areas and an elevation model area of 23-km2 
covering the TSF. The elevation model area could be expanded to the full extent of the stereo 
imagery and can also be developed using archival stereo imagery. 

 

Figure 2. July 16, 2015, WorldView-2 Image of Construction Equipment and Deposition Piping at the 
Peñasquito TSF. 
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3. APPLICATION OF SATELLITE DATA AT MINERA PEÑASQUITO 

3.1 Change Monitoring 

Minera Peñasquito is located at the edge of two adjacent flight paths of Landsat 8, allowing 
alternative 7- and 9-day repeat coverage. As Landsat 7 has a mechanical fault that results in bands 
of data gaps across the imagery, it is not used for new imagery in the Peñasquito project. However, 
data from Landsat 7 has been used to develop a complete image history of the TSF dating back to 
pre-construction starting in 2008.  

Example imagery developed from the Landsat 8 data from 2013 to 2015 is shown as Figure 3. As 
seen in this imagery, the advancement of the tailings deposit, liner system construction, and 
development of the reclaim pond can be readily identified. 

 
Figure 3. Landsat Imagery of Peñasquito TSF (USGS/NASA Landsat). 
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3.2 Topographic Survey 

Golder has contracted PhotoSat to produce monthly, high-resolution imagery and digital elevation 
models of the TSF. Example images with 10-m and 0.5-m interval elevation contours from the 
July 16, 2015, survey of the TSF are shown as Figures 4 and 5, respectively. The survey has been 
matched to the site coordinate system using four GCP and matches their ground survey elevations 
to within approximately 20 cm. As shown in Figure 5, the stereo satellite survey can measure the 
topography of the relatively flat tailings deposition cones (approximately 0.5% grade).  

As additional facilities have been designed in and around the TSF, the stereo satellite survey has 
provided a valuable resource of current topographic data for construction planning, reducing the 
amount of field verification survey required. 

 
Figure 4. July 16, 2015 Satellite Imagery and Topography by PhotoSat (10-m Interval Contours). 

 
Figure 5. July 16, 2015 Satellite Imagery and Topography by PhotoSat (0.5-m Interval Contours). 
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3.3 Construction Quality Assurance 

The stereo satellite survey maps provided by PhotoSat have been used to produce as-built 
drawings to track construction of the dam and water reclaim management facilities at the 
Peñasquito TSF. Golder plots cross sections of the as-built dam construction to evaluate 
conformance with the design line and grade of the dam, as shown in Figure 6. The surveys are 
also used to evaluate the minimum freeboard elevations, minimum beach lengths, construction 
progress and conformance of cycloned sand tailings paddock construction requirements. 

 

Figure 6. Typical As-Built Construction Cross Section. 

In addition to generation of as-built drawings, the monthly survey is used to estimate construction 
volumes by comparing month-to-month surveys, providing an independent measure of material 
contract payment quantities. As-built drawings are also used to evaluate the remaining freeboard, 
the remaining tailings storage volume, and the monthly rate of construction. These enable the 
mine to improve forecasts and schedule future construction activities. 

3.4 Water Reclaim Pond Tracking 

The Peñasquito TSF includes a water reclaim pond that must be managed to maintain minimum 
beach lengths and water storage requirements. Satellite imagery is used to monitor the reclaim 
pond size and shape through the topographic survey and natural color imagery (both Landsat and 
Photosat surveys). Additional satellite data bands are used to enhance the visualization of water 
across the TSF.  

Historically, the Peñasquito TSF had relatively flat tailings beach grades (less than 0.5% beach 
slope) resulting in large areas of shallow water that were difficult to identify and delineate in the 
natural color imagery. Taking advantage of water’s poor reflectance of infrared light, the Band 7 
shortwave infrared Landsat 8 data and near infrared band of the WorldView satellites is used to 
colorize the surface of the TSF and highlight the areas of water or very wet tailings.  

More recently, improved tailings deposition strategies have been implemented increase the 
tailings beach grades to between 0.5 and 1.25% slopes. Examples of the flatter and more steep 
tailings beaches and resulting water reclaim pond are shown as Figures 7 and 8, based on the 
source natural color imagery shown in Figures 1 and 4, respectively. The shortwave infrared data 
from Landsat 8 provides a more clear delineation of the water/wet areas, which is particularly 
beneficial due the limited resolution of the Landsat imagery. WorldView-2 does not carry a 
shortwave infrared sensor. 
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Figure 7. August 19, 2015, Water Area Enhanced Landsat Image (USGS/NASA Landsat). 

 

Figure 8. July 16, 2015, Water Area Enhanced WorldView-2 Image. 

3.5 Tailings Deposition Monitoring 

The accuracy of the PhotoSat survey allows for detailed monitoring of the tailings beach grades 
and calculation of the volume of the deposited tailings. An example profile of the tailings beach 
from the December 2014 to July 2015 monthly surveys is shown as Figure 9. The total volume of 
tailings contained behind the dam in July 2015 was estimated to be 119.7 million m3. Monthly 
satellite topographic survey allows for evaluation of the remaining storage capacity of the TSF 
compared to the design stage-storage relationship of the facility. 

 

 
622



 
Figure 9. PhotoSat Stereo Satellite Survey Tailings Beach Profiles, December 2014 through July 2015. 

3.6 Storage Capacity Validation 

A key aspect of monitoring the storage performance of the Peñasquito TSF is measurement of the 
in-place density of the tailings. Golder developed a large-strain consolidation model to predict the 
density of the tailings through time. Satellite survey data is evaluated monthly to compare 
calculated in-place tailings densities against the predictive model. This allows the mine to 
compare the future life of the facility against future mine production plans. Calculated in-place 
tailings density estimates have compared favorably to the predictive model as shown in Figure 10. 
These values have also compared favorably with the results of a geotechnical drilling and 
sampling and cone penetration test program of the tailings beach completed by Golder in 2014 
and 2015. 

 

Figure 10. Stereo Satellite Survey Estimated Density versus Predictive Consolidation Model. 

4. SUMMARY 

Satellite monitoring has provided a valuable, cost-effective, and timely source of data for 
observing, evaluating, and managing the development of the Minera Peñasquito TSF. Through 
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both commercial and public data sources, data is collected to prepare aerial imagery and 
topographic models to evaluate dam construction, tailings deposition, and reclaim water storage. 
The use of satellites eliminates a significant amount of field labor compared to traditional ground, 
light aircraft, or even unmanned aerial imagery system survey methods. 
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Characterizing the stiff clay foundation soil below a TSF in 
Western Australia 

David Reid, Riccardo Fanni, Peter Chapman 
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ABSTRACT 

The recent tailings storage facility (TSF) failure at Mt Polley has highlighted the importance of 
the proper identification and characterization of stiff clay foundation soils. Specifically, the 
propensity for over consolidated stiff clays to transition to a normally consolidated state under 
vertical loading is a critical design consideration for TSFs constructed on stiff clay foundation 
soils.  

In many parts of Western Australia, TSFs are constructed on relatively stiff clayey soils. These 
materials can be either residual or transported, with materials of both origins found in relatively 
close proximity in some cases. Such soils may, under some loading conditions, and if saturated, 
exhibit contractive undrained behavior, giving mobilized shear strengths lower than drained 
strength. However, such soils are typically unsaturated prior to commencement of tailings 
deposition within the TSF, and may remain in such a state depending on the life of the facility and 
the influence of the hydrogeological conditions on seepage from the TSF. Further, residual soils 
are in some ways more difficult to characterize than transported soils, particularly with respect to 
defining a pre-consolidation stress and defining normally consolidated conditions. 

To characterize the behavior of a clay foundation soil below and adjacent to a TSF in Western 
Australia, a number of block samples were obtained in field investigations from near-surface 
locations, adjacent to the toe of the TSF. The material was then tested using a direct simple shear 
apparatus under a range of vertical effective stresses relevant to existing and future TSF loads. 
Preliminary results indicate that the material can exhibit contractive behavior when sheared under 
high vertical effective stresses, which are relevant to future TSF loading. Piezocone Penetration 
Testing undertaken near to the sample location provided results inconsistent with the laboratory 
testing. The reasons for potential divergence of the in situ and laboratory testing of the material 
are discussed. 

1. INTRODUCTION 

One of the key learnings of the Mt. Polley review panel (Morgenstern et al. 2015) was a reminder 
of the potential for stiff, over consolidated, likely dilative clays to transition to a normally 
consolidated, contractive state upon significant loading, whether by embankment construction or 
tailings deposition. Cognizance of this phenomenon is particularly important when considering 
that many TSFs are eventually raised higher than that envisaged during the initial geotechnical 
investigation and design process. 

The presence of relatively stiff, presumably over consolidated fine-grained foundation soils in 
Australia is common. This includes common mining areas, such as the Pilbara and Goldfields 
regions of Western Australia. The materials are generally stiff to very stiff, and are unsaturated at 
shallow depths. Importantly, in many cases these materials consist of residual, rather than 
sedimentary soils. Residual soils are more difficult to characterize in some ways to sedimentary 
soils, particular with respect to pre-consolidation pressure and peak undrained strength ratio 
(PUSR). In particular, the use of stress history to conceptualize residual soils may not be 
appropriate in many cases (for example, Wesley 2009). The stiff material state, and apparent yield 
stress exhibited by residual soils is often a result of the process by which residual soils form from 
parent rock, not a result of subsequent stress history. Alternatively, some residual soils may have 
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undergone more “conventional” loading in their geological history, owing to events occurring 
after the transition of the material from rock to soil. Of particular relevance in this context with 
respect to the arid and semi-arid conditions of portions of Australia is desiccation, which can result 
in significant pre-consolidation pressures. 

For the purposes of a stability analysis of a TSF underlain by such fine-grained soils, defining 
both the PUSR, and the pre-consolidation pressure (if it is exists) are essential. While the 
increasing height of a TSF may cause some proportion of the foundation to return to a normally 
consolidated state, for a typical facility with relatively flat perimeter embankments, it is likely that 
a range of PUSRs will exists below the length of the slope. It is noted that the relatively flat 
embankment slopes observed on many upstream-raised TSFs are not typically based on 
consideration of foundation materials. Rather, they are typically adopted either for closure 
considerations, from local “rule of thumb” experience, to minimize the likelihood for sufficient 
in situ shear stresses to trigger static liquefaction (for example, Davies et al. 2002), or some 
combination of these factors. However, the relatively flat slopes of such TSFs reduce the 
likelihood that clay foundation soils transitioning to a normally consolidated state will result in 
unsatisfactory perimeter stability. Despite this likelihood, characterization of the foundation 
materials as TSFs heights continue to increase is crucial to the analysis of potential failure 
mechanics of the perimeter embankments. 

This paper outlines a laboratory and in situ test program undertaken on near-surface block samples 
of a clayey foundation material relevant to an Australian upstream-raised TSF. The material was 
obtained from just outside the toe of the TSF perimeter embankment. Consistent with many TSFs, 
the facility considered here has continued to increase beyond the height envisaged in the initial 
designs – undertaken over 20 years ago. Therefore, additional characterization of the foundation 
materials was important as part of ongoing monitoring and analysis of the TSF. Testing focused 
primarily on direct simple shear (DSS) testing, owing to the importance of this loading direction 
within foundation materials. 

2. SAMPLING LABORATORY CHARACTERIZATION 

2.1 Geological and Regolith Setting 

The geology and regolith profile of the TSF area was obtained from review of the Kanowna 
1:100,000 Geological Series map (issued by the Department of Mines of Western Australia 1995). 
The map describes the study area as characterized by the following geological units: 

 (Czc) Colluvium sand and soil, includes laterite fragments 

 (Czl) Laterite (ferricrete) and reworked products 

 (Czw) Weathered rock; protolith unrecognisable 

 (As) Sedimentary and felsic volcaniclastic rocks, undivided; commonly highly 
weathered 

 (Qa) Alluvium-clay, silt, sand, and gravel 

The pediment is typically overlain by up to 25 m of colluvium and alluvium deposits. The residual 
regolith profiles are typical of lateritic weathering profiles exhibiting variable depths and material 
types due to the weathering of differing sedimentary and volcanic parent rock types. The residual 
regolith material generally varies from sandy clay with sparse lag to ferruginous soils with 
abundant lag, overlying saprolite. 

Ferricretes (probably ferruginised saprolite) generally occur on the hill crests and rises, overlying 
saprolite, and cemented ferruginous gravels that occur either along former drainage lines or as 
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scree deposits (valley-fill) along hill slopes. The alluvial deposits form a thin veneer generally 
less than 2 m thick and range in materials from sandy clay, silts to clayey gravels. 

2.2 Sampling Process 

Samples for laboratory testing were obtained in block format adjacent to the toe of the TSF, from 
depths of 100 – 300 mm. Material was excavated from around blocks, typically 150 mm square, 
by 200 mm high, following which the blocks themselves were removed by cutting beneath them 
with a sharp blade. The orientation of the blocks was labelled, and they were then carefully 
wrapped to prevent moisture loss and placed in bubble-wrap lined boxes. The samples were then 
transported by road approximately 600km from the mine site to the testing laboratory in Perth, 
Western Australia. Care was taken during road transport to minimize disturbance. For example, 
the samples were loaded just prior to departure for Perth, so that the minimum distance possible 
would be travelled with the samples. Also, the transport vehicle was slowed to approximately 30 
km/h when passing over level rail crossings on the route to Perth, rather the typical demarcated 
speed limit of 110 km/h. 

 
Figure 1. Block sample prior to removal.  
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In the laboratory, the blocks were inspected to locate areas suitable for trimming, particularly with 
respect to gravel-sized particles seen throughout the material (discussed below). Cylindrical 
samples were obtained by incrementally pushing sharp-edged rings into the material while 
trimming material outside the ring with a scalpel. The commencement of this process is shown in 
Figure 2. The rings used were either of 63.5 or 60.0 mm internal diameter, for DSS and oedometer 
testing, respectively. While care was taken in the sampling and trimming process, it is noted that 
the presence of evenly distributed gravel-sized particles within the material lead to some 
difficulties. The gravel-sized particles, and their implications on soil type and history, are 
discussed below. 

 
Figure 2. Block sample trimming for DSS testing  

2.3 Index Testing 

Index and general characteristic testing was undertaken on the material to enable correlation of 
test data produced to typical trends for plasticity, gradation, and mineralogy. Testing consisted of 
particle size distribution (PSD), Atterberg Limits, particle density, cationic exchange capacity 
(CEC) and semi-quantitative X-Ray Diffraction (XRD). The XRD testing was undertaken on the 
fines (<75 µm) component of the material, as it was the mineralogy of the fines that was of primary 
interest. The testing was undertaken on trimmings obtained during preparation of test samples 
from the blocks of material. The liquid limit, plastic limit, and plasticity index for the material 
were 41%, 15%, and 26%, respectively. These plasticity characteristics are typical of residual 
soils. The specific gravity of solids (Gs) was measured as 2.77. The PSD of the material estimated 
by means of sieving and the Sedigraph technique, indicating material D90, D50, and D10 of 3 mm, 
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0.019 mm, and 0.001 mm, respectively. The gravel particles were black in colour, angular in shape 
and magnetic, likely characterised by chemically unweathered biotite. Further PSD data is 
provided in Table 1. 

On the basis of the results available, the USCS1 classification of the material is CL, lean clay with 
sand. 

Table1. Particle size distribution 
Particle Size (mm)  Percent Finer (%) 

_________________________________________ 

4.75       93 
0.075       60 
0.002       21 

_________________________________________ 

The XRD testing showed that the fines are predominantly characterised by quartz and muscovite 
minerals. The presence of dickite minerals was also detected. Dickite is a phyllosillicate clay 
mineral composed by aluminium, silicon, hydrogen and oxygen that is part of the Kaolinite-
Serpentine group. Dickite is commonly developed from the weathering of feldspars and 
muscovite. Its formation is due to hydrothermal activity and it has also been found as an authigenic 
component of sandstones and other sedimentary rocks. As described in the geological setting 
section, the study area is characterised by metamorphosed volcanic rocks. Therefore, it is more 
likely that the presence of dickite in the soil is the result of the presence of a hydrothermal system, 
which formed in situ through the alteration of aluminosilicate minerals (e.g. muscovite) by 
hydrothermal acid waters. 

Although the presence of dickite is minor compared to other minerals detected by the XRD 
analysis, this mineral may have contributed to provide the clayey type of behaviour in term of 
plasticity to the soil. Clay minerals from the kaoline group do not significantly swell or disperse 
and they tend to over consolidate as result of shrinkage due to desiccation and/or due to seasonal 
changes of the groundwater table.  

It is important to highlight some incongruence between the semi-quantitative XRD analysis, the 
CEC testing and the clay activity. The CEC of kaolin minerals generally is between 3 – 15 
meq/100g. This CEC range is lower than the CEC value detected for the studied soil of 28 
meq/100g, which is more typical of chlorite and illite type of clay minerals. The high clay activity 
value of 1.37 could also be due to presence of other clay minerals (e.g. illite has generally activity 
up to 1.3) as kaolin minerals have activity in the range of 0.3-0.5. These incongruences may be 
due to the presence of other clay minerals in the soil that may have not been detected by the semi-
quantitative XRD analysis.  

2.4 Direct Simple Shear Testing 

Samples for DSS testing obtained through trimming of the blocks were covered by filter stones at 
either end, and submerged in a bath of decant water obtained from the TSF. Water collected from 
the surface of the TSF (the supernatant pond, or decant pond) was used as it is likely to form the 
primary source for the potential saturation on the clay foundation, and as the mechanical behavior 
of fine-grained soils may be effected by pore fluid chemistry. The samples were saturated for 24 
hours prior to testing. It is noted that there is no assurance that such a procedure will result in fully 
saturated conditions. However, as noted by Al-Tarhouni et al. (2011), when adopting constant-
volume shearing techniques with the DSS device, achieving fully saturated conditions is not 
required to produce results consistent with those of a saturated specimen. In other words, provided 

1 Unified Soil Classification System (ASTM D2487-11) 

 
629



suctions within the soil are significantly reduced, the enforced constant-volume condition of the 
DSS will prevent unsaturated conditions from diminishing the contractive nature of the soil, and 
the influence of contractive behavior on PUSR. 

As noted, the tests were undertaken in a constant-volume condition. The DSS device used was of 
the “SGI Type”, that is, the sample was laterally restrained by a series of Teflon rings. Machine 
corrections based on compressibility of the device were applied to the testing. 

The end-platens of the device included small aluminum “pins” embedded in the filter stone, to 
reduce the potential for the sample to slide on the ends during shear. While these pins are 
consistent with current DSS testing practice (ASTM D6528-07, NORSOK 2004), they may 
produce difficulties if attempting to infer pre-consolidation pressure using the DSS results. 
Specifically, when placing a stiff clay sample onto platens with such pins, it may be difficult to 
ensure they are fully embedded within the specimen. Hence, as increasing increments of vertical 
stress are applied to the specimen the pins may penetrate further in the soil, influencing the vertical 
displacements recorded. This is noted where relevant below. 

Tests were undertaken at a range of vertical effective stresses (100, 250, 500, 1000 kPa), to 
provide an indication as to the material behavior at loads corresponding to various locations across 
the length of the slope of the TSF – which may eventually reach heights of approximately 60 m. 
An additional test was undertaken by consolidating the specimen to 1000 kPa and unloading to 
250 kPa prior to shear. This test was conducted to assess the undrained shear behavior of the 
material at a known OCR, for comparison to the inferred OCRs for the other samples, where 
relevant. The tests are listed in Table 2. 

Table 2. DSS Tests 
_____________________________________________________________________________________________ 
Test No.  Max. Vertical Effective Stress (kPa)  Pre-Shear Vertical Effective Stress (kPa) 
_____________________________________________________________________________________________ 

 1    1000             1000 
2    500             500 
3    250             250 
4    100             100 
5    1000             250 

_____________________________________________________________________________________________ 

2.5 Oedometer Testing 

Oedometer testing was undertaken on samples obtained in a similar manner to DSS testing. A 
bedding load of 12 kPa was applied, following which the material was flooded. The material was 
then loaded in relatively small increments of 25 – 50 kPa up to 300 kPa, and 100 kPa subsequently, 
to improve the ability of the test to provide an indication of pre-consolidation pressure. 

2.6 Peak Undrained Shear Strengths 

The shear strength results for DSS tests 1 - 4 are outlined in Figure 3. Strength is presented in 
terms of strength ratio, to allow the various tests at different vertical effective stress to be 
effectively compared. Tests from 250, 500, and 1000 kPa resulted in a relatively similar set of 
strengths, with an average PUSR of 0.27. Test 4, undertaken from 100 kPa vertical effective stress 
gives a higher strength ratio of 0.36. Compared to the other tests at higher stresses, this result may 
indicate a pre-consolidation pressure for the material in excess of 100 kPa. 

Test 5, which was consolidated to a known OCR of 5, achieved a PUSR of 0.86. Assuming that 
the SHANSEP method (Ladd and Foot 1974) could be applied to this material, the five tests 
undertaken indicate SHANSEP parameters of s = 0.27 and m = 0.84. Applying these parameters 
to the interpretation of Test 4 suggests a pre-consolidation pressure of 144 kPa for the material 
tested. Whether this is a “real” pre-consolidation, i.e. a result of stress history, is unknown. 
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However, in practice, it may not be important. It is clear that the material exhibits higher PUSR 
at lower vertical effective stresses, indicating that for the purposes of accounting for the strength 
of the material across the length of the slope, PUSR should be made a function of vertical effective 
stress.  

Tests 1 and 2 show some evidence of post-peak strain softening, while Test 3 does not. It is 
interesting to note that Test 3, at 250 kPa, is under the lowest vertical effective stress of the tests 
that are inferred to be normally consolidated. Therefore, perhaps the proximity of this sample to 
the pre-consolidation pressure of the material is influencing its behavior by reducing brittleness. 
However, the PUSR for this test was within the range of the other normally consolidated tests. 

 

Figure 3. DSS Test Results. 

2.7 Pre-consolidation Pressure 

The void ratio – vertical effective stress consolidation results for the DSS and oedometer test are 
presented in Figure 4. The oedometer and DSS results agree reasonably at vertical effective 
stresses from 250 kPa and above, whereas at lower stresses the oedometer indicates higher 
densities. This may be a result of the increasing penetration of the DSS end platen pins, as noted 
above, or sample non-uniformity across the blocks sampled. For example, the presence of a higher 
quantity of iron-rich gravel particles could significantly influence the density of the sample tested. 

All of the results were interpreted to assess pre-consolidation pressure based on the Strain Energy 
technique (Becker et al. 1987). However, this result did not provide a clear indication of pre-
consolidation pressure for the DSS or oedometer tests. The oedometer test result was interpreted 
on the basis of the Casagrande Method (1936), indicating a pre-consolidation pf 185 kPa. This is 
of a similar magnitude to that inferred based on the PUSR results from DSS testing. 

Test 2 

Test 3 

Test 4 

Test 1 

 
631



 

Figure 4. Consolidation Plots 

3. CPTU CHARACTERIZATION 

The sampling of the surficial clay described previously was undertaken coincident to a Piezocone 
Penetration Test (CPTu) investigation of the TSF. The CPTu investigation included testing 
through the crest and benches of the TSF in the area of the surficial clay sampling. A CPTu test 
on the lowest bench of the TSF was located approximately 40 m from the clay samples obtained. 
This test was interpreted to investigate if useful information on the pre-consolidation pressures 
and general mechanical behavior of the clay could be inferred. 

The depth of tailings was inferred with the friction sleeve response of the CPTu test, by means of 
Friction Ratio (Fr), and the pore pressure response during penetration (u2). These are presented in 
Figure 5. It is noted that a cone bearing offset of 100 mm was used in this interpretation, to account 
for the offset distance from the cone tip to the CPTu friction sleeve. 

The results indicate a significant increase in Fr commencing at approximately 13.8 m depth, 
reaching a maximum at 14.1m. Similarly, u2 begins to decrease steeply at 13.9m. On the basis of 
these results, the depth to natural soil was inferred to be 13.9 m. This implies that the CPTu depths 
corresponding to the sampled blocks likely range from 14.0 – 14.2 m. This depth is highlighted 
on the results in Figures 5 and 6. However, this assumes that similar surficial soils exist at the 
CPTu, located 40 m from where the surficial samples were taken. 

CPTu-inferred values for pre-consolidation pressure and OCR are presented in Figure 6. Pre-
consolidation pressure is based on the techniques proposed by Kulhawy and Mayne (1990). OCR 
is also presented, estimated using two methods: (i) comparison of pre-consolidation pressure to 
estimated vertical effective stress, (ii) comparison of the undrained strength inferred with the CPT 
(assuming Nkt = 15), to the SHANSEP parameters developed for the clay through DSS testing. 
These two methods are seen to agree well. 
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An average OCR of approximately five is inferred for the layer of surficial clay, consistent with 
a pre-consolidation pressure of 1000 – 1500 kPa. This high level of OCR for the material is 
consistent with the dilative pore pressure response of the clay during penetration through this area. 
This level of pre-consolidation is, however, far in excess to that inferred through the laboratory 
testing undertaken. If correct, this would imply significant historical loading and/or desiccation 
processes. While suctions of 1000 kPa within surficial clay in such an environment would be 
likely, whether these would manifest themselves as pre-consolidation pressure is unknown. For 
example, the implications of suction-induced stresses beyond the air entry value (AEV) do not 
appear to be fully accounted for in the soil mechanics state of practice (for example, Al-Tarhouni 
et al. 2011). Further assessment of the unsaturated properties of the material may be undertaken 
to provide additional information in this area. 

It is noted that the zone of interest in this study represents a particularly difficult zone to assess 
based on corrected forms of CPTu resistance, owing to the rapid transition from tailings to stiffer 
clay. The combinations of uncertainties regarding cone-bearing offset, averaging of the friction 
sleeve readings, and response time of the piezometer during transition to the stiff clay make 
reliable interpretation of the surficial layer difficult. Further, although the CPTu was conducted 
relatively close to the sampling, there is no assurance that the materials are the same. Perhaps the 
only conclusion that can be made in the context of this study is that the CPTu results are 
inconclusive in providing a second indicator of pre-consolidation to the sampled materials. 

 
Figure 5. Pore pressure and Friction Ratio results 
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Figure 6. Pre-consolidation pressure and OCR 

4. IMPLICATIONS 

While there is uncertainty in the results obtained as part of this investigation, the available data is 
sufficient to indicate the following: 

 The material will exhibit contractive behavior in shear at relatively low vertical 
effective stresses, despite the stiff condition in situ. 

 A set of PUSRs dependent on vertical effective stress have been developed for the 
material, which can be input to stability analyses for the TSF. 

 Two different methods of inferring pre-consolidation pressure from laboratory tests give 
similar results. While cognizance of the residual nature of the soil must be taken, the 
inferred range of approximately 140 – 190 kPa is conceivable on the basis of 
desiccation processes acting on surficial soil in the area. 

In this particular example, the PUSR within some of the saturated layers of tailings are likely 
lower than the normally consolidated PUSR for the clay. Hence, when even relatively minor over-
consolidation of the perimeter clay is included, this material is unlikely to control undrained 
stability of the perimeter embankment. However, even were the tailings stronger than the clay, 
the perimeter embankment slopes used for the TSF of 1V:4H are such that satisfactory stability is 
likely. It is further noted that saturation of significant portions of the clay material near the 
perimeter of the TSF is not assured. However, owing to the difficulty in accurately modelling or 
assessing saturation of this material below the TSF, it has been conservatively assumed to be 
saturated for the purposes of the analyses developed from this investigation. Should portions of 
the material have a sufficiently low saturation level, then PUSRs lower than effective frictional 
strengths would not be relevant in those areas. 

 
634



5. CONCLUSIONS 

A series of laboratory tests on material obtained from near-surface blocks were undertaken to 
assess the behavior of a stiff clay in undrained shearing. In particular, the potential for reduction 
in PUSR with increasing vertical effective stress was investigated. In addition, oedometer tests 
and nearby CPTu tests were utilized in an attempt to assess pre-consolidation pressure, where 
possible. 

The results indicated that PUSR decreased significantly when the vertical effective stress 
increased from 100 to 250 kPa. Above 250 kPa, an average PUSR of 0.27 was found in the simple 
shear loading condition. Testing on a material unloaded to a known OCR suggested a SHANSEP 
m value of 0.84, and implying a pre-consolidation pressure for the other specimens of 
approximately 140 – 150 kPa. This result was somewhat similar with the pre-consolidation 
pressure of 185 kPa inferred using the Cassagrane Method on the oedometer test. However, the 
Strain Energy Method and empirical CPTu results did not provide similar values for pre-
consolidation pressure. The source of these uncertainties is unknown, although the residual nature 
of the soil may be a factor. 

The results provide reasonable, and probably conservative, strength inputs for analysis of the TSF 
perimeter embankment. Conservatism of the results is based on the implicit assumption, in the 
planned use of PUSR for all of the clay that the material will saturate, and in the potential 
indication from CPTu results that higher pre-consolidation pressures may exists at other relevant 
locations. Further study of the effects of desiccation processes on pre-consolidation for this 
material, and generally, may be useful. 
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ABSTRACT 

The Quillayes sand tailings dam of Los Pelambres mine, a company owned by Antofagasta Minerals, 
is currently the highest sand tailings dam in Chile. The dam reached its final height of 198m in 2008 
after 10 years of construction and operation. Early production at the Quillayes deposit was 114,000 
tons of copper ore per day, and increased until finally reaching a production level of 140,000 tons in 
2008. Existing topographical conditions provided a relatively low reservoir – dam ratio of 3:1. 
Therefore, a 70m-high starter embankment dam was needed, as well as high yearly increases in height 
of the dam during the first years. Most of the time, this required the total production of tailings be 
cycloned in order to produce the required dam raise sand volumes. 

During the design stage - originally envisaged for a maximum dam height of 175m - it was possible 
to test samples of sands obtained from the El Chinche tailings dam that was previously operated at the 
mine and designed for a much lower mine production level. This allowed for an extensive material 
testing program on the tailings sands, which included triaxial tests under high confining stresses, 
considering different densities and fines contents. 

The success of the Quillayes tailings dam formed the basis for the design and operation of the present 
tailings dam at the El Mauro mine, which has a tailings sand dam that will have a final height of 237m. 

This paper presents design considerations for the Quillayes tailings deposit, the water diversion 
scheme, and the sand tailings dam. Main construction and operational aspects as well as post-
operational issues applicable to the deposit and tailings dam are also discussed. 

Keywords: sand tailings dam, dam construction and operation 

1. INTRODUCTION 

The Quillayes tailings impoundment of Los Pelambres mine started its operation in 1999. The deposit 
is located in a seismic area of geological and topographical complexity with a snow-rain watershed of 
243.5 km2 that made necessary a relatively high rate of the raising of the sand tailings dam during the 
first two years of operation. Hydrological conditions, as well as the relatively narrow V-shaped valley 
where the sand dam was located, presented a significant challenge in the design of a sand dam, initially 
designed for a height of 175 m. 

Because of the particular topographic conditions, the cycloning of the total produced tailings was 
required in order to provide the quantity and quality of sand required for the construction since the 
sand dam had to grow at a very high rate during the first years. Actually, the dam needed to be raised 
37 m over the crest elevation of the starter dam in the first year. During the first years, it was required 
to place, distribute and compact over one million cubic meters of sand per month. 

2. TAILINGS DEPOSIT AND DAM DESIGN 

The Quillayes Tailings Storage Facility (TSF) is of special interest, due to a series of conditions that 
translated into severe design, construction, and operating restrictions. The Los Pelambres mine 
expansion project is located 300 km north of Santiago at an elevation of more than 1,400 masl, with 
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the TSF located near the other mine facilities. The operation of the TSF started with a planned 
maximum capacity of 257 million tons of dry tailings, but a final capacity of 360million tons was 
achieved with the final height of 198m of the tailings sand dam.  

2.1 TSF Site Characteristics 

The site is located in the foothills of the Andes Mountains, at an average elevation of 1,400 masl, 
distant some 85 km from the Pacific Ocean (Figure 1). It is situated next to the Cuncumén River valley, 
a tributary of the Choapa River, approximately 4 km downstream from the confluence of the 
Piuquenes, Pelambres, and Chacay streams. 

 

  

Figure 1. The Quillayes Tailings Deposit Location. 

The hydrological basin has a total watershed area of 243.5 km2, with the Los Pelambres River Basin 
(where the TSF is located) contributing 55% to the total basin. The typical gradient of the contributing 
basin is 18%, and the gradient of the valley bottom is 8% in the area of the tailings deposit. 

The climate of the area is a cold mountain steppe climate, with average temperatures of 10.7 C during 
the summer and 2.5 C in winter. Average rainfall increases with altitude, as well as solid precipitation, 
and is concentrated in the months of May and August, which account for more than 80% of total 
precipitation. Average depth values of the snow cover and its equivalent in water for a 3,000 masl 
elevation were estimated at 1.5 m and 400 mm, respectively. 

The dam foundation consists of fluvial deposits in the central area of the dam, colluvial deposits, and 
/ or alluvial terraced deposits in the left abutment and intrusive rock (granodiorite type) in the right 
abutment, as presented in Figure 2. 
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Figure 2. Soil foundation of the Quillayes Tailings Dam. 

2.2 Tailings Sand Characterization 

The dam was constructed by hydraulic deposition of sands obtained from the cycloning of the 
produced tailings. The typical range of particle size distribution of the copper tailings, sands, and 
slimes resulting from the cycloning process are shown on Figure 3a. The cyclone station at Quillayes 
had a production capacity of 1,169 tons per hour (nominal) of sand with 65% concentration of solids 
by weight, and consisted of two batteries operating in parallel, each of which in turn consisted of 22 
cyclones, as shown in Figure 3b. 

  

Figure 3. (a) Typical range of particle size distribution for tailings (feed), sands (underflow), and slimes 
(overflow). (b) Cluster of cyclones. Quillayes tailings deposit. 

Most of the engineering effort during the design stage for the original 175 m-high sand dam was 
focused on determination of the main geotechnical characteristics, both static and dynamic, of the sand 
to be used in the dam. The sand samples used in all laboratory tests were obtained from the Chinche 
tailings dam, located only 500 m from the site of the present the Quillayes dam. The Chinche was the 
tailings deposit used by Los Pelambres mine before 1998, when the original mine was processing 
approximately 5,000 tons of copper ore per day. The sands of the Chinche were obtained by cycloning 
the tailings that came from the same ore body that would feed Quillayes. The index properties of the 
sand are shown in Table 1. 
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Table 1. Index Properties of Tailings Sands. 

Parameter Unit Quillayes sand 

Max size mm 0.6-0.7 

D50 mm 0.2-0.3 

D10 mm 0.06-0.04 

Cu  5 to 7 

Cc  1.2 to 1.6 

G  2.67 to 2.70 

max t/m3 1.77-1.79 

min t/m3 1.28-1.31 

dStandard Proctor t/m3 1.60-1.65 

Permeability* cm/s 1x10-3 to 1x10-4 

Fines(200mesh) % 12-16 

Liquid Limit % 22-23 

Plastic Limit % NP 

USCS Classification  SM 

* Permeability varies from about 1x10-4 for 25% of fines to about 5x10-4 cm/s 
for 15% of fines (Barrera & Lara, 1998). 

Consolidated isotropically undrained (CIU) triaxial test on 2” samples prepared to a density of 
1.50 t/m3 were carried out on tailings sand, the results being shown in Figure 4. The tests were 
performed at a controlled deformation velocity of 0.3 mm/min, minimum axial deformations of 20% 
and effective confining stresses of 0.1; 0.2; 0.4; 0.8; 1.6 and 2.4 MPa in order to cover the stress range 
that would be present in the dam. From these tests, an average internal friction angle of 35° was 
adopted in the analysis with nil cohesion. 
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Figure 4. Stress-strain curve and stress paths of tailings sand. 

Cyclic shear triaxial tests with controlled stresses were carried out to evaluate liquefaction potential of 
the tailings sands, using 2” samples of sand from the Chinche dam, prepared by wet compaction (7 to 
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8%) to a density of 1.50 t/m3. Confining stresses of 0.2; 0.4 and 0.8 MPa were applied, as well as a 
cyclic stress ratio of 0.05 to 0.23 at a frequency of 0.1 to 2 Hz. 

Curve A and G in Figure 5 show the cyclic strength of tailings sand from El Chinche dam with different 
fines content for different numbers of cycles of applied load. Curves B to E represent the same type of 
relationship for other tailings sands with high quartz content as reported by Verdugo (1983) 3 
≤0.1 MPa. Curve F shows a reinterpretation of this relationship for Talabre tailings sand, as reported 
by Obilinovic & Barrera (1982) 3≤0.2 MPa). A general conclusion is that for the confined 

3<0.8 MPa), all the tailings sands present similar patterns, showing a reduction of 
cyclic shear strength with increase in the number of cycles, up to 100 cycles. In addition, the cyclic 
shear strength significantly increases with reduction of the fines content. 
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Fig. 3: Cyclic strength vs Number of Cycles.
 

Figure 5. Cyclic Resistance Ratio vs Number of Cycles in different tailing sand. 
2.3 Dams 

The main dam is a tailings sand dam originally designed to have a maximum height of 175 m after 7 
years of operation. The starter dam was a 70 m-high compacted earth embankment (crest elevation 
1,333 masl). The starter dam has a volume of 1.7 Mm3, a crest width of 8 m, and slopes of 1: 2 (V:H). 
The upstream slope has a maximum soil cover size of 3/8”, which acts as a filter and serves as support 
for the impervious membrane. The downstream slope has a gradient of 1: 1.8 (V:H) above elevation 
1,293 masl and 1:4 (V:H) under this elevation, in order to facilitate placement of sand during the initial 
stage of dam construction. The main role of the impervious membrane was to protect the upstream 
dam slope from water seepage coming from eventual and temporary increase in water elevation due 
to flooding.  

The hydraulic deposition of sand started filling the wedge downstream of the starter dam until reaching 
the crest of this dam at elevation 1,333 masl. From that elevation, the dam was raised following the 
downstream construction method, through continuous hydraulic deposition of tailings sands 
containing no more than 18% fines (material passing ASTM 200 mesh). The inclined deposition 
surfaces were compacted by tandem bulldozers and smooth vibratory rollers, with 1: 3.5 (V:H) to 1:4 
(V:H) downstream slopes, following what is now generally recognized as the Chilean practice on 
tailings dams (Valenzuela & Barrera, 1995; Valenzuela, 1996). The cross-section of the dam is shown 
in Figure 6 and Figure 7 shows a plan view of the dam and its main associated works. 
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Figure 6. Cross-Section of the Quillayes Tailing Dam (Valenzuela et al 2013). 

  

Figure 7. Plan View of the Quillayes Tailings Deposit 

2.4 Dam Stability 

One of the main design feature is related to the relatively high permeability of sands given by the low 
percentage of fines (less than 18%) specified, which guarantees a rapid drainage of the sand dam 
during construction and operation. In this way the potential deformations due to the action of strong 
earthquakes is limited to relatively minor surface deformations that do not affect the overall dam 
stability. Another important design feature corresponded to the design of basal drains under the 
downstream portion of the dam, to take care of the seeping water. These two design features made it 
possible to obtain a low phreatic surface within the dam, as confirmed later by piezometric readings 
taken from installed instrumentation. 

Static stability analysis using limit equilibrium methods and drained shear strength parameters for 
initial static analysis and undrained strength parameters for post-seismic analysis resulted in factors of 
safety of 2.57 and 1.0, respectively. Pseudo-static analysis with undrained shear strength parameters 
and a seismic coefficient of 0.15 resulted in a factor of safety 1.34 for abandonment stage.  

Estimates of dam deformations under seismic loads were carried out using different methods. The 
pseudo-dynamic analysis proposed by Makdisi and Seed (1978), together with site seismic response 
spectrum for Ms = 8.3 design earthquake were used and the preliminary estimate of deformations gave 
a maximum horizontal deformation of 2.60 m in dam crest. Numerical analysis (FLAC2D; Valenzuela 
& Barrera, 2003) showed deformations of the same order but located near the toe of the dam, 
corresponding to a possible shallow laminar slip surface. Considering that the V shape of the site where 
the dam was built could have some influence on the actual behavior of the dam an analysis FLAC3D 
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(Lara et al, 1999) was carried out. This analysis showed deformations at the crest of the dam but lower 
than 0.5 m and shallow laminar slip surface in the downstream slope of the sand dam. Both numerical 
analysis (2D, 3D) did not show evidence of failure plane by shear resistance or excess of deformation 
that could affect the global stability and they showed only very shallow or surficial laminar slip surface 
consistent with the cohensionless nature of the tailings sand. Considering the discrepancies regarding 
the possible deformation at the crest of the dam, a conservative minimum freeboard of 5 m was 
adopted. Very recently the dam was subject to an earthquake Ms = 8.4 (September 16, 2015) with 
epicenter in the same zone of the design earthquake, without any significant deformations. 

2.5 Dynamic Stability Analysis 

With the described design features, there was no practical concern on either static or seismic stability 
of such a dam, a consideration that was confirmed by the results of the stability analysis just described. 
Nevertheless, there were some factors considered unique for this dam, mainly: the high raising rate of 
37 m the first year and more than 20 m the following year, the relatively narrow valley where the dam 
had to be built, and it being the highest of its type in the country. These factors supported the decision 
to carry out a dynamic stability analysis of the tailings dam, using the finite differences FLAC code. 

The model for this dynamic stability analysis considered an elastic-perfectly plastic stress strain 
relationship with a Mohr-Coulomb failure criterion, including the estimate of increments in pore water 
pressure according to Martin et al (1975). The parameters that influenced the increments in pore water 
pressure were determined from cyclic triaxial tests and calibrated using axial-symmetric two-
dimensional numerical models. 

Seepage calculations showed that the phreatic surface would not be over 4 m above the foundation 
level. Nevertheless, a conservative assumption locating the phreatic surface at 10 m above the level of 
basal drains was adopted as the initial situation, before the earthquake load was applied.  

As already mentioned, in order to consider the effect of the geometry of the narrow valley, a 3D model 
was used to complement results of the 2D analysis (Valenzuela & Barrera, 2003). The analyses were 
carried out for a total height of 180 m. The main results of this dynamic stability analysis were: 

 Maximum horizontal deformation in the order of 2.85 m near the toe of the dam (2D analysis), 
in the direction of the slope. This result is quite similar to the 2.60 m estimated using the 
Makdisi & Seed (1978) approach. The 3D analysis showed deformations at the crest lower 
than 0.5 m (Lara et al, 1999). 

 Potential liquefaction within the dam is restricted to small zones near the toe of the dam. 
Excess pore water pressure in this area does not exceed 50% of effective confining pressure. 

 The impact on the dam behavior of the geometry of the narrow valley on dam behavior is 
reflected only in slightly larger deformation at the toe of the dam, when comparing 2D and 
3D results. 

 The higher accelerations occur at the crest of the dam: 0.6 g. An acceleration of 0.37 g was 
considered at the foundation level. 

Alarcon & Barrera (2003) as well as Valenzuela & Barrera (2003) discuss additional specific details 
of the seismic and static stability analysis carried out during the design stage. 

2.6 Surface Water Management 

The surface water management required of different works was to intercept and divert water floods 
reaching the deposit area. As already mentioned, the confluence of three creeks is located upstream of 
the deposit: Piuquenes Creek, Pelambres River, and Chacay Creek, all of which flow into the 
Cuncumén River. An embankment dam (referred to as “Tail Dam”) intercepting the course of the 
Cuncumén River was constructed in order to divert this water flow, delivering it into a diversion tunnel 
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by means of a spillway, which in turn returns that water to its natural course in a gully located 
downstream from the toe of the sand dam. 

The tail dam is an earth embankment with a maximum height of 40 m, an eight m-wide crest, and 1:2 
(V:H) slopes. A 7 to 15 m-deep cut-off trench was excavated at the base of the dam in order to intercept 
seepage along the bottom of the valley. On the left side of the dam, an emergency spillway diverts 
excess flow from the tailings deposit. 

The tunnel, with a clear width of 5.45 m and a length of approximately 6.0 km, was designed to convey 
a flow of slightly more than 400 m3/s (1,000-year return period). 

In addition, the deposit is equipped with a safety spillway with sufficient capacity to evacuate floods 
entering the dam basin and making contact with the sand dam. The spillway is located upstream from 
the sand dam, on the right slope, and consists of a series of catchment gutters, which were constructed 
as the deposit grew. These evacuating gutters discharge into a duct that continues as a canal, finally 
discharging downstream of the sand dam into a gully. 

2.7 Water Recovery 
Water recovery was an important element to be considered during the dam design stage, because water 
scarcity in the region. Topographic characteristics of the area favored the recovery of water. As 
Cuncumén River valley is rather narrow (100 to 150 m) and has steep slopes. Therefore, the deposit 
resulted as quite deep but with a reduced surface, thus favoring relatively low water losses due to 
evaporation from the wet beach and from the clarification pond. In addition, hydro-geological 
characteristics of the area indicated that underground discharges would only occur along the bottom 
of the valley, within a single seepage control section. Although the bottom of the valley contains 
colluvial material of medium permeability, the impermeable basal rock was located at a shallow depth, 
which made it possible to recover seepage water by means of a cut-off trench and a grout curtain built 
downstream of the dam.  

The water recovery system consisted of three elevated stations arranged in a hydraulic series, each 
with its own characteristics. The first was a floating barge 14m long and 7m wide, equipped with six 
vertical-axis centrifugal pumps. The second station was a mobile re-elevating station equipped with 
six vertical-axis centrifugal pumps, which needed to be moved as the clear water level rose. The third 
station was fixed and it consisted of two independent sets of elevating equipment made up of five 
pumps each. 

The sand dam is complemented by a drainage system designed to recover surplus water from the sands 
deposition and from seepage occurring through the dam and its foundation. This drainage system 
consists of two longitudinal drains located at the bottom and on both sides of the valley, in addition to 
spaced side drains on both slopes and taking advantage of existing gullies. The longitudinal drains are 
inter-connected through drainage fingers installed every 15 m. The slope drains discharge into the 
longitudinal drains, which in turn deliver water to a seepage pond located downstream from the dam. 
Each drain consists of highly permeable gravel protected with geotextile in the lower portion and 
covered with a sand filter on the upper portion. 

3. DAM CONSTRUCTION AND OPERATION 

3.1 Starter dam construction 

Construction of the 70 m-high starter embankment dam and of the basal drains of the main sand dam 
was completed in 1999. The main findings during construction of these works were: 

 Open long fractures in the rock outcroppings that formed part of the left abutment of the dam 
were identified. These fractures were treated with extensive concrete infilling and dental 
concrete. In the starter dam area where water could be in direct contact with the abutment 
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before the tailings slimes would push it back in the deposit, concrete grouting was also carried 
out. 

 During the construction of the 70 m-high starter dam most of the alluvial foundation soils 
were removed, leaving only some minor sectors with 3 to 5 m of very dense alluvial clayey 
gravels. In the foundation of the sand dam, these alluvial clayey gravel soils less than 5 m in 
thickness are also quite dense. 

  
Figure 8. Starter dam just built 

3.2 Beginning of operation  

Operation and construction of the sand dam by hydraulic deposition began once construction of the 
starter dam as well as of all the other facilities necessary to begin operation of the tailings deposit was 
completed. Operation of the deposit and construction of the sand dam was managed by a fully 
dedicated management team from the mining company, supported by another company specializing 
in the operation of this type of facility. The specialized support contract lasted from the beginning of 
the tailings sand production in November 1999 until 2007, one year prior to the end of the Quillayes 
operation. 

3.3 Main Tasks and Responsibilities of the Operating Company 

The main responsibility of the operating company was the production of sand through the cycloning 
of tailings. Additional responsibilities of the operating company were: the transport, placement and 
compaction of the sand in the dam, staged installation of the impervious synthetic membrane in the 
upstream slope, installation of the control instrumentation (i.e. piezometers), support for water 
recovery pumping maintenance, survey control of dam construction and additional works related to 
drains, drainage control, and other similar complementary tasks. 

The main work of the operating company, both in terms of volume and critical responsibility, was 
related to sand production and dam construction. The operator had to fulfil strict specifications in terms 
of sand quality (percentage of fines), compaction degree of the deposited sand and minimum dam 
freeboard with respect to the level of deposited tailings. The operator was also responsible to avoid 
any spill that could contaminate the water downstream of the dam. 

The beginning of the operation of the tailings sand dam presented some difficulties, mainly due to the 
grain size distributions contained in the tailings during the start-up of the flotation plant and due to the 
availability of only one of the two planned cycloning stations for a period of almost six months. These 
two factors reduced the capacity of sand production and caused initial problems with sand transport 
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and sand distribution systems that impacted the dam growth rate. The need of dilution of sand slurries 
at this early stage in order to compensate for the unforeseen grain size distribution resulted in some 
difficulties in forming the initial downstream slope, which tended to be flatter than the 1:4 (V:H) 
specified in the design. 

After a few months, when the flotation plant stabilized its production and after optimizations of the 
cyclone’s operation and of the sand distribution systems, the operation of the dam reached its “normal” 
operational level that ended up to be much better than originally assumed for this dam. 

About 700,000 m3 of sand were deposited and compacted on an average monthly basis, with a 
maximum of 1,000,000m3 reached in a couple of months. Figure 9 shows the curve of height increase 
for the dam. During the first two years, the sand dam and the tailings deposit grew more than 30 and 
20 m, respectively. This is about 60 and 40 cm per week, requiring very frequent relocations of the 
sand distribution system (pipes and wooden pipe racks). 

After the sand slurry, with solids content by weight of 70 %, was placed on the downstream dam slope 
in layers of variable thickness, spreading, reshaping, and compaction of the sand was carried out by a 
D6 bulldozer and 6-ton smooth vibratory rollers travelling along the slope pulled by the dozers. 
Densities of more than 95% of Standard Proctor density were obtained. These densities were checked 
systematically and periodically at depths of 90, 60, and 30 cm. 

 
Figure 8. Height increase curve of the Quillayes tailings dam (Barrera & Valenzuela, 2003). 

4. DAM BEHAVIOR 

4.1 Investigations in the tailings sand dam during construction 

During 2001, the owner, through an external international consultant, carried out a soil investigation 
in the sand tailings dam in order to evaluate in-situ geotechnical properties of the sand as placed, to 
determine if they met the pre-construction assumptions, or if stability needed to be re-assessed. At the 
same time, the data collected would support the selection of design parameters for use in the design of 
the future El Mauro tailings dam with similar sand. 

The field investigation included two rotatory drill holes 52 and 54 m deep, SPT and Shelby sampling 
of sands; four seismic cone penetrometer (SCPT) boreholes 53-66 m deep; down-hole shear wave 
surveys; seismic refraction surveys; two geophysical profiles; and three 2-m-deep sampling test pits. 

The basic sand properties obtained, as well as those used in the original design, are shown in Table 2. 
The main conclusions of this investigation as reported by Swaisgood (2002) confirmed a layered 
embankment without weak zones, the absence of water, and geotechnical properties that met design 

 

Fig. 5:  Raising Curve of Los Quillayes Tailings Dam 

1320

1330

1340

1350

1360

1370

1380

1390

1400

1410

1420

0
1-
0
3
-0

0

0
1-
0
5
-0

0

0
1-
0
7
-0

0

3
1-
0
8
-0

0

3
1-
10

-0
0

0
1-
0
1-
0
1

0
3
-0

3
-0

1

0
3
-0

5
-0

1

0
3
-0

7
-0

1

0
2
-0

9
-0

1

0
3
-1
1-
0
1

0
3
-0

1-
0
2

0
5
-0

3
-0

2

0
5
-0

5
-0

2

0
5
-0

7
-0

2

0
5
-0

9
-0

2

0
5
-1
1-
0
2

0
5
-0

1-
0
3

Time

E
le
va

ti
on

 (
m
.a

.s
.l
.) Dam

Tailings

 
645



assumptions. The conclusion was that the construction methods and general design criteria could also 
be applied in the El Mauro dam. Table 2 shows a comparison between the basic design parameters of 
the original design and those recommended for the new tailings dam to be built in the new Mauro 
tailings deposit. 

Table 2. Comparison of Key Geotechnical Properties  
(Valenzuela & Barrera, 2003, Valenzuela, 2015). 

Parameter Original 
Design 

Revision 

Relative Density (%) 59 60 

Friction Angle (º) 35-35.7 35 

CRR (1) 0.21 0.24 

Average FC (% below#200) 15% 16% 

Permeability (cm/s) 10-3 – 10-4 10-3 – 10-4 

Phreatic level (m)(2) 10 < 10 

(1) Cyclic Resistance Ratio 
(2) For dynamic analysis purposes. 

4.2 Geotechnical Instrumentation 

The geotechnical control and monitoring system used in the Quillayes deposit can be divided into two 
parts. The first part was control during construction of the sand dam, meaning the tailings sands 
conveyance and depositing phase. Continued measurements of particle size and compaction of the 
sands deposited in the sand dam were conducted. Daily grain size distribution controls corroborated 
good performance of the cyclones. At the same time, daily control of compactness conducted in situ, 
together with grain size analysis, made it possible to verify the degree of compactness of the deposited 
sands and ensure behavior of the same in compliance with design conditions. Figure 9 shows the level 
of compaction achieved in the tailings sand during construction of the dam. 

 
Figure 9. Compaction Level of Sand Tailings 

The second part of the system has to do with controlling and monitoring of parameters indicating the 
condition of the structure at all times. To that end, electric vibrating wire piezometers, Casagrande 
piezometers, accelerographs in different dam wall locations, subsidence cells and topographic control 
on dam crest were installed. Daily records of the operating parameters of impulsion pumps and flow 
meters in the seepage collection system made it possible to evaluate volumes of flow seeping in 
through the dam. Figure 10 shows records of Casagrande and vibrating wire piezometers located 
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downstream of the starter dam during a 9-year period. Stability of the records is readily apparent, the 
phreatic line being in this case significantly lower than the assumed design level. 

Figure 10 Records of Casagrande and vibrating wire piezometers. Downstream Quillayes starter dam. 

4.3 Increasing height of the Quillayes Tailings Dam 

The original design considered a final maximum dam height of 175 m-high, corresponding to a 
capacity of 257 million tons of dry tailings and approximately 7 years of operation at an average 
production rate of 114,000 tons of mineral per day. Based on the good results obtained in the 
construction of the dam and of the investigation of the Quillayes dam performance, a decision was 
made by the mining company to increase of the capacity of the Quillayes tailings deposit. The deposit 
would increase to 360 million tons by heightening the dam to a maximum of 198 m, thus deferring the 
need for a new TSF for approximately 3 years. 

In general, the same design criteria were considered. However, the basal drains were modified in order 
to serve the new production level. Pseudo-static and dynamic analysis confirmed the feasibility of the 
height increase; nevertheless, additional triaxial tests on sand samples under higher confining stresses 
were carried out, in order to confirm the adequacy of the proposed design. 

5. CLOSURE PROJECT 

Tailings placement stopped at the end of 2008. As part of the abandonment works, a phyto-stabilization 
project is being carried out, which during its first stage consisted of testing the planting of 11 species 
of plants on 30 hectares, equivalent to approximately 25,000 plants. Behavior of the plant species is 
currently being evaluated in terms of adaptation to the substrate (development and growth), behavior 
of the plants in terms of bioaccumulation (analysis of plant tissue), behavior of the substrate (soil 
analysis), and replacement of dead specimens that did not adapt. An additional 30-hectare planting 
area is being considered for testing shortly. Figure 11 shows phyto-stabilization project in progress. 

 

 
Figure 11 Example of phyto-stabilization (in progress) in the Quillayes Tailings Dam.  
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6. FINAL REMARKS 

Several lessons can be obtained from the successful experience of the Quillayes tailings sand dam: 

 The Chilean practice of downstream sand tailings dams, constructed with hydraulic fill 
methods using relatively pervious sands obtained through the cycloning of tailings, limiting 
the fines content has proved to be quite satisfactory and safe. Associated with conservative 
design of generous basal drains, good foundation conditions or adequate treatment of it, the 
risk of liquefaction has been kept at a very low level even for very strong earthquakes. Design 
earthquake has a magnitude Ms = 8.3. 

 An experienced and well-trained operations team, supervised by an experienced management 
team are essential for safely constructing and operating this type of deposit and especially for 
a sand tailings dam. 

 Tailings dams are built and operated during a considerable length of time, thus presenting a 
clear opportunity to apply the Observational Method in order to improve and to optimize the 
construction and operation.  

 Sufficient instrumentation, both for normal conditions as well for eventual seismic events are 
of paramount importance. An adequate instrumentation network will allow the full application 
of the Observational Method, thus allowing for optimizations and corrections during 
construction and operation as well as after end of operation. Periodic analysis of the collected 
information has to be carried out by experienced geotechnical engineers. 
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ABSTRACT  

Observations and field investigations of tailings behaviour following implementation of polymer 
treatment (PT) at the point of discharge have frequently indicated increased rates of initial 
dewatering, reduced segregation, and increased rates of consolidation.  

Despite the increasing evidence and published test programs on the effects of PT, limitations to 
assessing the potential benefits of this technology remain. In particular, consolidation test 
programs typically utilise a non-segregated untreated sample, to enable “direct” comparison to 
other tests on PT specimens. For a slurry that, in an untreated state, would segregate along the 
tailings beach, comparison of a PT specimen to an untreated, non-segregated sample does not 
provide a realistic simulation of field behaviour.  

To attempt to address the effects of segregation within a laboratory test program, a series of tests 
were undertaken on untreated slurry intentionally segregated, to produce a two gradations that 
would likely be relevant across a real tailings beach. These results were then used as inputs to a 
series of one dimensional consolidation models representing. Comparison of this analysis to those 
undertaken for PT, and untreated “non-segregated” slurry indicates that inclusion of the effects of 
segregation may improve the assessment of the potential benefits of PT for increase in situ density 
of a tailings deposit. 

1. INTRODUCTION 

1.1 General 

The trialing and implementation of polymer treatment (PT) of tailings at or near the point of 
discharge, to attempt to improve initial dewatering rates, reduce segregation, improve return water 
clarity, increase rates of consolidation, and/or increase beach slope is an increasingly popular 
technology in tailings management (Kaiser et al. 2006, Adkins et al. 2007, Brumby et al. 2008, 
Viettie et al. 2008, Daubermann & Földvári 2008, da Silva 2011, Wells et a. 2011, COSIA 2012, 
Mizani et al. 2013, COSIA 2014, Guang et al. 2014, Riley and Utting 2014, Beveridge et al. 2015, 
Reid and Boshoff 2015, Riley et al. 2015). Prior to implementation of PT, it is typical to undertake 
laboratory testing, often with parallel numerical modelling, and, in some cases, small-scale trial 
deposition to assess the potential benefits of the technology for a given tailings storage facility 
(TSF). Comparisons between the behavior of PT and untreated (UT) material can be made in this 
manner. The laboratory testing undertaken is usually based on available and commonly used 
geotechnical techniques to characterize slurries and soils. For example, hydraulic consolidation 
devices such as the Rowe Cell or Slurry Consolidometer are frequently used to assess the effects 
of PT on consolidation behavior, and hence expected in situ densities within a TSF. 

Whereas the geotechnical characterization and modeling of tailings behavior is a mature practice, 
it suffers from inherent limitations and uncertainties. For example, tailings are often deposited at 
segregating slurry densities. Thus, although the gradation of the material prior to deposition is 
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known, an infinite number of potential gradations are possible as segregation occurs along the 
tailings beach – each with different mechanical properties, including those related to 
consolidation. This presents difficulties in both the laboratory testing and analysis of a given TSF. 
In the laboratory, the potential for segregation forces the following choice: (i) preparing a uniform 
sample from a non-segregating slurry (or other sample preparation technique), (ii) working with 
the material at a the expected depositional slurry density and accepting that samples prepared in 
test devices are non-uniform, or, (iii) undertaking additional work in an attempt to simulate the 
segregation process, and test sub-samples resulting from this. Although the process of segregation 
is well established for UT materials, PT has been shown to reduce or prevent segregation (for 
example, da Silva 2011, COSIA 2012). Therefore, to fully capture the potential benefits of PT for 
some tailings, inclusion of segregation effects with UT material may be required.  

1.2 Previous Related Work 

Reid and Fourie (2015b, 2015c) previously undertook laboratory studies to investigate the effects 
of PT on a low plasticity slurry. The slurry material was developed from a set of standard 
laboratory soils, to enable a large number of tests to be undertaken on a reproducible material. 
Included in this assessment was consolidation testing on untreated UT and PT materials. The 
results indicated that PT resulted in higher hydraulic conductivities and rate of consolidation 
compared to UT, across a wide range of vertical effective stresses. Further, the PT material was 
seen to result in lower final densities at a given vertical effective stress. However, the UT material 
used for comparison in the work was prepared as a thick, non-segregating slurry. Therefore, 
comparisons between the two materials may suffer limitations, for idealized deposition scenarios 
where segregation may occur with conventional (UT) tailings. 

1.3 Purpose of This Work 

As noted, the previous studies undertaken on PT and UT material did not provide an indication as 
to how segregating UT material would behave compared to PT. Segregation may result in a fine-
grained product reporting to the decant area of a given TSF, which generally has lower densities 
and permeability compared to the coarser material deposited near the perimeter. PT material, 
where segregation is eliminated or significantly reduced, may be compared more favorably (and 
realistically) to UT materials, if cognizance of this segregation is included in comparisons. The 
purpose of this study is to quantify the behavior of fine and coarse-grained UT material, 
intentionally segregated in a controlled manner in the laboratory. This will then enable comparison 
of the segregated materials to PT material, and assessment of the implications of segregation on 
the comparison to be made.  

The primary measure by which potential benefits of PT are measured herein is the average in situ 
density of a tailings deposit. An increase in density is desirable as it can result in reduced 
earthworks construction costs - or, more generally, storage volume construction costs. 

2. LABORATORY TESTING 

2.1 Materials and Sample Preparation 

This study made use of the same material developed by Reid and Fourie (2015b) to assess the 
effects of PT on a variety of geotechnical behavior, and on the effects of shear on PT samples 
(Reid and Fourie 2015c). This material was developed from a mixture of laboratory-standard 
Silica Fine sand, Silca 200G silt, and kaolin clay, produced by Sibelco Australia Ltd. Salt 
equivalent to 2 g per litre of slurry was added, to give a dissolved solids concentration approaching 
that of a typical tailings slurry. The slurry was developed to produce a material of sufficiently low 
plasticity to be susceptible to liquefaction-related strength loss (for example, Seed et al, 2003; 
Bray and Sancio, 2006), while being amenable to improved dewatering rates and reduced 
segregation potential following PT. The resulting material was 67% fines (<75μm) by mass, had 
a liquid limit of 24% (measured with a fall cone), and a plasticity index of 9%. 

 
651



PT was undertaken following screening and dosage assessment by BASF Australia Pty Ltd. This 
indicated that the high molecular weight polymer Rheomax® ETD DPW 1687 was well suited to 
the treatment of the slurry developed from this study, at a dosage of 500 g of polymer per tonne 
of dry solids. PT resulted in an increased liquid limit and plasticity index, to 49% and 24%, 
respectively. The increase in liquid and plastic limits observed is consistent with previous studies 
on the effects of PT (Jeeravipoolvarn et al. 2009; Beier et al. 2013). PT of material was not 
required for this study, as consolidation test data was available from previous studies of the 
material.  

UT material for this test program was initially prepared using similar techniques to those of Reid 
and Fourie (2015b). The constituent soils and salt were mixed in a dry condition and the material 
was then mixed to a slurry at 122% gravimetric water content (GWC). In previous studies on this 
material, the UT was then allowed to hydrate and settle for two days, at which time the clear water 
was decanted, resulting in a thick, non-segregating slurry at 45% GWC. This material is referred 
to as UT – Total Sample subsequently. Without this decanting process, the material at 122% GWC 
would have segregated if poured into test devices, preventing direct comparisons being made to 
PT materials. .  

In sample preparation for this study, the clear water was also decanted following initial mixing, 
hydrating, and settling from 122% GWC. However, at that point, the finer-grained top half of 
material was “spooned” off the sample and then stored in a separate container. The fine and coarse 
components of the material were then tested separately. They are referred to as UT – Fine and UT 
– Coarse in this paper. 

The gradations of the two sample types developed by this artificial segregation process as 
described are presented in Figure 1, against the original non-segregated material. The particle size 
distributions shown were obtained using wet sieving on 38, 53, and 75 µm sieves. The UT- Total 
sample consists of 67% fines, while the UT - Coarse and UT - Fine samples consist of 52% and 
93% fines, respectively. This variance in fines content produced is consistent with the magnitude 
of segregation often observed on TSFs, and hence was deemed suitable for the purposes of the 
current study.  
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Figure 1. Particle size distribution of samples  

After separation as described above, the different constituent materials were then prepared from 
thick, non-settling slurries, for pouring into the slurry consolidometer tests. The initial/settled void 
ratio (e0) of the samples are provided in Table 1.  

Table 1. Initial void ratio for materials considered in this study 
________________________________________________________ 

UT - Coarse  UT-Fine  UT-Total  PT 
________________________________________________________ 

0.81     1.60   1.18    1.76 
________________________________________________________ 

2.2 Consolidation Testing 

Consolidation and hydraulic conductivity testing of both UT – Fine and UT – Coarse samples was 
undertaken within a 71 mm internal diameter slurry consolidometer, using identical techniques to 
those of previous studies on the material. Initial sample depth after pouring into the cell was 
approximately 70 mm. Incremental vertical effective stresses from 10 kPa to 800 kPa were applied 
to the specimen. Constant head tests were undertaken after each vertical load from 10 kPa. The 
sample was then unloaded, and removed from the cell for determination of density based on mass 
of dry solids and sample volume 

2.3 Results 

The results of the consolidation tests undertaken in this study on UT-Coarse and UT-Fine 
materials, along with previous testing on UT-Total and PT-Total samples (Reid and Fourie 
2015b), are presented in Figures 2 and 3. The UT-Coarse sample shows the highest final density 
at a given vertical effective stress, followed by UT-Total, PT-Total, and UT-Fines. The difference 
in density between the UT-Coarse and UT-Fine sample is what is typically observed in active 
TSFs, where the material near the decant is usually softer and at a lower density than the perimeter. 
That the UT-Coarse sample is denser than UT-Total likely is a result of the initial particle size 
distribution (PSD) of this material. For example, non-plastic sand-silt mixtures typically achieve 
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optimum packing efficiency at fines contents of 20 to 40% (for example, Lade et al. 1998). For 
the materials presented here, the UT-Coarse sample was closest to this range, consistent with it 
having the highest final densities. Had the original, unsegregated UT-Total material been of a 
lower fines content, it is conceivable that it would have exhibited higher densities than either of 
its constituent segregated products. 

With respect to hydraulic conductivity, UT-Coarse and UT-Fine exhibit significantly divergent 
ranges, “straddling” the UT-Total sample, consistent with the fines contents for the three 
materials. The PT-Total sample exhibits higher hydraulic conductivities than all the samples 
except for the UT-Coarse. Indeed, the PT and UT-Coarse samples appear to, coincidentally, 
follow a similar void ratio – hydraulic conductivity trend. Although in practice, at a given vertical 
effective stress, PT would exhibit a higher hydraulic conductivity owing to the higher void ratios 
relevant to this material at a given vertical effective stress. 

 

Figure 2. Vertical effective stress – void ratio results  
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Figure 3. Vertical effective stress – void ratio results  

2.4 Implications 

The results are mixed at first inspection, when assessing the potential benefits of PT on increasing 
in situ density of a deposit of tailings. Comparing the total-PSD samplings, UT-Total and PT-
Total, the PT material achieves lower final densities at a given vertical effective stress. In 
isolation, this is a negative outcome, as it means a lower in situ density, in a fully consolidated 
deposit. However, the fabric created by PT, while having lower final densities, also has 
considerably higher hydraulic conductivities. The higher hydraulic conductivities of PT material 
means that the rate of consolidation will be increased. Hence, although a PT material may have a 
lower final density at a given vertical effective stress, the average in situ density within a TSF 
may, in some cases, be higher than UT material. For example, in a deposit with a high rate of rise 
(ROR), a material that consolidates faster may achieve a higher average in situ density, despite 
having lower final densities at a given vertical effective stress. This was suggested by modelling 
undertaken by Riley et al. (2015). It is further investigated subsequently in this paper, extended to 
include the effects of segregation of UT material. 

3. NUMERICAL MODELLING 

3.1 General 

To enable assessment of the potential implications of PT for average in situ density within an 
idealized TSF, finite strain numerical modelling was undertaken using the software code 
CONDES0 (Yao and Znidarcic, 1997). Finite strain consolidation modelling enables a more 
realistic simulation of the tailings deposition process, and the variation in materials properties 
with increasing vertical effective stress, to be captured, compared to infinitesimal strain 
consolidation procedures. CONDES0 assesses one-dimensional consolidation, i.e. for a column 
of tailings of unit dimension. It is noted that undertaking such comparisons by means of a one-
dimensional consolidation model involves a number of implicit assumptions. Such an approach 
assumes that within the idealized deposit, tailings are deposited evenly across the entire area, and 
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increase in all areas with a consistent ROR. Such uniform behavior is never observed in actual 
TSFs. However, such an idealized approach is required to enable a practical comparison to be 
made with current tailings analysis technology and techniques. 

Material parameters for four different slurry types were developed: 

 UT – Total Sample 
 UT – Fines 
 UT – Coarse 
 PT – Total Sample 

The material parameters were developed through curve-fitting of the available consolidation 
results and initial void ratio values (e0) for each material. The input parameters developed are 
outlined in Table 2. 

Table 2. CONDES0 input parameters for this study. 
_____________________________________________________________________________________ 

CONDES0 Parameter  Unit  UT - Coarse  UT-Fine  UT-Total  PT 
_____________________________________________________________________________________ 
A           -   0.78     1.62   1.18    1.46 

Z           -   0.71     1.08   1.01    0.32 

 B            -   -0.12     -0.16   -0.16    -0.16 

      C           m/s  8.0×10-8    1.2×10-8  4.5×10-8   2.1×10-7 

D           -   3.4     3.9   4.0    5.1 
_____________________________________________________________________________________ 

3.2 Rate of Rise Input 

The rate of rise (ROR) of a tailings deposit is an important input, and output, of a finite strain 
consolidation model. However, ROR can be defined in a number of ways when working with 
finite strain input and outputs. Therefore, the various ways of describing ROR are outlined below 
for clarity: 

 Slurry ROR: This represents the conceptual ROR that would occur, were the material 
deposited into an idealised TSF at a given rate, and if no settling or consolidation of the 
material occurred. Hence, this is a function of only the deposition rate, slurry density, 
and the storage area. This ROR will not be realised in most TSFs. However, it 
represents the starting point for developing the ROR input for the models undertaken, in 
that Slurry ROR is consistent between the different materials when making 
comparisons. As the dewatering behaviour of the materials considered here differ, the 
Slurry ROR is the last point of convergence for the simulations undertaken. 

 Depositional ROR: This refers to the ROR that would occur, were the material deposited 
into an idealised TSF at a given rate, and settling, but no consolidation, were to occur. 
Therefore, this is a function of the deposition rate, settled density (assumed ~e0, herein), 
and deposit area. Similar to Slurry ROR, this form of ROR is unlikely to be realised in 
most TSFs. However, Depositional ROR is important as it forms the input to 
CONDES0. CONDES0 then operates in the range of soil behaviour where effective 
stresses are present, i.e. beyond e0. 

 Realised ROR: This refers to the actual ROR observed following model runs across a 
given time interval. It is an output of CONDES0, based on the depositional ROR, and 
the consolidation characteristics of the material. It simulates, as far as practical, the 
actual ROR that would be observed in the idealised TSF under consideration, under the 
conditions modelled. 

Models were run for each material at Slurry RORs of 5, 10, 20, 30, and 40 m/year. These values 
provide a wide spectrum of potential tailings behavior. The highest RORs used are beyond those 
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typically relevant to deposition with TSFs, perhaps with the exception of cellular TSFs that are 
filled in series as part of mining works (for example, Beveridge et al. 2015, Riley et al. 2015). 
However, they have been included to provide a wide range of potential material behavior for 
comparison. 

Models were run to simulate deposition over a five year period, with comparisons made based on 
the predicted condition of the deposit at the end of this period. Post-deposition consolidation was 
not included in the comparisons made. The bottom of the models were assumed to be impermeable 
– i.e. excess consolidation pore pressure could only dissipate to the top surface of the model. 

3.3 Comparisons of Total-PSD Samples 

The modelling process was first used to compare the behavior of the total-gradation samples, UT-
Total and PT-Total. The UT-Total in this case represents the potential behavior of UT material if 
it were mechanically dewatered sufficiently to produce a non-segregating material – in this case 
to 45% GWC. The comparison is provided in Figure 4. The comparison is made on the basis of 
the average in situ dry density realized within the one dimensional model, after a simulated five 
years of deposition. The results are compared based on the Slurry ROR used for each model – two 
models with the same Slurry ROR have the same deposition rate into the same deposit area. 

The results indicate that a low ROR, where consolidation is largely completed during deposition 
for both materials, UT-Total material achieves higher in situ densities. This is consistent with the 
higher final densities observed at a given vertical effective stress. However, as ROR is increased, 
the consolidation process becomes inhibited for UT material, resulting in a reduction in average 
realized in situ density. Hence, at higher ROR this modelling predicts PT achieving higher overall 
densities. 

It is interesting to note that increasing Slurry ROR does not have a consistent effect on realized 
dry density for either material. Rather, an increase in Slurry ROR may increase or decrease 
average in situ realized dry density, dependent on the progress of consolidation for a given 
material at a given ROR. For example, if the increase in Slurry ROR is such that self-weight 
consolidation will be largely complete despite the increase, this can serve to increase average 
realized dry density, as a larger quantity of solids are deposited – and with an increase in solids, 
an increase in potential vertical total and vertical effective stress. Higher vertical effective stresses 
thus enable higher densities to be achieved. Alternatively, when ROR increases such that self-
weight consolidation becomes inhibited, this can reduce the average realized dry density, as 
indicated in Figure 4. The point at which increasing ROR results in a decrease in average realized 
dry density is different for the two materials, as they undergo consolidation at different rates. 
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Figure 4. Average realized in situ dry density comparison – Total PSD samples  

3.4 Comparison of Segregated UT Samples 

The effects of segregation on the behavior of UT material were compared, as outlined in Figure 
5. As would be expected based on the consolidation test results, the UT-Fine material achieves 
relatively low densities, while the UT-Coarse material densities are significantly higher. The 
results “straddle” the results of the UT-Total material.  

To provide an estimate of the average realized in situ density for an idealized deposit where 
segregation was occurring, the UT-Coarse and UT-Fine material trends have been averaged. This 
is a simplified, and probably speculative, assumption which implicitly assumes that the UT-Fine 
and UT-Coarse materials each occupy half the surface area of the TSF deposit. Rather, there will 
be a gradual variation in the deposited materials PSD along the beach as segregation occurs. Fully 
accommodating this process is likely beyond the practical capabilities of current tailings practice. 
For example, it would require testing a nearly infinite number of gradations, and developing a 
distribution of each to enable consolidation modelling and density estimation. For the purposes of 
the current paper, the authors believe the technique adopted is sufficient to enable comparisons 
and broad trends to be interpreted. 

The results also indicate that the average value in the idealized segregated deposit is lower than 
that of a non-segregating situation. Separate to the consideration of PT, this is noteworthy for 
consideration of the potential benefits of thickened tailings deposition, as such deposition schemes 
will generally eliminate or greatly reduce segregation occurring within a TSF. This is independent 
of the potential increase in final vertical effective stresses often seen as a result of increased slurry 
density across a range of non-segregating slurry densities (for example, Reid and Fourie 2015a). 
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Figure 5. Average realized in situ dry density comparison – Effects of UT segregation 

3.5 Comparison of Segregated UT Samples with Total-PSD PT 

The results of the above models are combined for comparison in Figure 6. The inclusion of 
segregation considerations to the assessment of the potential benefits of PT is seen to be 
meaningful for the material studied in this work. When segregation effects are included, the ROR 
at which the PT material is predicted to give better average realized in situ dry densities decreases 
by 50%. Whether the inclusion of segregation in such an analysis would affect the decision to 
potentially implement PT for a particular deposit would depend on a number of factors related to 
the various costs involved in doing so (or not). However, the authors believe that the results 
obtained herein provide some guidance on the potential negative implications of segregation on 
in situ dry density, and present a relatively straightforward method to include segregation in such 
an analysis. 
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Figure 6. Average realized in situ dry density comparison – Segregated average UT and PT 

3.6 Limitations 

In order to undertake the comparisons presented herein, significant idealization of tailings 
deposition has been required. For example, it was assumed that deposition would be uniform over 
the plan area of the idealized TSF storage area, with the same ROR in all locations. Further, 
accounting for the different densities of the segregated material was simplified to a simple 
unweighted average between UT-Coarse and UT-Fine. It is unknown if this is a reasonable 
assumption as, to the author’s knowledge, no such modelling to include segregation has been 
previously undertaken. 

Whether the magnitude of average realized dry density increases that were observed at some 
ranges of ROR would warrant implementation of PT for this material is beyond the scope of this 
paper. This would require financial comparisons considering, at a minimum, the cost of TSF wall 
raise construction (or more generally, storage capacity construction) and the cost of implementing 
PT.  

It is noted that an increase in dry density is only one of a number of different reasons for potentially 
implementing PT. Others include improving return water clarity, increasing beach slope and/or 
increasing strength gain on the surface of a deposit to enable rehabilitation works. These were not 
considered in this work. 

The potential for significant post-depositional shearing of the PT material was not included in this 
study. Testing of sheared PT materials has indicated that this may reduce some of the potential 
benefits of PT, depending on the magnitude of shear (Jeeravipoolvarn et al. 2014, Reid and Fourie 
2015c). 

4. CONCLUSIONS 

A series of consolidation tests were undertaken on intentionally-segregated UT material, to assess 
the effects of such segregation on the consolidation behavior of the material. Segregation was 
seen to result in a relatively coarse-grained material (UT-Coarse) with high hydraulic conductivity 
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and final density, and a finer-grained material (UT-Fine) with low hydraulic conductivity and 
final density. 

The consolidation results obtained in this study were then compared to previous testing on the 
material from a thick non-segregating slurry (UT-Total) and PT material, and used to develop 
input parameters for finite-strain consolidation models for each of the four materials. The 
consolidation models were undertaken to assess the effects of the different consolidation 
characteristics of each material on the average in situ dry densities realized in a series of idealized 
deposition scenarios with different ROR.  

The consolidation modelling indicated that both ROR, and potential segregation had a significant 
effect on the comparisons between UT and PT materials. At high ROR, the higher rate of 
consolidation for PT material resulted in an increased average in situ realized dry density within 
an idealized deposit. This would imply that less storage volume would be required, all else being 
equal. The segregation of UT magnified the potential of PT to increase average in situ dry density, 
owing to the slow rate of consolidation for the UT-Fine material. 

The limitations of the work include significant idealization of deposition to enable comparisons 
to be made, the lack of consideration of financial considerations as to whether the increase in dry 
density achieved is sufficient to warranted PT implementation, and potential effects of shear-
degradation on the behavior of PT samples. 
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ABSTRACT 

Within North America, 939 mines are currently in production, 392 in closure, and 377 in care and 
maintenance. Additional 10,000-plus abandoned mines remain unremediated and are in state care. 
Producing mines often carry out various degrees of active closure activities to reduce risk and 
liabilities. This, along with active reclamation in operating mines, has created large demands for 
innovative engineering solutions to achieve productive and cost-effective closure objectives.  

To that end, geosynthetic products are being widely used in a number mining and civil 
applications. Typical uses include material separation, liquid containment, drainage, filtration, and 
strength reinforcement. In particular, the mining industry has long embraced geosynthetics in 
applications such as heap leach pads, tailings storage facilities, and water management. 
Geosynthetics have also been used in civil infrastructures such as landfills, slope reinforcements, 
and agriculture. 

Interest in using geosynthetics within closure design is increasing among engineers and project 
proponents. Typical mine closure activities are comprised of decommissioning of buildings and 
reclamation of tailings facilities and waste rock stockpiles, and treatment of contaminated 
effluents before discharge into environment. Given suitable design criteria, risk management and 
site conditions, geosynthetics can be incorporated into these structures to enhance the performance 
of mitigative measures, reduce additional impacts, and increase cost efficiencies. However, some 
stakeholders and regulators seem to be reluctant to accept the use of synthetic products for such 
applications. This paper considers, from various perspectives, how geosynthetics can be viable 
components of low to moderate risk closure projects. 
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1. INTRODUCTION 

Geosynthetics have long been accepted as a construction component in many containment, 
filtering, and reinforcement designs for mine operation facilities. Various types of geomembrane 
liners are used as containment in fuel and tailings facilities, as an impermeable zone in heap leach 
pads and dams, and as reclamation cover components. Geotextiles are used in many design 
applications to function as filter layers or cushioning zones to protect the critical liner beneath 
from overbearing material. Geonet is used in subaerial drainage applications in place of sand and 
gravel (e.g. between primary and secondary containments). Geogrid is widely used in foundation 
and slope reinforcement in road constructions and some tailings cover reclamations. Composite 
geotextiles are emerging technologies that combine geonet drainage capacity and drainage tubes 
into a geotextile to increase construction efficiencies and maximize cost benefits.  

Geomembranes have been used in the mining industry for decades, predominately in operations 
of tailings containments and heap leach facilities. The industry has embraced a wide range of 
products including geosynthetic clay liners, different types of polyethylenes—in particular high 
density polyethylene (HDPE), and polyvinyl chloride or PVC (Breitenbach 2006). Bituminous 
geomembrane is available but not used as commonly compared to polyethylene products mainly 
due to its higher cost and incompatibility with hydrocarbons and various pH leachates.  

The effectiveness of geomembranes in water and tailings containments is demonstrated at many 
operating mines and in several case studies. For example, the State of Nevada has regulations that 
require all tailings management facilities to be lined with geomembranes (NAC 445A). Layfield 
(2015) describes geomembrane material being used at a contaminated water storage in the US. In 
addition, Cole (2014) provides a case study on a uranium tailings storage facility (Cole 2014) in 
the US.  

There are examples demonstrating the use of geosynthetics in closure applications. They show 
how geosynthetics can be used in progressive reclamation as part of large closure plans or in long-
term permanent closure.  Same examples include the use of geosynthetic clay liners in the 
reclamation of an oil sand tailings pond (Athanassopoulos 2011), in the reclamation of an acid 
generating opening pit (White 2010), and in a number of European mine closures (Ewert 2008). 
In addition to mining applications, GCL and HDPE have long been adapted into landfill design 
for secondary containment. The U.S. Environmental Protection Agency has long accepted use of 
geosynthetics in municipal solid waste landfill and in closure of such facilities. 

This paper focuses on practicable application of geosynthetics in order to demonstrate they are 
viable products for use in closure plans with low to moderate risks. This assertion is made on a 
long-term performance prediction of geosynthetic material from existing studies, cost evaluation 
of case studies, and the risks evaluation of the closure plan.  

2. APPLICATION OF GEOSYNTHETICS IN MINING 

The Canadian Mine Environment Neutral Drainage or MEND has outlined eight main categories 
shown in Table 1. Some of the cover types consist of some key design components that can be 
replaced with geosynthetics to achieve desire objectives. The typical replaceable key components 
are the very low permeable clay layer, filter material with controlled gradation, and coarse 
controlled capillary break layer.  
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Table 1: Summary of Cover System Classifications 
Cover Types Function Description Geosynthetic Replacement 

Potential 

Isolation Cover Typically constructed over geochemically 
benign waste to prevent animal or human 
contact, provide erosion protect, and vegetation 
growth medium.  

There are some very specific product 
designs to resist erosive conditions 
and high load support. They are more 
expensive and intended for small 
scale deployment.  

Capillary Break Cover A composite cover that limits infiltration and 
prevents migration of contaminants through 
capillary action.  

Multiple soil zones can be replaced 
by geocomposites and geosynthetic 
clay liners.  

Barrier Cover A low permeable or geosynthetic liner to create 
a physical barrier to limit or exclude infiltration 
and oxygen, usually combined with an isolation 
cover on top to protect the barrier and facilitate 
vegetation growth.  

There is a large selection of 
geosynthetic liners that could replace 
low permeable clay as needed.  

Frozen/Thermal Cover In cold regions, waste can be engineered to 
integrate with the permafrost to remain frozen 
and prevent contamination.  

There are insolation foam products 
available that protect frozen material 
from thawing. However, this type of 
product is expensive and typically 
deployed in small areas.  

Store and Release Cover The cover works on the principle that 
infiltration is temporary retained within the 
cover material for later release into the 
atmosphere through soil evaporation and 
evapotranspiration.  

Not applicable 

Reactive Cover Cover include organically or chemically active 
component to consume the oxygen or 
neutralize the acid generated by the waste.  

Not applicable 

Water Cover A constant water cover to eliminate oxidation 
thru exclusion of oxygen contacting the waste. 
It is only applicable to low-lying waste, such as 
backfilled pits or relocated tailings.  

Not applicable 

Saturated Soil Cover A variant of water cover where a soil is kept at 
very high level of saturation thus limiting 
oxidation.  

Not applicable 

3. STAKEHOLDER’S GENERAL VIEW OF GEOSYNTHETICS IN MINE CLOSURE 

The end goal of any mine closure project is the relinquishment of the mine site back to the 
landowner or a responsible authority, defined “as any government body empowered to approve 
activities associated with the mine closure process” (ANZMC 2000). Because custodianship and 
any potential liability could revert back to the government body or similar jurisdiction, 
stakeholders often have unrealistic expectations of the performance of mine closure structures. In 
some cases, some idealistic stakeholders (e.g. regulators) might require static structures (e.g. cover 
systems with a low to moderate risk of failure) to perform in excess of 2,500 years, virtually in 
perpetuity.  

Because of this unrealistic stance on the perpetual performance, some idealistic stakeholders have 
the lay option that synthetic products will eventually fail where natural soil would retain its 
properties (and thus not fail). As a result, these stakeholders do not accept incorporation of the 
geosynthetics in closure applications. As mentioned before, geosynthetics are accepted to use in 
closure in many national and international jurisdictions. The exclusion to use geosynthetics 
creates inconsistency in low to moderate risks closure design, and it often goes against the current 
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engineering standard practice. Furthermore, this exclusion might eliminate economical means to 
remediate some of the sites. There are guidelines to assist in closure planning and design (MEND 
Guidelines) but there is an absence of uniform closure criteria.  

With a lack of standardize closure acceptance criteria based on risk, comprehensive mine closure 
remains a challenge for virtually every mining jurisdiction in the world as it is an amorphous 
concept depending on the stakeholders and regulators (Holmes 2015). Studies exist, however, that 
try to provide realistic expectations and practical approaches for facilitating mine closure based 
on risks. These studies attempt to reason the expected design life of low to moderate risk structures 
in closure should be around 200 years (Logsdon 2013). This suggests that the idealistic 
expectation of 2,500-design life of closure structures should not be indiscriminately apply to all 
projects. 

4. BENEFITS WITH GEOSYNTHETICS  

4.1 Product Specifications and Performance 

Since geosynthetics are manufactured products and are tightly control and tested for quality 
assurance. The American Society for Testing Materials (ASTM) and Geosynthetics Institute 
(GRI) have established a large number of standards and procedures to test these manufactured 
products and installations. These standards and test methods ensure all finished products meet the 
desired specifications, most importantly, uniform performance across any given samples within 
the same products.  

Many studies have been completed to evaluate the properties of geosynthetics for design and 
long-term performance. Over 32 technical papers in the 2014 Geosynthetic Mining Solution and 
98 in the 2015 International Conference on Mine Closures were presented alone. One study 
provided evidence on whether drain tubes were functioning as intended under very high loads 
(excess of 3 MPa) to assist in design for large scale heap leach pads up to 180 m in height (Lupo 
2014). Other studies indicated that geogrid in conjunction with an isolation covers can be 
deployed to remediate small diameter mine voids upwards of 400 m deep.  

The performance and expected longevity of geomembrane under exposure or minimum isolation 
cover are hinged on the depletion rate of the antioxidants in the product. The antioxidants are 
chemical agents that prevent the polymer degraded and oxidize. Studies show that under non-
exposed condition with field in-situ temperature of 20°C, a HDPE could have 200 years before 
the depletion of its antioxidant properties and 230 years before it reaches 50% degradation of its 
original properties, providing an expected service life of around 430 years (Koerner 2011). For 
reclamation closure cover applications, the geomembranes are likely to experience relatively low 
loads (<40 kPa or 2 m thick soil over liner), situated in cool in situ temperatures of <20°C that are 
not in direct contact with leachates. Certain types of products (e.g. low density polyethylene liner) 
can be more preferable due to its high flexibility and higher stress cracking resistance (Hsuan 
2008).  

Laboratory trials indicated that while geosynthetic clay liners do uptake some contaminants from 
the waste beneath due to capillary effects and ion exchange, no migration was found in the over 
liner above (Hosney 2012). Compacted clay liners are susceptible to freeze-thaw cycles and its 
hydraulic conductivity would be negative impacted (Othman 1992). Geosynthetic clay liner 
products are found to be less susceptible to performance degradation from freeze-thaw cycles 
(Kraus 1997). 

4.2 Material Costs and Availability 

Smith (2013) provided estimates for compacted clay liner, natural soil capillary break cover, and 
composite geomembrane/geosynthetic clay liner covers. The unit cost estimates provided in the 
study encompass all cover components including preparation earthworks and surface water 
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management. The most likely cost for compacted clay liner was US$25.20/m2, capillary break 
was US$36.00/m2, and composite cover was US$34.50/m2. These estimates were based on the 
assumption that local soils that meet the design specifications are available at US$8/m2. The 
authors of this paper found the US$8/m2 soil unit cost to be optimistic and do not reflect the 
additional costs that are typically require for processing to meet design requirements.  

Based on previous project experiences and public information made available to the authors of 
this paper, a cost comparison was done to evaluate the replacement cost of geosynthetics to natural 
soil material for specific key cover components (Brodie 2014). The costs are typical and the focus 
is on comparing costs as opposed to cost accuracy (Table 2). 

Table 2: Unit Cost Comparison between Geosynthetics and Natural Soil (in CAD dollars) 

Costs 

Erosion Control 
Low Permeable 
Zone Filter Zone Drainage Zone 

Capillary Break 
Zone 

Riprap 
(1m 
thick) 

Geo-
cell 

CCL 
(1m 
thick) 

Geo-
membr
ane 

Sand 
and 
Gravel 
(1m 
thick) 

Geotext
ile 

Clean 
Gravel 
(1m 
thick) 

Geonet (4 
layers)(7) 

Sand 
and 
Gravel 

Composite 
Geonet (8) 

Estimated Raw 
material cost 15.00  18.00  11.58 (1)      6.50   11.58  4.50  11.58  

 

22.00  11.58  12.25  

Processing/ 

installation cost 6.00(2)  6.86 (3)    1.50(4)  4.50  11.00(5)  2.00  14.50(6)  2.00  11.00  2.00  

Estimate Total    21.00  
     

24.86    13.08    11.00    22.58       6.50    26.08    24.00    22.58    14.25  

Notes: 

1. The cost is based on load, haul place and dump at a distance of 3.5km. The cost is adjusted to 2015 
rate based on in-house data and contracted rate in a number of closure projects.  

2. Estimated blasting and screening cost. The cost is adjusted to 2015 rate based on in-house data.  
3. Cost of manual installation cost plus sand and gravel backfill. The cost is adjusted to 2015 rate 

based on in-house data. 
4. Additional compaction cost. The cost is based on in-house contractors’ quote in 2014 dollars.  
5. Large scale mechanical screening cost. The cost is based on in-house contractors’ quote in 2014 

dollars.  
6. Screening plus washing cost. The cost is based on in-house contractors’ quote in 2014 dollars. 
7. 4 layers of geonet are needed to provide approximately flow rate of 1m clean gravel. The cost is 

based on in-house contractors’ quote in 2015 dollars. 
8. Specialized tri-planar geonet encased within 2 layer of geotextile. The cost is based on in-house 

contractors’ quote in 2013 dollars. 

The unit costs for soil material are heavily dependent on haul distance. The further the distance 
between the cover site and borrow, the higher the costs. The soil processing costs can be 
eliminated if a local borrow source is available to yield in situ material that meets engineering 
specifications. However, this is often found unlikely and some levels of processing are typically 
required.  

The costs for geosynthetics are also generally related to crude prices as the majority of products 
are polymer based. The multiple manufacturers on the market typically keep the unit prices of the 
common products competitive. The biggest variable of geosynthetic product costs is 
transportation to project site, but the impact of this is usually minimize because of the large 
quantity needed for most closure covers. Subgrade and foundation preparation are considered 
integral to the cover installation; thus, it is not separated out specifically for geomembrane. A 
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compacted clay liner or capillary break soil cover would require subgrade preparation prior to 
receiving specified material, similar to geomembrane deployment.  

Due to the rigorous quality control and testing of geosynthetics, these products are guaranteed to 
perform according to design, barring installation imperfections. The source of geosynthetics can 
be assumed to be always available for individual closure projects, as it is a manufactured imported 
material. This poses a significantly reduced risk compared to natural soils from local borrows. 
Unless thorough delineation studies are completed during closure planning at the local borrow 
sources, a risk of running out of qualified construction material exists. Additional borrow source 
material or processing might be required, which could compromise the design, schedule, and cost 
of the work. Furthermore, additional disturbance to the environment is needed to develop any 
borrows that are outside of the existing mine’s disturbed footprint. Based on the authors’ 
experience, detailed delineation studies are often not done during the closure planning stage.  

4.3 The Value in of Geosynthetics in Closure 

It is the authors’ belief that geosynthetics are viable for use in mine closures. The idealistic view 
wanting closure structures to perform up to a thousand years with minimum to no repair and 
maintenance is unrealistic.  

Consideration of closure stages, closure risks, and engineering practices suggests a planning 
period for management of mine waste should be normally be 200 years. The closure plan should 
include a semi-quantitative assessment of whether or not major changes in performance would 
occur between 200 and 1,000 years (Logsdon 2013). Based on the current research and 
developments, polyethylene geosynthetic products are predicted to perform well beyond 200 
years. It is understood that monitoring, repairs, and maintenance would be required to ensure the 
installation is functioning as intended, whether or not the cover involves geosynthetics or not.  

Established regulations to address utilization of geosynthetic in operation and permanent closure 
of municipal waste landfill exist. According to the Code of Federal Regulations for Criteria for 
Municipal Solid Waste Landfills, the post-closure monitoring and care requirement is 30 years 
(EPA 2011). The post-closure care period could increase or decrease depending on the remaining 
risks to human health and environmental impacts. With the president to deal with landfill closures, 
the mining jurisdictions and authorities could use the existing regulations to set up a standardized 
criteria framework to promote consistency and efficiency in the approval and permitting processes 
(Holmes 2015).  

The beneficial use of geosynthetics would guarantee the key component(s) of the cover would 
perform uniform across the entirety of the project according to design. Construction flaws and 
imperfections will always pose a risk to geosynthetics, but they will also compromise natural soil 
construction if the work is done poorly. The ease of field quality control (e.g. air pressure testing 
and vacuum bell tests) increases the efficiency of quality assurance of the installations. Given the 
manufactured nature of geosynthetics, their utilization could significantly reduce the risks posed 
by natural variabilities in properties and quantities in natural soils.   

It is the authors’ opinion that geosynthetics are viable products for closure projects. They could 
reduce the construction risks and costs, assure the performance of key design features, and reduce 
the overall disturbed footprint. The idealistic view to exclude geosynthetics due to the belief of 
their eventual total failure in 1,000 plus years can be prohibiting to reclamation of 10,000-plus 
abandoned sites across Canada. Risk based analyses could determine the potential impact in case 
of total failure. The risk evaluation and impact assessment could help in setting up mitigative 
measures such as setting up a bond using net present value to calculate the costs for complete 
reinstallation of the cover, i.e., in 1,000 years when the product completely fails.   
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ABSTRACT 

If the State of Nevada were a country, it would rank as the eighth largest gold producer in the 
world (NMA, 2014). The state is also a significant producer of silver, copper, barite, lithium, and 
other minerals. Nevada currently has over 30 active tailings dams permitted through the Nevada 
Division of Water Resources (NDWR). A variety of conditions, including geology, seismicity, 
and climate present challenges to both the design and regulation of tailings dams in the state.  

This paper provides an overview of historic and current regulations and design practices by 
combining the authors’ experience with information from the NDWR’s Safety of Dams Program 
database to present a general overview of the tailings dams in Nevada. The goal of the paper is to 
familiarize mine owners, regulators, and tailings dam designers with regulations and general 
engineering concepts currently used in Nevada. 

Keywords: regulation, safety, permit, design, stability 

1. HISTORY OF MINE TAILINGS IN NEVADA 

1849 - 1880s: The '49ers discover gold in Nevada and the famous Comstock Lode silver ore 
deposit is found in Virginia City. A silver and gold rush soon followed with many individual 
miners using sluicing and panning techniques to recover minerals. The Nevada Territory was 
inducted into statehood in 1864, in part so that the state’s gold and silver resources could finance 
the Union Army in the Civil War. 

1890 - 1920s: The first mining renaissance begins. Stamp Mills become common and produce the 
first tailings. The early stamp mills deposited the tailings on the ground and the water was lost. 
Tailings dams were created to store the tails and more importantly to reuse the limited water 
resource. Early tailings dams were unregulated and haphazardly constructed. The working 
conditions around these dams were dangerous and environmental contamination was prevalent. 
Evidence of fugitive tailings at 11 historic sites indicates that catastrophic failure of abandoned 
mill tailings was more common in Nevada than has been reported in the literature.  

1920s - 1970s: More silver and gold is discovered in Tonopah and Goldfield. Copper mining 
begins near Ely. World wars and industrial expansion revive significant demand for base metals. 
In 1962, the Carlin Trend gold deposit is discovered, sparking a resurgence in precious metals 
mining.  

1980s - Present: The current mining boom is marked by the consolidation of mining companies 
and development of large, low-grade ore deposits. Initially, oxide ore is processed using heap 
leach technology. As close-to-surface oxide ore reserves are depleted, mining companies are 
increasingly digging deeper and processing low-grade sulfide ore using milling techniques. 
Residual tailings produced during processing are stored in modern engineered and regulated 
tailings impoundment facilities. The locations of active tailings dams in Nevada are shown on 
Figure 1. 
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Figure 1. Active tailings dams in Nevada  

2. TAILINGS DAM REGULATION IN NEVADA – PAST AND PRESENT 

2.1 Dam Safety Regulation History 

The earliest laws pertaining to construction of dams were enacted in 1913 when the State Engineer 
required notification of any proposed dam construction. These laws were likely to protect 
downstream water users from being cut off after the erection of a new dam. These notices likely 
did not pertain to tailings dams since there were no regulations against placing tailings in streams 
prior to 1935 when greater water laws were adopted.  

In 1951, Nevada Revised Statues (NRS) Chapter 535, specific to dams, was enacted marking the 
first time regulatory approval was needed for the construction of a dam. This statute also gave the 
State Engineer the authority to conduct inspections on dams for public safety. These new 
regulations also required operators to operate dam safely to protect downstream interests. 

The first dam permit specifically issued for a tailings dam was permit J-130, issued in 1971 for 
Cliffs Copper Corporation at the Rio Tinto Mine located north of Elko. The dam was 7 meters tall 
and impounded 390,000 m3 of “sludge resulting from treating acid mine water”. Eight other 
tailings dam applications had been submitted by 1980 to support copper, gold, and other mineral 
mining processes. These early tailings impoundments were designed and permitted with dam 
safety considerations, not specifically to prevent tailings waters from seeping into the 
environment.  

In 2003, Nevada Administrative Code (NAC) Chapter 535 was developed for the regulation of 
dams, and tailings dams were given special consideration. This was the first time that submittal 
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of an application and the approval of plans for a tailings dam was defined for the first time in 
detail. 

A hazard classification system was written into the regulations and provided the State Engineer a 
way to categorize the immediate consequences to persons and property located downstream from 
the dam in the event of a dam failure. Dams are placed into one of the three following hazard 
classifications: 

 High Hazard - Failure carries a high probability of causing a loss of human life 

 Significant Hazard – Failure carries a reasonable probability of causing a loss of human 
life or a high probability of causing extensive economic loss or disruption in a lifeline. 

 Low Hazard - Failure carries a very low probability of causing a loss of human life and a 
low to reasonable probability of causing little, if any, economic loss or disruption in a 
lifeline. 

As used in these regulations “lifeline” included: 

 A road that is the sole means of access to a community 

 A major trunk or transmission line for gas or electricity, the disruption of which could 
pose significant risks to the public health, safety or welfare of the affected community 

 Transmission lines for gas or electricity that serves hospitals or other comparable facility. 

 In 2014, the definition of a lifeline was expanded to include any lake, reservoir, stream or 
watercourse that serves as a potable water supply, the possible disruption of which is to 
be considered when assigning a hazard classification to each dam. 

2.2 Current Dam Safety Regulations 

In 2014, NAC Chapter 535 was updated and expanded to form the regulations that are currently 
in place today and enforced by the State Engineer through the Safety of Dams Program. Currently, 
the State Engineer oversees 54 active tailings dam permits through the Safety of Dams Program. 
However approximately 12 are in various stages of closure or reclamation and some are in various 
stages of phased construction. A list of tailings dams currently permitted in Nevada is shown 
below in Table 1. 

2.2.1 Hazard Classification Report  

As part of the permit application, a proposed dam owner is required to prepare a hazard 
classification report, which ultimately suggests the hazard classification and also further defines 
the requirements of an Emergency Action Plan for High and Significant hazard dams. The 
Emergency Action Plan: (1) must follow a format presented by the Federal Emergency 
Management Agency or approved by the State Engineer; (2) must address appropriate steps to be 
taken in the event of a potential or actual emergency at the dam; and (3) for those sections 
requiring numeric analysis, calculations or mapping, must be prepared under the direction of a 
professional engineer. 
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Table 1: Active Tailings Dam Permits in Nevada 
Name Owner Length 

(m) 
Height 
(m) 

Storage 
(acre-ft)* 

Storage (m3) Primary 
Minerals 

Giroux  Quadra 3840 59 130,624 161,122,092 Cu 

N. block  Barrick 4938 158 103,194 127,287,735 Au, Ag 

Mill 5/6  Newmont  5700 91 85,000 104,845,800 Au, Ag 

Juniper  Newmont  6888 54 71,000 87,577,080 Au, Ag 

Mill 5/6 East Newmont 6103 67 67,500 83,259,900 Au, Ag 

Phoenix Newmont  7077 53 41,433 51,106,777 Au, Ag 

Mill 5/6 West  Newmont  437 64 35,661 43,987,130 Au, Ag 

Cortez Area 28 Barrick 4061 66 31,229 38,520,347 Au, Ag 

Cortez Cell 4 Barrick 3688 82 31,000 38,237,880 Au, Ag 

RMG West Round Mtn. Gold 4038 27 28,816 35,543,960 Au, Ag 

RMG cell B Round Mtn. Gold 4100 53 28,450 35,092,506 Au, Ag 

McCoy/Cove Premier Gold  4633 43 25,000 30,837,000 Au, Ag 

Jerritt Canyon  Jerritt Canyon  4267 45 24,000 29,603,520 Au, Ag 

Lone Tree Sec. 23 Newmont  2933 55 20,040 24,718,939 Au, Ag 

A-A Barrick 1727 67 17,054 21,035,768 Au, Ag 

Getchell Turquoise Ridge 1164 46 10,000 12,334,800 Au, Ag 

Paradise Peak FMC Gold 1097 40 8300 10,237,884 Au, Ag 

Mill 4 Dam 2 Newmont  2469 50 8264 10,193,479 Au, Ag 

Copper Canyon Newmont 2344 23 6900 8,511,012 Cu 

Mill 4 Dam 1 Barrick 1859 55 4878 6,016,915 Au, Ag 

Simplot Simplot 770 43 4400 5,427,312 Au, Ag 

Carlin Gold  Newmont  762 82 4030 4,970,924 Au, Ag 

Cortez No. 6 Barrick 2204 18 3988 4,919,118 Au, Ag 

Cortez No. 7 Barrick 2211 19 3673 4,530,572 Au, Ag 

Mill No. 3 Newmont  701 33 3200 3,947,136 Au, Ag 

No. 2 Jerritt Canyon 2247 33 2766 3,411,806 Au, Ag 

Tonkin Springs  Tonkin Springs  1272 20 2625 3,237,885 Au, Ag 

Cortez Cells 4 & 5 Barrick 2118 13 2417 2,981,321 Au, Ag 

Springer tungsten Springer 3094 5 2350 2,898,678 W 

Midas Phase 4 Klondex 1305 15 2008 2,476,828 Au, Ag 

Midas Phase 5 Klondex  576 46 2008 2,476,828 Au, Ag 

Yerington mill Arimetco 30 27 1166 1,438,238 Cu 

Simplot Raise Simplot 3048 30 1000 1,233,480 Si 

* Nevada Dam Safety regulations are based on acre-feet of storage. 1 acre-foot = 1233 cubic meters 
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2.2.2 INFLOW DESIGN FLOOD 

Currently, to obtain approval of the State Engineer, the plans and specifications must demonstrate 
that: (a) the dam and reservoir are able to accommodate the inflow design flood for the tributary 
watershed without the failure of the dam or any other unintended release of water. (b) the inflow 
design flood selected is appropriate given the intended purpose, hazard classification and size of 
the dam. The hazard based requirements are summarized as the probable maximum flood for High 
and large (>12 million m3) Significant hazard dams, a 1000 year return frequency for other 
Significant hazard dams and 100 year return frequency for all others. The State Engineer may 
approve plans that use an inflow design flood that is less than described above if the applicant 
provides an incremental damage analysis that demonstrates, to the satisfaction of the State 
Engineer, that a lesser event is appropriate.  

2.2.3 Stability Analyses 

To obtain approval of the plans and specifications, calculations that concern the strength or 
stability of the dam must exceed a minimum factor of safety. The factor of safety:  (a)  If the 
calculation describes conditions of steady-state seepage static load, must not be less than 1.4; (b) 
If the calculation describes conditions of post construction static load, must not be less than 1.3;  
(c)  If the calculation describes conditions of rapid reservoir draw down load, must not be less 
than 1.25; or  (d)  If the calculation describes conditions of seismic load, must not be less than 
1.1, unless a deformation analysis showing adequate residual strength and retention of freeboard 
is provided. Additionally, the updated regulations specify that earthen slopes are not to be steeper 
than a horizontal-to-vertical (H:V) ratio of 3:1 or, if the embankment is free-draining rockfill, not 
steeper than 2:1. 

2.3 Environmental Regulation 

The Nevada Department of Environmental Protection, Bureau of Mining Regulation and 
Reclamation (NDEP-BMRR), in cooperation with other state, federal, and local agencies, 
regulates mining activities under regulations adopted in 1989. The NAC 445A.350-447 and NAC 
519A.010-415 were developed to implement the requirements of the NRS 445A.300-NRS 
445A.730 and NRS 519A.010-290. Prior to the formation of BMRR in 1989, tailings and water 
pollution control was permitted without specific language for the mining industry.  

2.3.1 Regulation Branch 

The Regulation Branch is responsible for protecting waters of the State under the water pollution 
control regulations. The branch consists of the permitting and inspection sections. The permitting 
section issues Water Pollution Control Permits (WPCP) to ensure that the qualities of Nevada’s 
water resources are not impacted by mining activity. The first WPCP was issued in 1990 and all 
active mines currently have active WPCPs. The inspection section conducts regular inspections 
during the life of a mining facility to confirm that operations are in compliance with permit 
requirements and include tailings impoundments.  

2.3.2 Closure Branch 

The Closure Branch is responsible for protecting waters of the state under the water pollution 
control regulations during closure and post-closure. This branch works with facilities at the 
cessation of operations to ensure that all components are left chemically stable for the long term. 
The closure branch issues water pollution control permits and conducts inspections to ensure that 
the mine site, in the closure and post-closure period, will not degrade waters of the state. 
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2.3.3 Reclamation Branch 

The Reclamation Branch regulates exploration and mining operations in Nevada on both private 
and public lands. The branch issues permits to exploration and mining operations to reclaim the 
disturbance created to a safe and stable condition to ensure a productive post-mining land use. An 
operator must obtain a reclamation permit prior to construction of any exploration, mining or 
milling (including tailings disposal) activity that proposes to create disturbance over 20,000 m2 or 
remove in excess of 33,000 tonnes of material (ore plus overburden) from the earth in any calendar 
year. Aggregate or sand pit operations are excluded from obtaining a reclamation permit. In 
addition to obtaining a reclamation permit, an operator must file a surety with the Division or 
federal land manager to ensure that reclamation will be completed, should an operator default on 
the project. 

2.4 Dam Inspections, Compliance, and Enforcement 

Within the Nevada Safety of Dams program there are over 600 permitted dams; of those, 130 are 
high hazard, 120 are significant hazard and 350 are low hazard dams. All high hazard dams are 
inspected annually. Significant hazard dams should be inspected once in every three years and 
low hazard dams once in every 5 years. In addition to the 52 currently active tailing dam permits, 
there are another 30 tailings dams that are pre-statutory (no permit) but are included in the 
inspection program.  

A mine site may have multiple dam permits for any process ponds and storm event ponds in 
addition to a tailings storage dam which results in inspections typically every three years due to 
one of the dams being rated as a Significant hazard. The State Engineer may require the dam 
operator to conduct more frequent inspections and submit inspection reports. Dam operators may 
be required to submit quarterly or annual monitoring reports with detailed information from any 
subsurface monitoring equipment, survey results, drainage flow rates and other appurtenant data.  

The NDEP- BMRR typically inspects mine sites with an active WPCP quarterly and is primarily 
concerned with the release of any fluids from any source. BMRR also requires reporting of 
subsurface monitoring equipment, survey results, drainage flow rates and other appurtenant data.  

Both the State Engineer and the BMRR have the authority to require corrective actions or even 
halt active deposition of tails at an impoundment. In most cases mine operators and state regulators 
work together to avoid significant disruption to a mining process. In some severe cases, the 
authorization to impound may not be expanded or the WPCP may not be renewed, thus forcing a 
new tailings facility to be built with more modern practices. NDEP-BMRR has even issued fines 
for violations to their WPCP. 

2.5 Future Regulation Trends 

The Safety of Dams program currently is predominantly concerned with the uncontrolled release 
of potential energy stored in a dam impoundment and issues related to environmental impact are 
regulated by the NDEP-BMRR. The concept of requiring a geochemical analysis of the water, 
tailings, or other fluid impounded by a dam has been considered. The results of the analysis would 
be used as part of the impact assessment in a dam break analysis and would influence the proposed 
dam’s hazard rating.  

Other concepts under consideration for inclusion into future regulation updates include: 
evaluating the types of discharges allowed into tailings facilities, supernatant water pool extent 
and location management, and increasing minimum factor of safety required for seismic stability. 
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3.  TAILINGS DAM DESIGN IN NEVADA 

The design of tailings dams is dependent upon many factors, including regional and site specific 
climate conditions, geology, site topography, geotechnical characteristics, regulatory 
requirements, and the goals and preferences of mine operators. This section provides a general 
overview of the natural conditions, design methodology, and engineering analyses currently used 
during the design of tailings dams in Nevada. Operation, maintenance, and monitoring of the 
tailings dam and impoundment are important topics but are beyond the scope of this paper. 

3.1 Geology 

Nevada lies within the Basin and Range tectonic province of western North America. This 
province is a large region with a topography dominated by alternating north-south-trending, fault-
bounded linear mountain ranges and linear, alluvium-filled basins that extend from southern 
Oregon and Idaho to northern Mexico. The province was first developed between about 12 and 
25 million years ago during two major phases of extension and thinning of the Earth’s crust in 
western North America.  

The mountain range fronts are commonly abrupt, steeply sloping, and deeply dissected; while the 
basins are typically broad, gently sloping, and largely undissected. The mountain ranges can be 
as much as 160 km long and 25 km wide with topographic relief generally ranging from about 
500 m to 1500 m, while topographic relief in the basins is generally less than 500 m. The linear 
mountain fronts are formed by vertical displacement on normal-slip faults that result in uplift of 
the mountain ranges relative to the basins.  

Erosion of the ranges has exposed cores comprising Paleozoic, Mesozoic and Cenozoic 
sedimentary, volcanic, and metamorphic rocks. The intervening basins are filled with late Tertiary 
and Quaternary alluvial and lacustrine sediments. The edges of the basins at the range fronts are 
underlain by late Tertiary and Quaternary alluvial fan and fanglomerate sediments derived from 
erosion and transport of rocks within the fault-uplifted mountain ranges. 

3.2 Climate 

The following Nevada regional climate discussion is an abbreviated summary from a narrative 
provided by the Western Regional Climate Center (WWRC, 2015) in Reno, Nevada. The WWRC 
maintains a database of climate information including temperature, precipitation, and evaporation 
collected at various stations throughout the western United States. The discussion focuses mainly 
on the Northern portion of the state where the majority of tailings dams are located. 

The mean annual temperatures in Nevada vary from the single digits to approximately 16° C in 
the south. In the northeast, summers are short and hot; winters are long and cold. In the west, the 
summers are also short and hot, but the winters are only moderately cold; in the south the summers 
are long and hot and the winters short and mild. Long periods of extremely cold weather are rare, 
but occur occasionally. 

There is strong surface heating during the day and rapid nighttime cooling because of the dry air, 
resulting in wide daily ranges in temperature. The average range between the highest and the 
lowest daily temperatures is about 16° to 20° C. Daily ranges are larger in summer than the winter. 
Extreme temperatures have ranged from 50° to minus 46° C. The freeze-free season varies from 
less than 70 days in the northwest and northeast to about 140 days in the west and south-central 
areas, to over 225 days in the south. 

Nevada lies on the lee side of the Sierra Nevada Mountains. The mountains create a “rain shadow” 
effect, causing ample rain on the west slope of the range, but very little precipitation in Nevada, 
which lies immediately to the east. In southern parts of the state, the average annual precipitation 
is less than 130 mm. It increases to over 450 mm in the Ruby Mountains near the Carlin Trend 
where many of the state’s active tailings dams are located and can exceed 40 inches in the Sierra 
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Nevada range. Variations in precipitation are due mainly to differences in elevation and exposure 
to precipitation-bearing storms. 

Snowfall is usually heavy in the mountains, particularly in the north. Twenty-four hour snowfall 
can amount to over 1100 mm, while seasonal totals of over 7500 mm have been recorded. Heavy 
summer thunderstorms occasionally cause locally heavy precipitation and flooding of local 
washes, and streams. 

3.3 Seismicity 

Along with California and Alaska, Nevada is one of the most seismically active regions in the 
United States. Historical records show that magnitude 3 and 4 earthquakes regularly occur and 
are commonly felt, particularly in the central-western part of the state where most of the historic 
events have occurred (Figure 2). Although earthquakes occur at irregular intervals, magnitude (M) 
6 and greater earthquakes have occurred in Nevada about one every ten years. 

Geologically young faults (movement in the last 15,000 years or so) have been the sources of the 
largest historical earthquakes. These faults are found throughout the state. For example, three 
strong earthquakes occurred within about 7 hours in October 1915 in Pleasant Valley in northern 
Nevada. The largest earthquake had an estimated magnitude of more than 7. 5, and was associated 
with a fault scarp 1.5 to 4.5 m high and 22 35 km long at the base of the Sonoma Mountains. 
Similar large earthquakes and variable surface fault ruptures occurred in 1932 and 1934. In 1954, 
a cluster of earthquakes, including an M 7.1 earthquake near Dixie Valley, resulted in about 6 to 
20 feet (2 to 6 m) of vertical movement and about 3 to 14 ft (1 to 4 m) of horizontal movement 
near Fairview Peak. 

 

Figure 2. Earthquake epicenters from 1880 through 2012 
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Nevada’s historic record of both frequent earthquake shaking and large fault displacements needs 
careful consideration when planning for tailings dams and other mine infrastructure. Initial 
estimates of ground shaking can be estimated using state-wide and national models, and the 
locations of Quaternary (last 2.6 million years) active faults is available for all of Nevada. Site-
specific studies are used to evaluate the potential for fault rupture, like that seen in 1915 and 1954, 
to damage critical facilities. Similarly, estimates of earthquake shaking are adjusted for the actual 
conditions at the site. Earthquake ground shaking estimates for the long return periods of interest 
(up to 10,000 years) for critical mining facilities is assessed using detailed information on the 
activity of faults close (~80 km) to the site. 

3.4 Embankment Design 

Other than the Robinson Mine’s large copper tailings dam in eastern Nevada, the majority of the 
larger active tailings dams in Nevada are associated with gold tailings. The milling process for 
gold extraction generally produces tailings with particle sizes in the silt/clay range. These tailings 
have low strength and are too fine to be cylone-separated for use in embankment construction. 
Therefore, tailings dams in Nevada are typically constructed using mine waste or borrowed 
alluvial material.  

Unlike water dams, tailings dams are typically built in stages to minimize up-front capital costs 
and to limit exposure of liner materials to the elements. The three prevalent concepts for 
embankment design are Downstream, Centerline, and Upstream Construction. The use of 
downstream, centerline, or upstream construction pertains to how the embankment is increased in 
elevation through staging of construction. The final selected section may also be some hybrid 
combination of these general sections as needed for cost effectiveness, operation, embankment 
stability, or reclamation planning. 

3.4.1 Downstream Construction 

In downstream construction, a small starter dam is initially constructed. Subsequent staged 
construction involves first constructing an extension against the downstream slope then extending 
the embankment up to the new crest elevation as shown in Figure 3. 

 
Figure 3. Downstream Embankment Section 

The embankment can be constructed with internal zones to provide both impermeable barriers 
and drains. Staged construction can also be designed to construct two or more downstream stages 
in a single construction season, requiring only periodic raises to the crest of the embankment. 

The primary benefit to downstream construction is low risk of instability in all types of operating 
and environmental conditions. Such an embankment is very safe with respect to stability, so is 
often used in areas of moderate to high seismicity such as in Nevada. It is also considered when a 
mine is developed with a single tailings impoundment, and the risk of stopping the mill to repair 
an unstable embankment section is intolerable. A downstream construction embankment can be 
constructed using a wide variety of soil or rock materials, but also can be constructed of low 
strength soils that might preclude use of centerline or upstream construction methods. Raise 
construction of downstream construction embankments can occur through the winter months in 
Nevada, while building over tailings for centerline and upstream raises necessitates that 
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embankment construction over the tailings be completed in warm and dry summer and fall months 
only. 

If designed as a reservoir, downstream constructed dams can impound water, as in the case where 
the impoundment is used for seasonal water storage (during wet seasons), or where the tailings 
deposition plan involves ponding of water against the embankment face. This robust design allows 
flexibility of operation of the impoundment. Since the embankment is not constructed over the 
tailings as with the other two methods, it is not as critical to manage the tailings to form drained 
tailings beaches against the upstream slope of the embankment. A lining system can easily be 
constructed on the upstream slope of the embankment, keeping the embankment free of water and 
making a very stable configuration. For centerline and upstream construction methods, liners are 
typically placed below the embankment, allowing the embankment above the liner to pass water 
draining from the tailings. 

The main drawback of using downstream construction is the large volume of engineered fill 
required to construct the embankment. However, downstream construction can still be 
economically competitive with other construction methods if coupled with innovative design 
concepts, a thoughtful tailings management plan, and a close source of mine waste material to 
construct the embankment. Downstream construction works well if the dam can be sited close to 
a pit where mine waste can be placed directly into the embankment using the mine’s haulage 
equipment. 

Downstream construction methods are widely used in Nevada, especially in tailings 
impoundments having continuous geomembrane liners and supernatant pools located adjacent to 
a lined slope.  

3.4.2 Centerline Construction 

Centerline construction is a method that combines elements of downstream and upstream 
construction and has a design goal of reducing engineered embankment requirements to less than 
that of downstream raises and reducing stability risks to less than those associated with upstream 
raises. The geometry of a centerline raise embankment is shown in Figure 4. 

 

Figure 4. Centerline Embankment Section 

The centerline construction method requires a starter embankment of similar size and geometry 
as that of the other two methods. Subsequent staged raises require both building over the recently-
placed tailings and expanding the embankment width on the downstream slope. Centerline 
construction balances construction cost with stability risk. It has been used successfully in regions 
with moderate to high seismicity. 

As with the upstream construction method, centerline construction relies on a strict tailings 
management and deposition plan, and building embankments over the tailings requires that the 
tailings in the tailings beach adjacent to the embankment have undergone some strength increase 
through desiccation drying. Staging of embankment raises requires close scheduling to build the 
tailings as close in elevation to the previous-stage embankment crest as possible, while balancing 
construction over the tailings to warm, dry months. Construction can be staged so that the 
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downstream portion of the embankment is only constructed every two to three lifts, which can 
also allow concurrent reclamation of the downstream slope prior to cessation of infilling. 

Centerline construction is a widely used method of constructing tailings dams in Nevada.  

3.4.3 Upstream Construction 

The upstream construction method requires a starter embankment of similar size and geometry as 
that of the downstream construction method, so initial capital costs between the two methods are 
often the same. Subsequent staged raises, however, rely on constructing the embankment higher 
in elevation by constructing over the recently placed tailings adjacent to the embankment as shown 
in the Figure 5. 

 
Figure 5. Upstream Embankment Section 

This method results in a relative cost savings through a lower engineered embankment volume. 
Cost therefore becomes the primary driver in using upstream construction. This type of 
construction relies on a strict tailings management and deposition plan, often referred to as thin 
sub-aerial deposition. Building embankments over the tailings requires that the tailings in the 
tailings beach adjacent to the embankment have undergone some strength increase through 
desiccation drying. Further, the beach must be relatively free of standing water. If these conditions 
are not met, construction becomes difficult and dangerous, so embankment construction must 
often be scheduled during dry summer and fall months. If dry tailings beach conditions are not 
achieved, placement equipment can sink into the tailings and the embankment could fail into the 
tailings. Embankment failures have occurred during placement of upstream raises.  

The tailings management plan for embankments staged using upstream construction focuses on 
spigoting tailings from the embankment to force the supernatant pool to the center of the 
impoundment or to an opposite embankment that has been constructed using downstream 
construction methods. Another benefit of using upstream construction is that downstream slope 
of the dam can be reclaimed concurrent with the embankment raise. 

Upstream methods have been used successfully in arid climates, including Nevada, generally on 
dams with relatively low embankment heights or to “top off” a tailings dam to provide additional 
capacity. Because much of the embankment is constructed on weak and compressible tailings, use 
of upstream construction methods often result in embankments that have a higher risk of 
instability than those designed with downstream or centerline construction. Many of the tailings 
embankments where failures have occurred internationally within the past 20 to 30 years have 
incorporated upstream construction methods. 

3.4.4 Hybrid Embankment Systems 

Tailings dams are often constructed using hybrid systems of embankments, where one method of 
embankment construction is suitable for one portion of the dam and another embankment 
construction method is suitable for the remaining portions. An example would be where the 
tailings pool is managed into a corner of the impoundment against a dam that has been constructed 
using downstream construction methods, while upstream or centerline construction methods are 
used for the remaining segments of the embankment where beach areas can be controlled. Another 
hybrid system incorporates a rock dump or heap leach pad into one or more sections of the 

 
680



embankment, which ultimately reduces the amount of placed engineered fill in the embankment. 
Hybrid embankment systems are commonly in use in Nevada. 

3.5 Geotechnical Analyses 

The geotechnical stability of tailings dams are typically modeled using a two-dimensional limit 
equilibrium stability model such as SLIDE (RocScience 2011). The program allows for potential 
sliding surfaces in a stability section to be either pre-selected or automatically generated. SLIDE 
allows use of multiple methods of static and pseudo-static (earthquake load) analyses which vary 
depending on assumptions used for equilibrium in the model. Typically, Spencer’s Method of 
Slices (Spencer 1967) analyses both circular and block failure surfaces, which satisfies conditions 
of horizontal and vertical equilibrium, as well as moment equilibrium, is chosen as the method of 
analyses. 

Deformation analyses are performed to determine the dynamic response of the dam to earthquake 
loading. Deformation analyses are required by the NAC for dams having pseudo-static factors of 
safety less than 1.1. A one-dimensional deformation model such as SHAKE2000 (Ordóñez 2011) 
applies an earthquake acceleration time history acting on the dam modeled as a series as horizontal 
layers to represent site conditions. 

Foundation settlement analyses are used to determine the magnitude of foundation settlement 
resulting from the initial embankment construction and future loading from tailings deposition 
and subsequent phased embankment raises. Dependent upon the foundation material, immediate 
settlement, consolidation settlement, and secondary compression are evaluated. The results of 
settlement analyses are used to design pipe slopes for the underdrain collection system and assess 
embankment and lining system integrity over the life of the facility. 

3.6 Liner and Underdrain Collection Systems 

Current Nevada Regulations (NAC 445A.437) require a minimum lining system comprised of at 
least a 12-inch thickness of soil with a compacted hydraulic conductivity (permeability) of not 
higher than 1 x 10-6 centimeters per second (cm/sec). The regulations require a more stringent 
lining system if a condition of near-surface ground water exists beneath the facility. In reality, the 
NDEP has not issued a permit for a new tailings dam in recent years that does not include a 
geomembrane liner. Although there are a variety of products available, the industry standard 
geoembrane liner in Nevada is an 80-mil High Density Polyethylene (HDPE) geomembrane. The 
80-mil thickness provides a liner that is extremely durable yet flexible and easy to install.  

Geosynthetic Clay Liner (GCL) comprised of a thin layer of low-permeability clay sandwiched 
between geotextile sheets, is sometimes used as a secondary liner or to provide a suitable bedding 
for geomembrane placement over a rough subgrade. GCL’s are subject to shrinking, cracking, and 
ultraviolet light degradation when exposed so they are generally not considered suitable for use 
as a primary liner.  

An underdrain collection system consisting of a network of perforated pipes regularly spaced over 
the liner and bedded in gravel is installed to reduce the hydraulic pressure on the geomembrane 
liner, promote two-way drainage and consolidation of the tailings material, and speed the recovery 
of water for reuse in the process circuit. Water collected by the underdrain system passes by 
gravity beneath the dam to a return water pond or tank and is pumped to the mill for reuse in the 
process circuit. 

4. SUMMARY 

The State of Nevada is a significant producer of precious metals and mineral resources. The state 
has a rich mining history that includes over 100 years of mine tailings production. Tailings dams 
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in the state are regulated by the NDWR through the Safety of Dams Program and by the NDEP-
BMRR through the Water Pollution Control Permit. 

Nevada is located in an arid, seismically active region. Current practices in tailings dam and 
impoundment design are based on site constraints, risk management, regulatory requirements, and 
owner preferences. Modern tailings impoundments designed and permitted in the state incorporate 
geomembrane liners and underdrain systems for environmental containment. During the design 
process, detailed analyses of the embankment are performed to promote geotechnical stability 
under both static and seismic loading conditions. 
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ABSTRACT 

Current methods of mineral processing results in production of large amounts of slurries (e.g. 
tailings). However, the abrasive nature of these slurries results in concerns regarding wear 
damage, as well as conservative preventative maintenance practices and uncertainty in the 
prediction of the lifecycles of various slurry handling equipment. While there has been significant 
attention paid to the effect of slurry velocity on pipeline wear, the effects of other flow parameters 
such as the viscosity of the fluid carrying the coarse particles (usually water with suspended fine 
particles) on wear damage is not well understood. In this study, a slurry pot tester is utilized to 
examine the effect of carrier fluid viscosity on slurry-pipe steel surface erosion rate. It was 
observed that by increasing the viscosity, initially the erosion rate decreases but beyond a certain 
value, the overall wear rate increases. 

Keywords:  erosion, slurry hydrodynamic, steel.  

1. INTRODUCTION  

Mining operations produce and transport large volumes of slurries (i.e. mixtures of solid particles 
and liquid). The conventional and most economical means of shipping these slurries is pipeline 
transportation (Neville and Reza 2007, Parent and Li 2013). The wear life of the equipment used 
for slurry transportation is of utmost importance, as any failure may result in significant 
environmental and economic losses. Part of the issue is that these pipelines operate at high solids 
concentrations and velocities.  This can lead to material wear occurring through purely erosive or 
synergistic erosion-corrosion mechanisms (Parent and Li 2013). Pipeline wear-resistance and 
lifecycle have been almost impossible to predict; therefore, much effort is now being dedicated to 
the study of wear. 

In general, wear studies can be separated into two major categories: (1) studies focused on alloy 
structure and material science; and (2) studies focused on slurry properties such as solids 
concentration and velocity. Various types of alloys have been studied extensively under abrasive 
conditions; hence, there is a relatively clear understanding of the effect of alloy properties on 
erosion rate (Chung, Tang et al. , Levy and Crook 1991, Neville and Hodgkiess 1999, Llewellyn, 
Yick et al. 2004, Dong, Qi et al. 2006, Desale, Gandhi et al. 2008, Jiang, Yang et al. 2012, Wood, 
Walker et al. 2013, Lindgren and Perolainen 2014). 

Only a very limited number of studies have been dedicated the interaction of slurry hydrodynamics 
and the pipe wall (Shook, Haas et al. 1981, Lin and Shao 1991, McKibben 1992, Oka, Ohnogi et 
al. 1997, Feng and Ball 1999, Cooke and Johnson 2000). This group of studies can be categorized 
in three major groups: 

1. Bench scale erosion testers. Specifically studies that, in contrast with their traditional 
application, utilize these apparatuses (e.g. slurry pot and jet impingement test) to study 
the hydrodynamics of solid-liquid wear.  

2. Pipeline tests. 
3. CFD analysis usually coupled with limited experimental data to predict the wear. 
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The majority of erosion hydrodynamics studies have mainly been focused on the following 
parameters: (1) particle concentration; (2) slurry velocity; (3) particle impact angle; and (4) 
particle size. A very limited number of investigations have been performed on the effect of carrier 
fluid viscosity on wear. For example, Okita et al. (Okita, Zhang et al. 2012) studied the effect of 
viscosity on erosion rate; however, a jet impingement apparatus was used.  The solid trajectory 
and velocity was thus dictated by the operator and was not affected by the viscosity.  Moreover, 
Kesana et al. (Kesana, Throneberry et al. 2013) studied the effect of solids concentration and 
viscosity on erosion rate with limited data points. They only examined two viscosities (1cP and 
10 cP), and chose a maximum solids concentration of 1%m when operational slurry transport 
systems are usually around 50% m. 

To study erosion in similar conditions to those found in the pipeline, pipe loops are the ideal tool. 
However, this technique requires a large-scale pipe loop (e.g. 300-liter volume) and a large 
amount of slurry. This makes these types of study extremely time-consuming and costly. For 
example, Shook et al. (Shook, Haas et al. 1981) performed an extensive study of pipeline erosion. 
In their study, each test took at least 500 hours and the slurry was replaced every 120 hours. 
Additionally, the shape and size of particles change as they circulate inside the loop (Cooke and 
Johnson 2000); hence, the effect of the control parameter (i.e. viscosity) on erosion cannot be 
studied independently.  

Because of difficulties associated with pipe-loop experiments, researchers have developed 
techniques to study erosion in the laboratory (Rajahram, Harvey et al. , Benchaita, Griffith et al. 
1983, Clark 1991, Clark 1993, Hawk, Wilson et al. 1999, Cooke and Johnson 2000, Tian, Addie 
et al. 2007, Yu, Li et al. 2013). It has been shown that data produced using the slurry pot tester is 
more applicable to pipeline conditions than data produced by other laboratory techniques, such as 
jet impingement (Gupta, Singh et al. 1995).  In contrast with traditional use of slurry pot apparatus 
to evaluate materials performance, this study has used this technique to study the effect of carrier 
flow viscosity on the erosion rate (details available in experimental section). 

2. EXPERIMENTAL METHOD  

The slurry pot apparatus used in this investigation was custom made and consists of an impeller, 
a tank, and a motor (Figure 1). The setup is also equipped with a heating/cooling jacket to control 
the slurry temperature.  

 

Figure 1. Slurry pot schematic (1) electromotor; (2) sample holder diameter; (3) temperature control 
jacket; (4) baffles  

(1) 

(2) 

(3) 

(4) 

13cm 

9cm 

14cm 

7cm 

2cm 

4.5cm 

Slurry Line 

29cm 

22cm 

Rotating Shaft 

Sample 

 
684



The vessel has a total volume of 14.5 L. The sample holder is installed on the rotating shaft of the 
motor. Four full length baffles are installed at equal distances along the tank wall to enhance the 
mixing. There is no additional mixer in the tank as the sample holder will act as a mixer (see 
Figure 1 inset). There are total of four samples placed on the rotating disc, each with a 90º 
separation from the other. The top 0.5 cm of each sample is covered by the sample holder. The 
erosion rate in this study is reported as weight loss per unit area. As a result, the area of each 
sample covered by the sample holder is deducted from total area in the erosion rate calculation. 

Samples were prepared by cutting a sheet of commercial pipe steel sheet (ASTM A53 X65) into 
the desired coupon sizes (5 cm × 1 cm × 0.5 cm). Each sample was then polished using 1200 grit 
sandpaper and washed with toluene and distilled water to remove any residual material on the 
surface. 

The mass of each sample was measured using an analytical balance (Mettler Toledo, ML204, 0.1 
mg accuracy). The samples were then placed in the sample holders at the desired impact angle. In 
this study, all the samples were positioned at a 180º orientation (i.e. the flow was parallel to the 
surface). A corrosion inhibitor (VCI-1 Corrosion Inhibitor Powder, KPR ADCOR INC) was also 
added to the system to minimize mass loss caused by corrosion. The sample travelled inside the 
slurry at a fixed velocity of approximately 5.5 m/s. Each experiment was run for 45 minutes, after 
which the samples were removed, washed with water and toluene, dried, and weighed. 

To calculate sample mass loss, the final mass was deducted from the initial mass. The erosion rate 
was calculated by dividing the mass loss by the duration of the experiment (i.e. 45 minutes) and 
the sample area exposed to the slurry. 

The surfaces of selected samples were examined using a Scanning Electron Microscope. The SEM 
used in this study was a Hitachi S-2700 equipped with a PGT (Princeton Gamma-Tech) IMIX 
digital imaging system and a PGT PRISM IG (Intrinsic Germanium) detector for energy 
dispersive x-ray analysis (EDX).  

The carrier fluid was composed of varying concentrations of deionized (DI) water, ethylene glycol 
(HPLC grade, Fischer Scientific) and glycerin (HPLC grade, Fischer Scientific). The viscosity of 
the carrier fluid was altered by manipulating its concentrations of glycerin and ethylene glycol. 

Carrier fluid viscosities of 0.8 mPa∙S (DI water) to 5.7 mPa∙s were used. Table 1 provides the 
properties of the carrier fluids utilized in this study. All tests were performed at 25º C; therefore, 
the viscosities and densities are reported for that temperature (Jerome, Tseng et al. 1968).  

Table 1. Carrier fluid properties 
Carrier fluid composition Viscosity (mPa∙s) Density (kg/m3) 

DI water  0.8 997 

20.0% Ethylene Glycol + DI water 1.1 1004 

30.0% Ethylene Glycol + DI water 1.4 1009 

34.5% Glycerol + DI water 2.7 1082 

44.2% Glycerol + DI water  4.2 1107 

50.0% Glycerol + DI water 5.7 1121 

By manipulating the carrier fluid viscosity over a wide range, both normal and horizontal shear 
on the surface changed considerably. Addition of glycerol or ethylene glycol also changed the 
density of carrier fluid mixture by as much as 12.5%; however, the density increase was negligible 
when compared to the dramatic increase in viscosity (~600%).  By measuring erosion rate, the 
effect of carrier fluid viscosity on the slurry erosion rate can be observed.  
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The particles used in this study were silica sand (Sil Commercial, Sil 4) and Al2O3 (Sil 
Commercial, Abrasive particle). The particle size distribution for both type of solids was measured 
using the dry sieve technique. The results are presented in Figure 2. The particles’ properties have 
been summarized in Table 2. Densities of the particles were reported by the manufacturer and the 
maximum packing concentration (Cmax) was measured. Maximum packing concentration is a 
critical parameter in the hydrodynamic analysis of the system, and will be further analyzed later 
in this paper. 

 

Figure 2. Particle size distribution of the solid particles used in the present study. 
Table 2.  Particle properties of silica sand and aluminium oxide. 

 d50 (mm) Density (kg/m3) Cmax (% by volume) 

Silica sand 0.420 2650 64 

Al2O3 particles 0.425 3950 58 

Table 3 provides a summary of the experimental conditions tested during the course of this study. 
Table 3. Test conditions. 

Mixer speed 660 RPM 

Temperature  25º C 

Particle type  Al2O3 or Silica sand 

Carrier fluid viscosity  0.8 to 5.7 mPa.s 

Mixing time 2700 s 

Solid concentration 19%  by volume 

Sample orientation Parallel to flow direction 
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3. RESULTS AND DISCUSSION  

Erosion showed a strong dependency on the carrier fluid viscosity. For both types of particles, the 
erosion rate descended to a minimum value, then increased with increasing viscosity. Figure 3 
shows the erosion rate measured for different carrier fluid viscosities.  

 
Figure 3. Variation of erosion rate with carrier fluid viscosity for slurry pot wear tests (C=19%, d=420 

mm, N=660 RPM) 

Huang et al. (Huang, Minev et al. 2010) also studied the effect of carrier fluid viscosity on the 
erosion rate in pipelines. They observed that by increasing the viscosity from 1 mPa∙S to 
approximately 2 mPa∙S the erosion rate will decrease by 10%. Their observation is in agreement 
with the first section of the results from this study. However, they did not perform experiments in 
the upper range of the viscosities tested this study. 

4. CONCLUSIONS AND FUTURE WORK 

In conclusion, it was observed that the erosion rate is strongly related to carrier fluid viscosity. 
The erosion rate will initially decrease by increasing the carrier fluid viscosity. However, after a 
certain viscosity, the erosion rate will increase. By manipulating the carrier fluid viscosity, the 
sample’s surface stresses changes. It is highly recommended to calculate or measure the surface 
stresses for such experiments to understand the mechanism responsible for surface wear.  
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ABSTRACT 

Tailings beach slope is a key parameter in design of tailings storage facilities. It influences the 
deposition plan, facility footprint, storage capacity and staging. This paper presents a method for 
applying existing analytical models to flume test and other rheological test results to allow the 
prediction of field-scale tailings beach slopes. 
Several authors have proposed analytical and testing methods for predicting tailings beach 
profiles. Flume tests are often used during design to provide an indication of how the tailings may 
beach. However, the application of flume test data to full-scale facilities has several limitations. 
Flume tests tend to yield much steeper beach slopes than those measured in the field. The success 
in scaling flume test results to full-scale facilities is mixed, at best.  
This paper demonstrates how an analytical model based on solid and fluid mechanics principles 
can be applied to scale-up flume test results to field-scale beaches. The method takes into account 
the differences in scale and tailings flow rate between the flume and the field. The paper discusses 
how to account the non-linear degradation of yield stress observed for non-segregating thickened 
or polymer-treated tailings.  
The beach slope prediction method is applied to flume test and rheological data for polymer-
treated mature fine tailings from two existing oil sands mines. 

1 INTRODUCTION 
The beach slope of thickened and polymer-treated tailings is a key parameter in the design and 
operational performance of tailings storage facilities. The slope of the beach can affect the storage 
capacity, stability and size of containment structures with consequent impacts for the cost of 
tailings management. It is little wonder then that a significant amount of research and publication 
has been devoted to the prediction of thickened tailings beach slopes in recent years. 

Conventional tailings slurries exhibit low yield stress and typically beach at relatively flat slopes. 
Tailings facilities for conventional slurries are often designed on the basis of the designer’s 
experience with similar materials and storage facilities. Small changes in beach slopes can be 
adjusted for during operations and rarely result in significant cost impacts for the operator. 
However, as the degree of dewatering increases, the thickened tailings become more viscous and 
non-Newtonian in nature and the flow behavior becomes more challenging to predict. The in-line 
addition of polymers to tailings also changes their rheology and response to shear, complicating 
the prediction of beach slope. 

Notwithstanding the challenges, there have been significant advancements made in the 
understanding of the beaching behavior of thickened and polymer-treated tailings. In the last 10 
years, multiple analytical methods have been proposed and trialed for the prediction of beach 
slope (Fitton et al., 2006; Simms, 2007; McPhail, 2008; Li, 2011; Fitton and Slatter, 2013; Gaete 
et al, 2014). A common theme of the analytical techniques proposed is a focus on the rheological 
behavior of thickened tailings flow. 

One of the challenges of beach slope modelling is the selection of representative rheological input 
parameters. Polymer-treated tailings, in particular, can sediment rapidly making the measurement 
of suitable rheological parameters at bench-scale difficult. It is proposed that depositional flume 
tests can be used as a method to estimate rheological parameters more closely resembling the 
mechanisms present in full-scale tailings deposition. 
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This paper presents a method for predicting field-scale beach slopes based on existing analytical 
methods, flume and rheology testing. The method takes into account the differences in scale and 
tailings flow rate between the flume and the field. The paper discusses how to account for the 
non-linear degradation of yield stress observed for non-segregating thickened and polymer-treated 
tailings. 

2 BACKGROUND 
2.1 Approaches to beach slope prediction 
The ability to accurately predict tailings beach slope remains limited. Analytical models are 
typically be characterised by three approaches: 

1. The idea that tailings beach slope is characterised by the equilibrium state of eroding 
channels that form during deposition (Fitton et al, 2006); 

2. The idea that the beach slope profile is governed by energy dissipation, as applied by 
McPhail (1995, 2008); 

3. The use of fluid mechanics to characterise flow of a material exhibiting yield stress over 
horizontal and inclined surfaces, as described by Simms (2007) and Li (2011). 

In earlier years, some researchers conducted flume deposition tests with the intent of developing 
a means to directly scale-up the flume test to a full-scale beach. Williams (2014) sights several 
limitations with this approach. He argues that flow in small flumes and in the localised fans on 
full-scale stacks is laminar while flow in the channels that characterise large-scale beaches is 
turbulent. He asserts that these two hydraulic regimes are completely different. Indeed, most 
published flume tests are conducted at relatively low flow rates. In part, lower flow rates are 
adopted so that the tailings particles settle in the flume to form a deposit.  

Fourie and Gawu (2010) state that the laboratory flume test cannot be used for predicting the slope 
of a thickened tailings beach without including the effect of side-wall friction. Ignoring the side-
wall friction would result in predicted slopes that are significantly steeper than achieved in the 
field. Caution must therefore be used in the application of flume test results to the prediction of 
full-scale beach slopes. 

2.3 Flume Testing as a Rheological Test 
Cylindrical tube flow and sheet flow provide the basis of many geometries used for the rheological 
characterisation of fluids. These two geometries can be considered to form the extremes in terms 
of engineering design context. A free-surface flow application, such as beaching tailings, lies 
somewhere between these two idealised geometries. 

One of the simpler and cheaper test apparatus used to measure the yield stress of tailings is the 50 
cent rheometer (Pashias et al, 1996). The measurement consists of filling a cylindrical or conical 
shape with material to be tested, before lifting the shape and allowing the material to collapse 
under its weight. In the literature (Roussel and Coussot, 2005), it is assumed that the cylindrical 
shape can be divided into two parts: the slumping part and spreading part.  

Coussot and Boyer (1995) developed a method to determine the yield stress from inclined plane. 
They demonstrate that sheet flow on an inclined plane can be used as method to estimate yield 
stress. 
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In a flume test, the tailings are usually discharged into the flume in a controlled fashion. The 
tailings flow stops when the energy loss due to the frictional resistance between the flow and 
boundaries plus the cohesion resistance within the flow reduces the flow momentum to zero. This 
is not dissimilar to flow on an inclined plane, with two key exceptions: 

For the inclined plane test, the flow rate needs to be relatively slow. During a flume test, 
depending on the discharge pipe size and the flow rate, flow may be turbulent. 

For the inclined plane test, the fluid depth is uniform. In a flume test, the depth of the flow is not 
uniform.  

Provided that the results can be adequately measured, analysed and interpreted, the flume test 
therefore provides a potential means of characterising tailings rheology that more closely 
resembles field conditions compared to bench-scale rheometer tests. Some of the key factors 
required to characterise the rheology of materials deposited in the flume are: 

 Flow rate 

 Slope of the inclined plane 

 Fluid density 

 Beach length 

 Height of discharge 
With this information, it is theoretically possible to back-calculate the rheological parameters of 
the tailings flow and provide parameters that are meaningful to beaching of the full-scale deposit. 

2.4 BSLOPE 
Following discharge into a plunge pool, tailings typically form channels that transport tailings 
down the beach to their ultimate deposition area. For non-segregating tailings, deposition occurs 
when the channel flow transitions to a sheet flow, depositing tailings on the beach in thin layers 
(Pirouz et al. 2005; Fitton 2007). Tailings channel flows with high velocities and Reynolds 
numbers are generally turbulent while sheet flows are typically laminar with low Reynolds 
numbers (Pirouz et al. 2005). 
Field observations indicate that flow conditions alternate with time and location due to transitory 
conditions that drive the tailings flow to meander or deposit. The slope of the deposit is ultimately 
governed by the flow behavior and aggregation of the deposited layers.  

BSLOPE is a computational model based on the equations outlined in Li (2011). Li’s developed an 
algorithm that can model layer-by-layer deposition of thickened tailings and predict the evolution of 
beach slopes over their life. This model is based on the observations of depositional behavior of non-
segregating tailings in the laboratory and in the field. The detailed development and validation of the 

model is referenced in Li (2011) and Gaete et al (2014). As tailings deposit on the beach they form a thin, 
wide sheet flow with a height (h). This height may be estimated using the equations of slow-spreading 

Bingham flow on an inclined plane: 

3

y

qh



  

Where: 
τy = Yield stress (Pa) 

q = Flow rate per spigot (m3/s) 
η = Bingham plastic viscosity (Pa.s) 

 

The flow behavior and deposition of each layer is governed by the underlying slope formed by 
previous layers. The spreading tailings flow on the natural terrain or on the previous tailings 
surface layer will stop due to the loss of energy. The resulting profile of the thin tailings layer 
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deposited is related to the equilibrium between gravity and the resistance forces at the base of the 
tailings layer. The forces due to gravity are a function of unit weight and flow depth and the 
resistance force is a function of the yield stress. Applying force equilibrium in the horizontal and 
vertical direction, neglecting the higher order differential terms, the following equation can be 
obtained: 

      

 xY
xxxY

dx
dY y




2

2

cos
tan1tan 

  

Where: 
γ = Tailings unit weight (N/m3) 

Y = vertical height of the layer profile (m) 
θ = instantaneous angle of the base of the layer profile (rad) 

x = horizontal distance (m) 

To apply this model, the input parameters required are: 

 Tailings properties – yield stress, rate of yield stress decrease, viscosity, unit weight. 

 Deposition conditions – discharge rate, base slope, beach length, height of tailings stack. 

Yield stress is one of the key model parameters. The model allows the yield stress to vary relative 
to distance of flow down the beach. In the case of polymer-treated tailings, this allows for the 
modelling of yield stress changes that occur due to shear and breakdown of the polymer bonds. A 
key revision to BSLOPE since its initial development in 2011 is the ability to model a non-linear 
reduction (or increase) in yield stress with distance from the discharge point.  

The decrease in yield stress along the flow path is expected to be a significant parameter in the 
beaching behavior of in-line polymer-treated tailings. This degradation in yield stress may be less 
significant for tailings that have been significantly sheared due to pumping and transportation 
before they reach the end of the discharge pipe.  

An example of the reduction in yield stress resulting from shearing of a polymer-treated tailings 
is shown below in Figure 1. The rapid shear breakdown occurs for all doses tested but is most 
pronounced for tailings treated with a higher polymer dose.  

 
Figure 1: Tailings yield stress as a function of duration for high shear rates and various polymer doses 
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BSLOPE allows for the non-linear degradation of the tailings yield stress with distance from the 
discharge point. The polymer-treated tailings can be characterised as a shear thinning fluid, which 
undergoes reduction in viscosity and yield stress as the fluid is sheared. 

3 METHOD OF ANALYSIS 
3.1 General Approach 
The flume deposition test is intended to simulate the deposition of tailings on to a tailings beach. 
Experience indicates that slopes achieved during commercial operations are likely to be 
significantly flatter than flume test results. However, the results of the flume testing can be 
analysed using numerical models to provide rheological parameters for modelling of the full-scale 
beach slope.  
The method of analysis proposed by this paper is as follows: 

 Carry out flume deposition tests, gathering data on the flow rate, density, flow regime, 
layer thickness and slope. 

 Use a fluid and solids mechanics model (such as BSLOPE) to back-analyse the flume 
test results to obtain rheological inputs (yield stress and viscosity). These rheological 
parameters are arguably more representative field scale flows than bench-scale tests. 

 Apply the back-calculated rheological parameters as an input to modelling of the full-
scale flow using BSLOPE. 

3.3 Accounting for Shear Degradation of Yield Stress 
One major limitation of this method is that it does not account for degradation of yield stress down 
the beach, which is particularly relevant to in-line polymer-treated tailings. The length of typical 
flume tests is rarely long enough to observe the effects of shear on yield stress. To address this 
we propose that: 

Multiple beaker samples should be taken from the discharge or plunge pool within the flume 
during the flume test. 

These beaker samples should be subjected to the range of shear rates likely to be encountered on 
the full-scale beach. The yield stress of the samples should be measured periodically during the 
test to obtain a relationship between yield stress and time for a range of shear rates. Testing 
should continue until yield stress is constant. 

An initial estimate of the beach slope should be made assuming a constant yield stress down the 
beach. Channel depth can then be calculated and used to estimate the flow velocity using the 
method outlined in Guang (2011). This allows calculation of the shear rate on the beach 
assuming channel flow for transport of the tailings to the deposition location (Haldenwang et al, 
2008). Using the closest measured shear rate data for the tailings, the yield stress vs. time 
relationship can be converted to a yield stress profile relative to distance using the estimated 
flow velocity. The relevant equation is: 

hR
V3

0   

Where: 

0  = the bulk sheet flow shear rate (s-1) (assuming a Newtonian fluid shear rheology relationship) 
Rh = hydraulic radius (m) 
V = mean velocity (m/s) 
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The BSLOPE model can then be updated using the revised yield stress vs. distance relationship. 
Should the estimated beach slope change significantly, a second iteration may be required. 

Elements of the approach outlined above have been applied to beach slope modelling for two 
cases of polymer-treated oil sands mature fine tailings (MFT) available from published literature. 
The approach has been adapted depending on the published information available. 

3.4 An Important Limitation 
One of the major uncertainties in tailings beach slope prediction is the variability of factors that 
affect deposition. These factors may include ore mineralogy and particle size, thickener 
performance and the resulting rheology of the slurry at the discharge point, climatic conditions, 
deposition sequence, spigot flow and discharge energy, and beach length, among others. Each of 
these factors has the potential to vary during operations.  

Seddon and Fitton (2011) proposed that the concavity of tailings beach slope can be linked to 
variations in the tailings solids content and flow rate. Even within the controlled environment of 
flume tests, the authors have observed changes in yield stress of materials affecting tailings beach 
slope, with lower yield stress materials tending to accumulate towards the bottom of the flume 
deposit. This is particularly true for testing of in-line polymer-treated tailings where rheology can 
be a function of polymer dose and mixing energy as well as solids content. Prediction of 
commercial-scale beach slopes should be viewed in this context.  

4 CASE STUDIES 
4.1 Case Study 1: Muskeg River Mine Polymer-Treated MFT 
The approach described in this paper has been applied to published data for polymer treated MFT 
sourced from Shell Canada’s Muskeg Rive Mine (MRM) (Mizani and Simms, 2014; Mizani et 
al., 2013). Table 1 summarises the published data used for analysis. 

Table 1: Muskeg River Mine Beach Slope Data 
Parameter Flume Test Field-Scale Beach 

Deposit Profile Mizani and Simms, 2014 Mizani et al., 2013 

MFT solids content  35.5% 30 to 40% 

Polymer dose 850 g/t 770 – 950 g/t 

Flow rate 5.7 kg in ~0.6 s 900 m3/h 

Width of flow 0.15 m Unconstrained 

Based on the flow rate, solids content and flume width, we calculate an effective unit flow rate 
within the flume test of approximately 0.049 m3/m/s. Using this flow rate, BSLOPE was used to 
fit the flume test data and back calculate the rheology of the flow. The BSLOPE model profile for 
the flume test is shown in Figure 2.  
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Figure 2: BSLOPE model fit of MRM flume test data. 

Based on the deposit profile, BSLOPE indicates a yield stress for the material of 120 Pa and a 
viscosity of 0.32 Pa.s. This is comparable to the rheological values back-calculated by Mizani and 
Simms (2014) for two-dimensional simulations, which indicated a yield stress of about 100 Pa. 

The rheological parameters derived from the flume test were used as a starting point for modelling 
of the field-scale beach flow. The yield stress degradation profile was adjusted in BSLOPE to 
attain a best-fit of the beach slope data. The BSLOPE model fit is depicted in 

Figure 3. 
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Figure 3: BSLOPE model fit of full-scale MRM beach. 

The BSLOPE model provides a good fit to the measured field data. The parameters used to fit the 
model to the field scale data were similar to those derived from the flume test. We assumed a bulk 
density of 1284 kg/m3 (equivalent to an MFT solids content of about 36 wt.%) a viscosity of 0.33 
Pa.s and an initial yield stress of 110 Pa, degrading to a residual yield stress of 20 Pa. The yield 
stress degradation curve applied to the model is provided in Figure 4. 

 

Figure 4: Back-calculated yield stress degradation curve for MRM beach. 

A viscosity of 0.33 Pa.s is consistent with studies for untreated MFT at shear rates of 
approximately 50 to 100 s-1 (Yang, 2009). The bulk shear rate for the current analysis has been 
checked assuming channel flow and the calculation method described earlier (Guang, 2011 and 
Haldenwang et al, 2008). The calculation suggests that the bulk shear rate for the MFT travelling 
down the beach is approximately 23 to 100 s-1 for a flow thickness in the range 0.1 to 0.3 m. The 
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adopted viscosity is, therefore, approximately consistent with what might be expected for 
untreated MFT. 
Testing of untreated MFT carried out by Yang (2009), suggests a yield stress of about 20 Pa at a 
solids content of 36 wt.%. Considered with the viscosity data, it suggests that the effect of the 
polymer degraded rapidly following deposition on the full-scale beach for this trial. This is 
consistent with the observations of Mizani et al (2013), who observed that mixing of the MFT at 
250 rpm for just 10 seconds resulted in irreversible collapse of the floc structure for these tailings. 

4.2 Case Study 2: Suncor Tailings Reduction Operations (TRO) 
Charlebois (2012) studied the beaching behavior of polymer-treated MFT at Suncor’s Tailings 
Reduction Operations (TRO). Full-scale beach profiles are provided in the published thesis, 
together with supporting rheological data. Table 2 provides a summary of the data selected for 
BSLOPE analysis. 

Table 2: Suncor TRO Beach Slope Data. 
Parameter Field-Scale Beach 

Deposit Profile Cell D1 

Bulk density  1182 kg/m3 

Flow rate (per spigot) 112 m3/h 

The bulk density of 1182 kg/m3 is equivalent to MFT with a solids content of 25 wt.% (the average 
of the values measured down the beach for trial D1) assuming a specific gravity of solids of 2.6. 
Charlebois (2012) also provides measured values of static yield stress for deposit D1 at three 
distances down the beach, decreasing from about 46 Pa near the discharge point to about 38 Pa, 
26 to 34 m from the discharge location. Shear stress vs. shear rate data is provided for a flocculated 
MFT sample with varying amounts of mixing, up to 140 s. Applying the Bingham Plastic model 
to the sample mixed for 140 seconds results in a Bingham viscosity of 1.25 Pa.s. No rheology test 
was carried out on samples taken directly from the full-scale beaching trial. 
Using the measured yield stress and viscosity values, BSLOPE was used to predict the resulting 
beach profile. The generated beach profile is depicted in Figure 5. 
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Figure 5: BSLOPE model of full-scale TRO beach slope. 

Applying the measured yield stress and Bingham Plastic viscosity results in a beach profile with 
an overall slope of 3.6%, somewhat steeper the overall measured slope of about 2.5%.  
To more closely fit the observed slope requires two adjustments to the BSLOPE model. The 
viscosity was increased to 1.95 Pa.s and the yield stress was reduced at approximately 90 m down 
to a residual yield stress of 18 Pa. This rapid drop in yield stress corresponds to the inflection 
point observed in the measured slope. The resulting yield stress profile is shown in Figure 6. 

 

Figure 6: Back-calculated yield stress degradation curve for TRO beach. 
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The slightly higher viscosity required to fit the model may be a function of the polymer dose and 
degree of mixing experienced in the field. The residual yield stress of 18 Pa, is consistent with 
that adopted for modelling by Charlebois (2012) and similar to the measured value for the fully 
sheared MFT. The biggest unknown is the reason for the rapid decline in yield stress at about 90 
m length down the beach.  

It is possible that the rapid decline in yield stress corresponds with a point at which the polymer 
bonds were exhausted by shear in the flow, resulting in a corresponding increase in velocity and 
shear rate, accelerating the degradation. Alternatively, Charlebois (2012) indicates the possibility 
of “errant product (poorly flocculated or over-sheared MFT) [that] tends to run to the toe of the 
cell”. In either case, it demonstrates the difficulties associated with predicting full-scale tailings 
beaches, even with representative rheological data. 

5 CONCLUSION 
The examples shown demonstrate the ability to apply the BSLOPE model to flume and full-scale 
deposits of polymer-treated MFT. It also validates the use of flume scale tests to obtain rheological 
input information for full-scale beach slope modelling. We make the following recommendations: 

The solids and fluid mechanics principles applied by Li (2011) and incorporated into BSLOPE 
provide a robust basis for modelling the beaching behavior of polymer-treated MFT. 

Both yield stress and viscosity are important parameters for modelling the rheological behavior 
of tailings on the beach and should be measured as part of bench, flume and commercial-scale 
testing.  

While BSLOPE allows for the non-linear degradation of yield stress, it assumes a constant 
viscosity, equivalent to the viscosity of the tailings when it is deposited. For polymer-treated 
tailings the viscosity may change with shear history. Future studies should consider 
development of rheological model for tailings that considers the potential for variation in both 
yield stress and viscosity with shear history.  
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