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ABSTRACT 

Associated to mining activities there is mine waste generated. The residues left over from mineral 
extraction processes are referred to as tailings, normally stored in surface tailings facilities. The 
facilities are usually confined by embankment dams, so called tailings dams. Sufficient stability of the 
tailings dams is essential, and a proper management of the tailings is needed in order to maintain a 
safe storage. However, optimal strategies for tailings management are very much site specific, and 
there is no universal answer on how tailings management should be applied. Despite the available 
guidelines, recommendations and current trends in the industry on how to handle tailings, there 
must be a pertinent approach to optimize tailings management to the site-specific conditions.  

The aim with the work presented in this thesis is to enhance current practice in tailings management 
in cold regions. Three sets of research objectives are presented, from which recommendations will be 
given on how management can be adjusted for site-specific conditions.  

Firstly, depositional aspects in cold climate are studied. A methodology is proposed where the 
thermal regime is studied in a tailings facility with active deposition, i.e. raised tailings surface, and 
concurrent freezing and thawing. Despite the fact that there is no natural permafrost in Sweden, the 
deposition can imply generation of “man-made” permafrost in the facilities. The model is simple and 
easily accessible data are used as input. With a proposed methodology, deposition schedules can be 
modelled, and the deposition scheme can be adjusted in order to prevent permafrost generation in 
tailings facilities.  

In addition to the depositional aspects in cold climate, a study is presented focusing on thaw stability 
of tailings beach slopes. The tailings beach is the inclined surface of settled tailings without ponded 
water. For conventional tailings deposition, the beach slopes are relatively flat and the need for thaw 
stability analyses is trivial. However, there is a current trend of adopting thickened tailings 
technology where steeper beach slopes are one of the intended merits. The increased slope 
inclination might be unstable with major seasonal freezing and thawing. In rapid thaw excess pore 
water pressure might be generated, creating instability where masses of tailings can slide along a still 
frozen interface. Increased storage capacity, or freeboard, along the surrounding dams might be 
needed, and the intended merits with the thickened tailings technology might be lost. 

Secondly, a study on the determination of strength parameters on granular soil is presented. Simple 
shear tests are widely used particularly in Sweden for soil strength determination. However, recent 
studies on tailings indicate large differences on the evaluated strength compared to what is 
determined via triaxial testing. In this thesis a laboratory study is presented, where simple shear 
testing and triaxial testing were conducted. The results were used for examining the Swedish 
guidelines on simple shear testing and associated strength determination. It was found that direct 
application of strength determined by simple shear testing leads to incorrect design assumptions.  

Thirdly, a study on prediction and verification of tailings dam stability is presented. Dam stability is 
central in tailings management, and a convenient way to describe the safety is via the factor of safety 
(FoS). Although the FoS can be predicted via calculations, it cannot be measured directly in the field. 
Therefore, in order to verify the calculated stability, field measurements must be used to compare 
with the anticipated performance. With good agreement the prediction indicate reliable 
understanding of the dam, and the predicted stability can be verified. Without good agreement, the 
stability is easily questioned. 

Based on findings from the three sections presented in the thesis, recommendations are given on 
tailings management in cold regions. With increased knowledge in the field of tailings deposition in 
cold climate, shear parameter determination and overall dam stability assessment, current practice in 
tailings management is enhanced.  
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SAMMANFATTNING 

I samband med gruvdrift genereras gruvavfall. Restprodukter som återstår efter att malm har brutits 
och förädlats, vanligen kallat anrikningssand (eng. tailings), deponeras i sandmagasin där det förvaras. 
Magasinen omges vanligen av dammar, s.k. gruvdammar. Management av gruvdammar och 
sandmagasin är emellertid väldigt beroende av platsspecifika förutsättningar, och det finns inget 
generellt svar till hur ett fullgott management ska se ut. Även då det finns riktlinjer, krav och trender 
i hur anrikningssand bör hanteras, bör dess management anpassas utifrån platsspecifika förutsättningar.  

Målet med detta arbete är att bidra till att förbättra dagens praxis gällande management av 
anrikningssand i kallt klimat. Tre delmål presenteras i avhandlingen, från vilka rekommendationer 
kommer ges med tanke på hur management kan anpassas utifrån platsspecifika förutsättningar.  

Först behandlas deponeringsaspekter i kallt klimat. En metodik föreslås där termiska förhållanden hos 
anrikningssand studeras i samband med deponering och samtidig tjälning/upptining. Trots att det 
normalt ej finns permafrost i Sverige, så visar studien att deponering kan innebära att lager av 
permafrost kan byggas in i sandmagasinen. Modellen som presenteras är enkel att använda och bygger 
på att lättillgänglig information används som indata. Med ett föreslaget angreppsätt kan 
deponeringsscheman enkelt alterneras för att hitta det mest optimala för sandmagasinet i fråga. På så 
sätt kan inbyggnad av permafrost undvikas.  

Därefter behandlas en studie rörande töstabilitet av sandmagasinets yta. För konventionell deponering 
är lutningen på sandmagasinets yta generellt sett flack, och behovet av töstabilitetsutredning är litet. 
En nuvarande trend inom deponeringsteknik är så kallad förtjockad deponering, där ökade 
sandlutningar är en av fördelarna. Men det finns en risk för instabilitet hos branta lutningar i kallt 
klimat. Vid snabb upptining kan höga porvattenövertryck genereras, vilket kan leda till otillräcklig 
stabilitet längs det underliggande frusna planet och att glidning sker i magasinet. Ytterligare 
lagringskapacitet, dvs. ökat fribord, kan behövas utmed dammarna, vilket innebär att fördelarna med 
förtjockad deponering minskar.  

Ett andra delmål i avhandlingen rör utvärdering av hållfasthetsparametrar. Direkta enkla skjuvförsök 
(Simple shear) är ett vanligt försök som används för hållfasthetsutvärdering av jord, inte minst i 
Sverige. Men många tidigare studier har visat stora skillnader i hållfasthetsparameterar som bestämts 
med denna metod jämfört med motsvarande utvärderade från triaxialförsök. I denna avhandling 
presenteras en laborationsstudie, där både direkta enkla skjuvförsök och triaxialförsök utfördes på 
naturlig sand. Resultaten användes för att granska dagens riktlinjer rörande hållfasthetsutvärderingar 
via direkta enkla skjuvförsök. Resultat visade att hållfasthetsutvärdering via direkta enkla skjuvförsök 
kan leda till felaktiga antaganden vid dimensionering.  

Ett tredje delmål i avhandlingen rör dammstabilitet och säkerhet, där en fallstudie presenteras. Ett 
vanligt begrepp inom dammsäkerhetserbete är säkehetsfaktorn, vilket är ett mått på hur stabil 
dammen är gentemot ett stabilitetsbrott. Trots att säkerhetsfaktorn kan beräknas, är det samtidigt en 
storhet som ej kan mätas i fält. För att bekräfta måttet av stabilitet hos en damm, måste hänsyn tas till 
dammens beteende. Dammens förväntade beteende bör simuleras, och sedan jämförs beräknade 
storheter med fältmätningar. God överenstämmelse mellan förväntade och uppmätta värden tyder på 
god förståelse av dammen, och dess stabilitet kan bekräftas. Om det däremot saknas en god 
överenstämmelse mellan förväntat och uppmätt beteende, tyder osäkerheterna på ofullständig 
förståelse av dammen, och säkerheten kan ifrågasättas.  

Utifrån resultaten som presenteras i avhandlingen kommer rekommendationer ges för förbättrat 
management av gruvdammar i kallt klimat. Med ökad förståelse inom deponeringsteknik i kallt 
klimat, utvärdering av hållfasthetsparametrar, samt utredning av dammstabilitet, kan dagens praxis 
gällande hantering av anrikningssand förbättras.  
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1 INTRODUCTION 

1.1 Background - Tailings and tailings management 

There are different forms of waste generated due to mining and the following mineral processing. 
Portions of waste rock can be separated in the mine while finer fractions are generated due to further 
ore processing. Crushing, grinding and various mineral separation processes are performed in order 
to extract the valuable elements. The residues from these processes are referred to as tailings (tail-end 
of the process), having no considerable economical value nowadays. The amount of tailings 
generated from a mine can be large, up to 99.8% of the mined ore (ICOLD 1996). 

In past centuries, cheapest possible methods were used to remove the tailings from the plant 
operations, e.g. discharging the tailings into the nearest water course (ICOLD 1996). With increased 
attention on health and environment today there are stricter policies on managing the material. 
Unless it is reclaimed for further treatment, it must be stored in safe, environmental and economic 
manners for an indefinite period of time. The storage can be managed in different ways. Most 
commonly storage facilities are used, where the material is disposed into impoundments, confined by 
embankment dams (ICOLD 1996). Another way to store the tailings is to use it as underground 
backfill, although its main purpose is to assist in mining operations rather than for the tailings disposal 
per se (Vick 1990).  

When leaving the mineral separation process, tailings are normally suspended in water as a slurry. 
With dewatering, by the help of thickeners or hydrocyclones, water is recovered and reused in in the 
extraction process (Vick 1990). Despite dewatering, tailings are (normally) still suspended in a slurry 
facilitating hydraulic delivery to the storage facility.  

After that the slurry is disposed into the tailings facility, its grains are subject to sedimentation 
processes, dewatered and drained by gravitation, and thus creating a soil deposit. Along with the 
generation of new tailings, slurry is added on top and is subsequently increasing the surface elevation 
(impoundment level), see Figure 1. By different deposition techniques, there are methods on how to 
optimize storage capacity and to enhance consolidation, density and strength properties. Factors such 
as slurry velocity, deposition rate and drying periods (between deposition periods) can be altered in 
order to control the settling tailings and correspondingly its mechanical behaviour.  

In addition to deposition techniques, the surrounding embankments, normally referred to as tailings 
dams, can be engineered in different ways and are therefore mostly unique for every mine site in the 
world. Whereas some tailings dams are built to final height at once (before any tailings are 
deposited), others are successively heightened with time. The latter case is most common, where the 
dam height is increased with respect to the current impoundment level. Compared to the final 
height alternative, less external material is needed, tailings might be used as construction material, 
and costs associated with dam heightening are 
postponed. 

Unfortunately, serious tailings dam failures 
around the world are reported with a high 
frequency. Examples of major failures in the past 
are Stava in Italy (1985), Merriespruit in South 
Africa (1994), Aznalcollar in Spain (1998), Aitik 
in Sweden (2000), Kolontár in Hungary (2010) 
and Mount Polley in Canada (2014), (WISE 
2018). A more recent tailings dam failure is the 

Figure 1. Tailings deposition. 
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Fundão dam failure in Bento Rodriguez (Brazil), in November 2015. It caused 19 casualties and 
significant damages on land and water downstream the dam (Carmo 2017). ICOLD (2001) 
summarized a long list of tailings dam failures and concluded that “failures of tailings dams continue 
to occur despite the available improved technology for the design, construction and operation”. It 
can be noted from the literature that there is room for improvements regarding current trends in 
tailings management. For example, Morgenstern et al. (2015) concluded that remedial works that not 
took place at the dams were one of the reasons behind the disaster in Mount Polley, and suggested 
various examples for improved tailings management. The Australian Gov. (2016) gave 
comprehensive information on tailings management and discussed future challenges for the 
management of tailings facilities. Martin and Davies (2000) discussed the management of tailings 
dams, where a tailings facility must be maintained to expected behaviour and safety levels.  

Management of tailings are performed differently throughout the lifetime of a tailings facility. The 
lifetime includes phases such as planning, design, construction, operation, closure, rehabilitation and 
aftercare (Australian Gov. 2016). For the initial stages such as planning, design of starter dams, and 
construction, there are numbers of recommendations in the literature on how to design and monitor 
facilities and corresponding dams (Dunnicliff 1988, Vick 1990, ICOLD 1996, Fell 2005, Blight 
2010, ICOLD 2011, SveMin 2012, Australian Gov. 2016). For planning and design phases, there are 
many factors that need to be considered and assessed before a tailings facility is built. Mine plans (e.g. 
life of mine, production/extraction rates, and possible expansions), geotechnical and geochemical 
tailings characterization, disposal method, site specific data (topography, geology, hydrology, climate) 
and closure with rehabilitation and aftercare are examples that need to be assessed in such planning.  

The geotechnical characterization of tailings is fundamental for dam stability aspects. For dam design, 
shear strength characteristics must be investigated and can be made either by field or laboratory tests 
(Blight 2010). Strength and deformation behaviour of Swedish tailings was studied by Bhanbhro 
(2017). He found significant differences between strength parameters evaluated from triaxial test 
results and simple shear test results respectively. The reason behind this difference is unclear, but it is 
clearly important to investigate. Both triaxial tests and simple shear tests are common in geotechnical 
laboratories (Donaghe et al. 1988; SGF 2004), and the uncertainties regarding strength determination 
must be understood.  

In addition to the geotechnical tailings characterization, the geochemical characterization is 
important for the design and management of tailings facilities. For ores bodies containing sulphides, 
the deposited tailings need to be treated differently compared to tailings without sulphides (Vick 
1990). The most common sulphide mineral Pyrite oxidises in the presence of oxygen.  In 
combination with water, metal hydroxide and sulfuric acid might be generated. To limit the 
oxidation and potential leachate to surrounding environment, the sulphide rich tailings are preferably 
kept saturated in the facility (Vick 1990). Such management is not needed for sulphide-free tailings. 

The operational lifetime of a tailings facility, sometimes referred as the active phase, is simply the 
phase where tailings are added to the facility and engineers work on/around the dams. In this phase 
the facility is operated, monitored and modified according to its design. Optimal strategies for tailings 
management at this phase are very much site specific (Australian Gov. 2016) and there is not a “one-
size-fits-all” solution to all tailings facilities in the world. However, some general issues must be dealt 
with. Examples are water management, tailings delivery, depositional aspects, dam stability, 
environmental concerns and costs (capital and operational) (Chryss et al. 2012). Although some are 
interrelated, the continuous tailings deposition makes the system rather complex. Continuous 
attention, or operational stewardship, is needed for these facilities, where its boundaries are constant 
in motion.  
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Without proper operational stewardship, not even the best designed dams or facilities would be fully 
controlled. No design is sufficiently robust for the most negligent attention. Conversely, even badly 
designed facilities can be operated in good manners with proper operational stewardship (Martin and 
Davies 2000). This is a challenge when operating old facilities, where the design was according to 
standards of that time. Since the trends in tailings management have changed over time (Bjelkevik 
2005), today’s management must be adjusted to cover for earlier flaws in both design and operational 
stewardship. In Sweden there are numbers of old, but still active, tailings dams that due to changes in 
regulatory requirements and updated views on management, have been needed to change their 
stewardship (Jantzer et al. 2008). For example, in order to cut costs when raising tailings dams, 
modern dam construction methods have been applied although the starter dams weren’t designed for 
it.  Correspondingly, more effort was needed in the operational surveillance to control the dam 
performance.  

The implications of not operating in accordance with the design or today’s regulatory requirement 
must be clearly understood (Australian Gov 2016). Proper management is a liability that the mining 
industry has to the society. 

1.2 Motivation 

Tailings management is a broad term, covering a number of aspects related to safe handling of the 
material. Despite the number of research articles, conferences, guidelines, recommendations and 
regulations, there is still no handbook available where one can find “custom-made” solutions for any 
given tailings facility in the world. On one hand, such a handbook would obviously make tailings 
management a task more systematic to handle. On the other hand, too much of following existing 
guidelines might generate blindness against the site-specific issues. Without development and 
engineering according to site-specific concerns, the management might stagnate and just continue in 
similar ways as before. Risks associated with the specific facility might be neglected, and can in the 
worst case lead to serious accidents. Important in tailings management is to let the engineers apply 
their professionalism, and to give attention to the site-specific strategies. Here, the guidelines should 
guide the engineers in tackling the actual challenge, and not to restrict them to methods developed 
for other conditions.  

For the years I have worked with tailings, both in the industry and at the university, I have come 
across a few questions and concerns that I think need more attention. Despite available guidelines 
and well educated engineers, there are unfortunately aspects in tailings management that are either 
ignored or not handled since they are not considered in guidelines or standards. These questions 
have inspired me, and brought me back to university with the hope of finding pieces of solution to 
them. 

One of the concerns I have come across, working with facilities in northern Sweden, is the 
depositional aspects in cold climate. A common question is “How late in the autumn, or how early in the 
spring, can tailings be deposited close to dam XX without generating problems?”. The generated problem can, 
for example, correspond to embedded layers of “man-made” permafrost, which there are indications 
of at some facilities in Sweden. In Figure 2, tailings deposition before and during winter is shown. In 
the right part, the material is deposited in sub-zero temperatures and also slightly mixed with snow. 
Are the depositional methods, developed in warmer climate, fully applicable in cold climate? There 
is today no established methodology on how deposition schedules can be set to cover for tailings 
deposition in sub-zero temperatures.  
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Figure 2. Left: Before deposition. Right: Active deposition and concurrent snow cover. 

In addition to the general question regarding tailings deposition in cold climate, thickening 
technologies are getting increasingly attractive around the world, even in cold regions. The 
thickened tailings contain less water than conventional slurry and can generate steeper slopes 
compared to conventional slurry deposition. But are the steeper slopes sustainable in climate with 
seasonal freezing and thawing? When fine grained tailings are rapidly thawed there might be excess 
pore water pressure generated at the thaw front. Do the steep slopes resist potential sliding when the 
upper layers are thawing, and the associated excess pore water pressure is generated? Is the slope 
angle restricted by the climatic condition, and not by the deposition technique? And is the freeboard 
against overtopping the dam sufficiently large to cover for potential sliding masses in the tailings 
facility? These aspects are not yet studied, and need to be addressed before thickening technologies 
are adopted in cold regions. 

Another aspect that has been discussed lately in Swedish geotechnical forums, is the mechanical 
strength evaluated from different laboratory tests. A number of studies carried out at the laboratory at 
LTU, using Simple Shear tests and Triaxial tests on similar tailings material have indicated large 
differences in the evaluated friction angle. The reason to this is not fully understood, but is obviously 
important to find out. The friction angle is essential for dam safety assessment. Whether one of the 
two test methods (or possibly methods of evaluation) are wrong, it should be clearly known before it 
is further used for design purposes.  

A third aspect in which I think more attention is needed is the methodology on how tailings dam 
safety is assessed. Stability of tailings dams is imperative, and stability analyses can be performed with 
various methods. Computer software, either with limit equilibrium methods or advanced numerical 
modelling, are used in order to determine the slope’s (dam’s) most critical slip surface and 
corresponding factor of safety (FoS). The factor of safety is fundamental in the dam design, but also 
central in legislation aspects and associated communications with society and media. The factor of 
safety is a convenient quantity to express the dam stability for the public. Parallel to stability 
computations, field measurements are normally taken as a part of the tailings management. Such 
measurement can include vertical and horizontal deformations, seepage and pore water pressure. 
What I think is missing, is the connection between predicted stability, and measured field behaviour. 
The dam’s FoS is impossible to measure in field, so the measured field behaviour must be used in 
order to interpret, or verify, the dam safety. Estimated dam behaviour should be predicted via 
modelling, for which the associated stability is calculated. Verification of calculated stability can be 
conducted with agreement between the predicted and measured dam behaviour. Without 
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predictions and clear criteria to relate field measurements to stability, engineers have to rely on 
personal judgement and experience on the field data interpretation (Hunter and Fell 2013).  

There are no acceptable excuses to bad tailings management, and the dark history of tailings dam 
failures must end. The society deserves mechanically and environmentally safe tailings facilities. This 
thesis cannot be used as a handbook in how tailings management should be performed. But with the 
work presented, I will try to give useful recommendations that can enhance the management in 
certain aspects. This can be used not only for me and my future work related to tailings, but also by 
researchers, consultants, mine owners, authorities, legislators and other people associated to tailings 
facilities. Safe handling of tailings is not only a question for the mine industry, but for the society in 
general.  

1.3 Aim and Objectives 

The aim with this work is to enhance current practice in tailings management in cold regions. Based 
on findings from my research I strive to give recommendations to increase the knowledge in the 
field, and to facilitate tailings engineering. 

A first set of objectives for reaching the aim, concerning tailings deposition in cold climate, are: 

 Find a methodology to estimate the thermal regime in tailings facilities with active 
deposition. 

 Use the abovementioned methodology to prevent “man-made” permafrost. 

 Examine possible restrictions in paste and thickening technologies due to seasonal freezing 
and thawing.  

A second set of objectives concerns the mechanical properties of tailings and how they are 
determined: 

 Evaluate results from both Simple Shear tests and Triaxial tests. 

 Examine the reliability of the two test methods. 

 Recommend consistent interpretation of shear tests. 

A third set of objectives concerns stability assessment of tailings dams: 

 Use numerical modelling to predict stability and deformations of a tailings dam. 

 Use field data to validate the predicted stability. 

1.4 Limitations 

This work is mainly focused on tailings management in the operational lifetime of a facility, i.e. the 
active phase where tailings are deposited. Neither planning, site selection, design of starter dams is 
handled, nor aspects concerning closure, rehabilitation and aftercare. Despite this limitation, some 
findings can be applicable to those phases as well.  

The work only focus on surface tailings facilities and hydraulic tailings delivery, and no concern will 
be given backfill, in-pit disposal or dry stacking methods. 

Only geotechnical and geothermal aspects are considered in this work. No focus is given the 
geochemical aspects and its potential consequences on degradation, acidity and environment. Also, 
the mechanical properties discussed in section 3 correspond to unfrozen conditions, and will not 
handle mechanical aspects of frozen tailings. 
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Despite the term cold regions, this thesis focus on facilities with no natural permafrost, but with 
major seasonal freezing and thawing. Some findings might still be applicable for permafrost-rich 
facilities, where the aim is the opposite, i.e. to maintain the tailings frozen.  

1.5 Structure of thesis 

This work consists of seven papers (Paper 1- Paper 7, here opened by a main text) presented in six 
chapters that places the papers in a wider context and presents their main results. 

The first chapter (Introduction) starts with a general background on tailings and tailings management. 
The motivation behind the work is presented, followed by the research aim, objectives and 
limitations of the work. 

In the second chapter (Tailings in cold regions), tailings management in cold regions is handled. 
First, tailings deposition in cold climate is assessed, where a methodology is given on how to avoid 
permafrost generation in tailings facilities. Secondly, a case study is presented where simulations are 
compared to field measurements. Thirdly, a thaw stability analysis is given, corresponding to rapid 
thaw of thickened tailings. The chapter corresponds to Paper 1, 2 and 3 and 4. 

In the third chapter (Determination of strength properties), a review is given on the differences 
between simple shear tests and triaxial tests. Recommendations are given on further use of the two 
test methods. The chapter corresponds to Paper 5. 

In the fourth chapter (Dam stability assessment), stability aspects on tailings are presented. A 
methodology is proposed where both numerical modelling and field measurement are used, and 
needed, in tailings dam safety assessment. The chapter correspond to Paper 6 and 7. 

In the fifth chapter (Discussion), ideas for enhanced tailings management is discussed. Examples are 
given on what mine companies, engineers and research society associated with tailings management 
can do to enhance the tailings management.  

In the sixth chapter (Conclusions), the main findings from the work are given together with ideas for 
future work. 
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2 TAILINGS IN COLD REGIONS 

Cold regions may be defined in terms of air 
temperatures, snow depth, ice cover on lakes or 
depth of ground freezing (Andersland and Ladanyi 
2004). Bates and Bilello (1966) defined the 
warmest limit of cold regions as the isotherm for 
0°C mean temperature during the coldest month. 
The limit in Europe is illustrated as the red line in 
Figure 3. Cold regions are characterized by long 
and cold winters with low air temperatures, snow, 
ice and frozen ground (Sveen 2017). Gerdel (1969) 
further divided cold regions into three zones 
explained by the mean temperature during the 
coldest mont (T30d): 

 Cold winter, 0°C > T30d >-17.8°C 

 Very cold winter, -17.8°C > T30d >-31.7°C 

 Extremely cold winter, -31.7°C > T30d 

With Gerdel’s (1969) definition of cold regions, cold winters are expected for a large part of 
Scandinavia and eastern part of Europe. Also, in regions close to the Arctic Circle very cold winters 
are expected, see blue lines corresponding to -18°C isotherm in Figure 3. 

In cold regions, soil structure engineering must consider the effects of freezing and thawing 
(Andersland and Ladanyi 2004). Compared to the number of published research articles, guidelines 
and books in the field of tailings management, very few studies are available on its applications in 
cold regions. Here, tailings management requires additional precautions. Challenges that arise in sub-
zero temperatures are e.g. freezing of delivery pipes, water management and storage efficiency that 
can disturb the operational control (Töyrä et al. 2017).  

With the purpose to increase storage capacity and to enhance consolidation, density and strength, 
views on deposition methods have evolved with time (Gipson 1998, Robinsky 2000, Caldwell and 
Van Zyl 2011). The behaviour of tailings upon deposition is highly influenced by the depositional 
method, and the selection must be based on factors such as tailings properties, slurry rheology, facility 
type, need for construction material, reclamation requirements and climate (Vick 1990; Beier 2015). 

The so-called sub-areal deposition method (Knight and Haile 1983) with systematic discharge in thin 
layers is a well-used technique where tailings settle, drain, partially air-dry and increase in density. 
Normally, the storage facility is divided into sections, facilitating rotational deposition (Gipson 1998). 
The tailings slurry can be deposited via multiple outlets around the perimeter of the facility, via so-
called spigots (ICOLD 1996). The tailings in one section are allowed to air-dry and consolidate 
while depositing new slurry in the next section. By adjusting the slurry velocity by using more or 
fewer deposition outlets and by adjusting the deposition times and drying times, sedimentation, 
consolidation and desiccation can be altered. Optimization with respect to such aspects is given for 
example by Qiu and Sego (2006a, 2006b, 2007). With careful operation procedures in terms of 
tailings deposition, it is possible to control (within limits) the tailings density, compressibility, 
permeability and shear strength in different zones of the facility (Blight 2010). 

Lighthall (1987) concluded that sub-areal deposition is less suitable in cold and damp weather 
compared to warmer regions, and gave an example of sub-areal deposition for a restricted time of the 

Figure 3. Mean temperature isotherms in 
January (data from Mappedplanet.com). 
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year. For the winter period the tailings were instead discharged into a special, less critical, part of the 
facility. In the following spring, after the thaw period, sub-areal deposition was again resumed. 

Nixon and Holl (1998) modelled the geothermal regime in tailings with deposition and concurrent 
freezing and thawing. They showed, both via field measurements and modelling, that layers of 
permafrost might be generated in facilities with seasonal freezing. 

Many of the Swedish facilities are today using the concept of sub-areal deposition with spigots 
distributed along the dams. As a result of the deposition in cold region facilities, there are indications 
of embedded permafrost layers, even in regions without natural permafrost. Permafrost is defined as a 
state where soil maintains frozen over at least two consecutive winters, including the intermediate 
summer (Andersland and Ladanyi 2004). Tailings that were freezing during winter were not fully 
thawed in the following summer, schematically presented in Figure 4. Energy that is withdrawn 
from a certain depth during winter might not be re-entered to the same depth during summer due 
to the increased height (filling).  

 
Figure 4. Heat withdrawn (winter) and re-entered (summer) while increased height due to 

deposition. 

Even though frozen tailings imply higher strength than unfrozen tailings, embedded layers of 
permafrost in non-permafrost regions should be avoided. With such frozen layers, the vertical 
drainage capacity is negatively affected and the intended merits from the tailings deposition method 
might be lost. Other aspects are the consequences if, and when, such layers thaw. Although the 
layers may remain frozen with the current climate, they might thaw due to climate changes. Thaw 
induced excess pore water pressure and large settlements can have significant influence on the dam 
safety (Korshunov et al. 2016). In summary, generation of embedded permafrost layers should be 
prevented. 

2.1 Thermal regime in tailings with raised surface 

To explain possible generation of embedded permafrost layers, a geothermal model was created. The 
code was written in MATLAB (MathWorks Inc. 2016) using the finite difference method for 
analysing one-dimensional heat conduction. This section will briefly describe the model structure. 
More details of the model are given in Paper 1.  

The model was created with the aim to simulate the temperature profile in tailings where the surface 
elevation is raised due to deposition. Such model facilitates the tailings management in order to 
understand the effects of deposition, tailings properties and climate on the thermal regime.  

Features used as input to the model should be easily accessible from weather stations and tailings 
operations. These are: 

 Air temperatures with time: Time series, e.g. daily average temperatures.    

 Deposition schedule: Time series with tailings height increase. 
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 In-place tailings properties:  Degree of saturation (SR), Dry density ( d), Specific gravity (GS) and 
Quartz content (q).  

 Temperature of new tailings: The tailings temperature when added on surface. 

 Surface n-factor*: The ratio between ground surface temperature and air temperature. 

*The surface n-factor accounts for the thermal resistivity at the ground surface. The surface resistivity 
is affected by factors as net radiation, wind speed, snow cover etc. (Andersland and Ladanyi 2004). 
The tailings temperature, just below the surface, is calculated as the n-factor times the air 
temperature.  

Further settings needed to run the model are: 

 Initial depth of tailings to study: The distance measured from the surface. 

 Element size: The element thickness in which temperatures are calculated. 

 Total simulation time: The desired time period to study, e.g. 1 year. 

The finite difference equation used for calculating the temperature is presented in Equation 1, after 
Ho et al. (1970). 

, = , + , , , ,
   (1) 

where:   Temperature     [°C] 
  Time step     [s] 

  Volumetric heat capacity   [J/(m3·°C)] 
  Element size     [m] 

  Thermal conductivity    [W/(m·°C)] 

Subscripts j and t denotes position and time respectively. 

The release/absorption of latent heat is not explicitly taken into consideration in Equation 1. Instead 
the phase change was controlled separately by setting the element temperature to 0°C until the 
accumulated heat flow from/to the element exceeded the latent heat. The element was then again 
computed with Equation 1. The fixed phase change temperature (0°C) is a known limitation in the 
model. For fine grained soils there can be unfrozen water at sub-zero temperatures and an associated 
depression of the freezing point temperature (Andersland and Ladanyi 2004). But the model is here 
considered to represent tailings in the sandy regime. Sandy tailings are common in and adjacent to 
tailings dams where conventional tailings deposition is applied, and there is grain sorting along the 
beach (Vick 1990). Such coarse grained soils are generally less susceptible to unfrozen water content 
in sub-zero temperatures (Andersland and Ladanyi 2004).  

With the given tailings properties, the thermal properties are estimated based on methods in 
Andersland and Ladanyi (2004). The thermal conductivity was calculated with the model proposed 
by Johansen (1975). Johansen’s model has been confirmed to accurately predict the thermal 
conductivity for a wide range of soils and saturation levels, both in frozen and in unfrozen states 
(Farouki 1986; Barry-Macaulay et al. 2015). The different thermal properties for unfrozen and frozen 
states have been used.  

The initial tailings profile was discretized into elements corresponding to the element size. With 
time, according to the increased tailings height given as input, new elements were added on the 
surface. When a new element was added, it was given the same thermal properties as the previous 
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uppermost element. The temperature in the new element was given the input value, and was then 
updated for the current time step.  

At the current surface, the temperature was updated with time. The temperature at the surface was 
calculated by the actual air temperature times the n-factor (ratio of ground surface temperature and 
air temperature).  

A schematic flowchart of the model is presented in Figure 5. Outputs from the model are 
temperature profiles with time, and the locations of freezing and thawing fronts with time (zero-
isotherms). From a sensitivity study performed, it was shown that the temperature of the new tailings 
had very low influence on the thermal regime. The newly added element reached temperatures 
similar to as adjacent cells very soon after deposition.  

 
Figure 5. Flow chart of the geothermal model. 

2.2 Tailings deposition in cold regions 

With the model described, different deposition schedules were studied for a climate scenario in the 
Gällivare mine district in northern Sweden, see location in Figure 6. The aim was to study the 
depositional aspects on generating man-made permafrost. Alterations were made on tailings 
properties, deposition rates and deposition periods in order to find the most suitable way to deposit 
tailings without embedding layers that remain frozen with time. Findings of this study can aid in 
setting up deposition schedules in cold regions. This section will briefly present the study which is 
further described in Paper 2. 

The normal air temperatures used as input are presented in Figure 6, after temperature data from 
Swedish Meteorological and Hydrological Institute (SMHI 2016). The average yearly air 
temperature is +0.1°C, and no natural permafrost exist in the region. The temperature of the new 
tailings, added on the surface due to deposition, was set to +15°C. The initial tailings depth was set 
to 8m, and the element size (height) was chosen to 0.25m. Simulations were performed to represent 
10 years using the air temperatures presented in Figure 6.  
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Figure 6. Air temperatures for a normal year in Gällivare, Sweden. 

First simulations were performed without any tailings deposition. Then different scenarios with 
tailings added on the surface were studied.  

Different deposition rates of 1 and 3 meter of added tailings per year were studied. Then the time 
period in which the tailings were deposited were studied for 4 months, 8 months, and 12 months 
deposition per year. Rates and deposition periods are presented in Figure 7, where the starting time 
for the deposition periods is October 1st. 

At last, the starting time of the deposition period was altered. Simulations were performed to 
represent starting times every month of the year. Compared to the examples in Figure 7, next set 
would start November 1st, moving the curves one month to the right. Next set would start 
December, and similarly for following months.  

It should be noted that multiple deposition periods per year were disregarded. In rotational 
deposition schemes such methodology is common. For example, deposition might take place 
between January till April, and then again restarted in September. Such rotations were disregarded in 
the simulations in favour of annual cycles. But the presented methodology was considered to give a 
good indication on the thermal effects of how much, and when, tailings are deposited. 

 
Figure 7. Tailings deposition rates. 4, 8 and 12 months of deposition per year. Here starting 

October 1. 
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In addition to the studied deposition alternatives, two combinations of tailings properties were taken 
into account:  

 “Wet & Loose” SR=100% and d=1300 kg/m3, (water content = 41.2%) 

“Dry & Dense” SR=33% and d=1800 kg/m3, (water content = 6.5%)

The specific gravity (Gs) was assumed to 2.8, and the quartz content (q) to 40%. The combinations 
were chosen to cover expected in-place properties for a wide range of tailings (Vick 1990). The 
tailings added on the surface were assumed to achieve their properties immediately after deposition. 
Neither ponding water, nor drying/wetting interactions were included. Same values were also given 
to the existing (initial) elements, before deposition started. The corresponding thermal properties are 
presented in Table 1. 

 
Table 1. Thermal properties for the studied property combinations.

Tailings 
properties 

Thermal conductivity, k 
[W/(m·°C)] 

Volumetric heat capacity, C 
[J/(m3·°C)]

Volumetric latent 
heat, L’ [J/m3] 

Unfrozen Frozen Unfrozen Frozen  

Wet & Loose 1.30 2.71 3.26·106 2.12·106 1.78·108 

Dry & Dense 1.11 1.22 1.89·106 1.64·106 3.93·107 

From Table1, it is clear that wet tailings can transmit heat easier than dry tailings due its higher 
thermal conductivity. On the other hand, more energy is needed to change its temperature due to its 
higher volumetric heat capacity. Also, more energy is needed to change its phase due to higher 
volumetric latent heat.  

Results from the simulations were assessed as isotherms of 0°C, i.e. the frost line development with 
time. Results for the simulations without deposition are presented in Figure 8. Here, the dry and 
dense material results in larger frost depths compared to the wet and loose material. Despite the 
larger frost depth, less time is needed to thaw the frozen tailings. This is more visible from Figure 8b, 
where dry and dense material reaches a maximum frost depth of 2.3m, which is thawed in the 
beginning of July. For the wet and loose material, the maximum frost depth is only 1.85m, but is not 
thawed until the middle of September.  

 
Figure 8. Zero-isotherms with no deposition. “W&L” (Wet & Loose, dashed) and “D&D” (Dry 

& Dense, solid). a) all simulated years, b) enlargement of year 10. 

In Figure 9 the zero-isotherms are presented for deposition period of 12 months per year, i.e. 
constant height increase with time. Figure 9a and c corresponds to “Wet & Loose” and Figure 9b 
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and d to “Dry & Dense” cases. Upper row present deposition rate 1m/y and the lower row 3m/y. 
Shaded areas in the figure correspond to frozen tailings. A summary of the results are also presented 
in Table 2. 

 
Figure 9. Zero-isotherm for 12 months deposition period (constant height increase with time). 

 
Table 2. Results with 12 months deposition period. 

 Max. frost 
depth [m] 

Max. thaw 
depth [m] 

Time to 
reach max. 
thaw [days] 

Average thaw rate 
[m/day] 

Permafrost 
layer 

thickness [m] 
Wet & Loose 
1m/y 

1.625 1.825 197 1.825/197=0.0093 0.35 

Wet & Loose 
3m/y 

1.3 1.625 245 1.625/245=0.0066 1.2 

Dry & Dense 
1m/y 

2 2.3 102 2.3/102=0.023 0 

Dry & Dense 
3m/y 1.975 3.4 237 3.4/237=0.014 0 

In Figure 9a and 9c, i.e. Wet & Loose tailings, layers remain frozen with time (see horizontal layers). 
During thaw, the added material on the surface implied that insufficient amount of heat reached the 
frozen layer, and the frozen layer remained as permafrost. Similar layers were created in the 
following seasons, hence the multiple horizontal layers were formed. With increased deposition rate 
the permafrost thickness increased. For the deposition rate 1m/y the thickness was 0.35m and for the 
deposition rate 3m/y the thickness was 1.2m.  

For the dry and dense tailings, see Figure 9b and 9d, no permafrost was generated. During the 
summer, the heat transfer was sufficiently effective to thaw the frozen tailings. In the subplots in 
Figure 9b and 9d, representing enlargements of one of the winters, frost depths and thaw periods are 
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presented. With increased deposition rate, the time needed to thaw increases. From the results in 
Figure 9, it is concluded that wet and loose material is more susceptible to permafrost generation 
compared to drier conditions. Also, the deposition rate has significant influence on the time needed 
for the frozen layers to thaw.  

The deposition periods of 8 and 4 months were studied for 12 different starting times, i.e. starting 
every month of the year. In addition, 1m/y and 3m/y were studied for each deposition period, 
resulting in 96 deposition scenarios. For each simulation, the permafrost layer thickness was 
determined and normalised against the height increase per year. The dimensionless quantity named 
permafrost ratio is introduced:  =    [ ]   [ ]     (2) 

A value of 1 means that the same amount of tailings added during the year remains frozen as 
permafrost. A value of 0 means that no tailings remain frozen as permafrost. The permafrost ratio was 
calculated for the layer thickness when it remained constant with time. It is graphically described in 
Figure 10, corresponding to results of 8 months deposition, starting in January, and with a deposition 
rate 3m/y. 

 
Figure 10. Graphic presentation of Permafrost ratio for 8 month deposition starting in January. 

 

Permafrost ratios for 12 months deposition is presented in Table 3, and permafrost ratios for 8 and 4 
months deposition are presented in Figure 11. The permafrost ratios are plotted against the 
corresponding starting time of the deposition.   

 
Table 3. Permafrost ratios, 12 months dep. period (constant increase with time), cf. Figure 9. 

 Wet & Loose Dry & Dense 

Deposition rate 1m/y 0.35 0 

Deposition rate 3m/y 0.4 0 
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Figure 11. Permafrost ratios plotted against the starting time of the deposition. Upper: 8 months 

deposition, Lower: 4 months deposition. Left: Wet & Loose, Right: Dry & Dense. 

Results presented in Figure 11 show that deposition during winter is clearly increasing the 
probability of generating permafrost. The maximum values (peaks) in permafrost ratios are seen 
between November and January. From Figure 11 it also clear that, with summer deposition less 
permafrost is generated, i.e. the minimum values in permafrost ratios are seen between May and 
August.  

As earlier concluded, wet and loose material is more susceptible to permafrost generation compared 
to dry and dense material, but there is also a significant difference between the materials when 
comparing the deposition periods. Wet and loose must be deposited in short periods during summer 
in order to avoid permafrost, see Figure 11c. Only when starting the deposition in June, July or 
August, permafrost can be avoided. For longer deposition periods, i.e. 12 or 8 months, they imply 
permafrost generation regardless summer or winter conditions. However, the Dry & Dense material 
can, if deposited in 1 m/y, be deposited continuously over the year without generating permafrost, 
see Figure 11b and d. For the higher deposition rate, i.e. 3m/y, permafrost is generated if deposition 
takes place during winter. In contrary to the wet and loose material, the dry and dense material 
should be deposited during long time periods. If it is deposited in too short periods during the winter 
(see Figure 11b and d), permafrost might be generated.  

The results in Table 3 and Figure 11 can facilitate when setting deposition schedules for facilities in 
cold regions. With known deposition rate and material properties, appropriate starting times can be 
found to avoid permafrost generation. For the conditions used in this study, Wet & Loose material 
must be deposited in four months, starting either in June, July or August (see Figure 11c). For the 
Dry & Dense material, there is more flexibility in setting the schedule. If the deposition rate is 3m/y, 
only winter months should be avoided to start the deposition. For 1m/y, it can be deposited any 
time of the year.  
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If permafrost cannot be avoided for the whole facility, the methodology can be used for prioritized 
sections, e.g. close to dams or spillways. Similar to rotational deposition (Gipson 1998), the 
deposition period for preventing permafrost can be adjusted to a schedule so generation is avoided in 
critical sections of the facility. For other periods of the year, tailings must correspondingly be 
deposited somewhere else in the facility, e.g. in the central parts of the facility.  

It should be noted that the findings from this study only cover the aspects regarding permafrost 
generation. Whereas a short deposition period might be needed to prevent permafrost, it might be 
inappropriate for aspects as drainage, consolidation, air-drying, and increased density. The short 
deposition might be too quick for gaining the properties striven for. Such interaction is subject to 
further research in order to optimize tailings deposition with respect to both permafrost generation 
and in-place properties.  

Further deposition rates and property combinations are analysed, given in Paper 2.  

2.3 Comparison to field data 

To validate the geothermal model, a case study was conducted where field measurements were used 
for comparison. This section describes the study which is further analysed in Paper 3. 

Simulations were performed for a case, representing Laiva tailings facility, located approximately 
70km south-west from city of Oulu, Finland. An overview of the facility and its location are given 
in Figure 12. Laiva is a gold mine which is currently inactive. During operations, between 2011 and 
2014, tailings were deposited as thickened tailings with estimated solids content in the slurry of 65-
70%, corresponding to 42-54% water content.  

 
Figure 12. Left: Laiva tailings facility. Right: Laiva mine location. 

The thermal regime in Laiva tailings facility is monitored by one set of temperature sensors and two 
frost tubes, see locations in Figure 12. Frost tubes are also known as Gandahl frost depth indicators 
(Gandahl 1963). The temperature sensors measure ground temperatures for the upper 2m of the 
tailings deposit. They are approximately located at depths of 0.1m, 0.2m, 0.4m and so forth down to 
2m below the tailings surface.  

With the frost tubes, the position of the frost line is measured. It consists of a casing containing a 
removable, transparent inner tube filled with a methylene blue solution which change colour upon 
freezing. The frost line is noticed as the distance between the ground surface and the boundary 
between colourless ice and unfrozen blue water. Frost tubes are easy to handle and well-aimed for 
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measuring frost penetration (Iwata et al. 2012). However, the frost tubes don’t provide any 
information on the temperature profile. Also, they are not usable for measuring thaw penetration 
compared to measurements with temperature sensors (Iwata et al. 2012). On the other hand, 
temperature sensors have inaccuracies in detecting phase changes in the soil, highlighted by Sharratt 
and McCool (2005). Therefore, frost tubes and temperature sensors are complementary and the 
instruments provide good information on the thermal regime in the soil. 

A frost tube and a set of temperature sensors are presented in Figure 13. In Laiva, readings of the 
frost tubes are taken once per week during the winter. The temperature sensors were installed May 
28, 2016 and temperatures are automatically logged 4 times per day. 

Figure 13. Left: Frost line measurements via frost tube. Right: Temperature sensors. 

Snow data and air temperatures were provided via Finnish Meteorological Institute (FMI 2017). 
Snow data correspond to measurement in municipality of Siikajoki, approx. 25km north-east of 
Laiva, and air temperatures to city of Raahe, approx. 21km west of Laiva. Field temperatures, air 
temperatures and snow cover depth versus time are presented in Figure 14. The figure show 
available data between June 2016 and June 2017. The black curve corresponds to air temperatures, 
and is rapidly changing due to daily temperature changes. The coloured lines with markers 
correspond to ground temperatures, where the different curves/colours correspond to different 
depths in the ground. The shaded area in the upper right corner corresponds to the snow cover 
depth, presented on the right axis. The first snow appeared on the ground in early November, and 
reached its maximum snow depth in early April. All snow was melted in early May.    
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Figure 14. Left axis: Air and ground temperatures with time (sensor depths in legend). Right 

axis: Snow depth with time. 

For summer conditions, i.e. left part in Figure 14, shallow placed sensors show temperatures that 
directly change as a response to the air temperatures, c.f. red and black curve. For the sensors at 
larger depths, the temperatures are changing with time, but with a slower response to air 
temperatures, e.g. green curve. Thus, the yearly temperature variation is lower at larger depths. For 
the sensor located at 0.1 m depth, the agreement with air temperatures is strong during the summer 
period. At the beginning of winter (November), the agreement is lost. Despite significant drops in 
the air temperature, the temperature at the sensor near tailings surface remains close to -1 °C. This is 
due to the effects of snow cover, but also to the phase change due to freezing in the tailings. To the 
right in Figure 14, the strong agreement with air temperatures is again seen. This is the period when 
the tailings are thawed, and temperatures above zero are measured.  

The winter conditions are highlighted in Figure 15. Figure 15a presents air temperatures on the left 
axis, where red and blue colours represent positive and negative values respectively. The snow cover 
depth is given on the right axis. Figure 15b presents the frost depth with time, measured with frost 
tubes and temperature sensors respectively. Red and blue curves in Figure 15b represent frost depths, 
measured via frost tubes. The black curve corresponds to frost depths interpreted from the ground 
temperatures, i.e. the 0°C-isotherm interpolated from the ground temperature data. The frost 
penetration starts in the beginning of November.  A rapid frost penetration took place in the 
beginning of the winter, followed by stagnated penetration between mid-November and early 
January. From January, frost penetration was increased and reached maximum depth at the end of 
the winter, i.e. in May. No data is available for the frost tubes later than April 12. In the beginning 
of May, the temperature sensors indicated thawing, lasting for one week until all tailings were 
thawed.  
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Figure 15. Winter 2016-2017. a) Air temperatures and snow depth. b) Measured frost depths 

from frost tubes and interpreted zeros-isotherm from temperature sensors. 

Tailings sampled from the Laiva facility were studied in terms of geotechnical properties at the 
University of Oulu. The material was classified as clayey silt with approximately 65% fines. Average 
values of degree of saturation (SR), dry density ( d), water content (w) and specific gravity (Gs) are 
presented in Table 4. The quartz content (q) was estimated from the silica content (SiO2) in the ore 
to 56-59%. The properties were used to estimate the thermal properties according to Andersland and 
Ladanyi (2004). The thermal properties are presented in Table 4.  

 
Table 4. Calculated thermal properties for Laiva tailings 

Lab data: 

Thermal conductivity, k 
[W/(m·°C)] 

Vol. heat capacity, C 
[J/(m3·°C)]

Vol. latent heat, L’ 
[J/m3] 

Unfrozen Frozen Unfrozen Frozen  

SR = 95% 
d = 1.77 t/m3 

w =19.4% 
Gs = 2.77 
q = 57.5% 

2.03 3.25 2.79·106 2.06·106 1.14·108 

The thermal conductivity in Table 4 is calculated with the methodology given by Johansen (1975). 
The calculated values are higher than the values used in chapter 2.2, but are here due to the high dry 
density and the high quartz content. 

The model presented in chapter 2.1 was used to simulate the thermal regime in Laiva. Simulations 
were performed for a 10m deep tailings profile, and the element size was set to 0.01m. Since there is 
strong agreement between air temperatures and shallow tailings temperatures (see Figure 14), the 
surface n-factors were set to 1, i.e. temperature just below the tailings surface is equal to the air 
temperature. In the bottom of the model the temperature was set to a constant temperature, 
assuming no heat flow at this depth. The temperature in the bottom of the model was set to 3.85°C, 
which corresponds to the yearly average air temperature at Laiva.  

Available field data is restricted to the period from May 28, 2016 and onwards, see Figures 14 and 
16. In order to estimate the temperature regime for the beginning of this period, simulations were 
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performed for four preceding years, starting in October 2012. The air temperatures used for this 
simulation are shown in Figure 16 where red and blue colours represent positive and negative values 
respectively. The initial temperature profile, i.e. October 2012, was set to 3.85 °C throughout the 
tailings profile. The simulated temperature profile for May 28, 2016 is presented in Figure 17, and 
show strong agreement to the measured field temperatures this date. In Figure 17 it is also clear that 
simulated temperatures at large depths are barely influenced by the surface temperatures. At a depth 
of 7m and downwards, the temperatures have the constant value 3.85°C, which is the boundary 
value at the bottom of the profile. 

 
Figure 16. Air temperatures used in the simulations (Oct 2012 to June 2017), from Raahe (FMI 

2017). 

 
Figure 17. Field and simulated temperature profile, May 28 2016. 

No tailings deposition was included in the simulations since no deposition took place in Laiva. 
However, the thermal effects of snow cover were taken into consideration. The snow cover was 
interpreted as a thermal resistivity on the tailings surface, affecting the heat flow in and out of the 
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deposit. Both snow cover and air temperatures as functions of time were given as independent input 
to the model. No consideration was given to possible melting of snow due to high air temperatures. 
Such melting is indirectly taken into consideration by the decreased snow cover (measured). A 
consequence of this method is that no temperatures in the snowpack are calculated. Nevertheless, the 
simplified approach is a useful approach for further modelling when tailings deposition must be taken 
into consideration. Such interaction between fresh tailings and snow is discussed by Nixon and Holl 
(1998). By considering the snow as a thermal surface resistance with time, this type of modelling is 
facilitated. 

The thermal resistivity of the snow was estimated based on assumed snow densities and its 
corresponding thermal conductivity. Snow density is affected by factors such as temperature, wind, 
humidity, age and self-weight (Færevåg 2013). Fresh snow, i.e. the upper part of the snowpack, 
corresponds to low density, and older snow in the bottom of the snowpack is denser. Low and high 
density values were estimated from literature (Sturm et al. 1997; Lintzén and Edeskär 2015). With 
the density boundary values, i.e. on the top and the bottom of the snowpack, linear interpolation 
was used to estimate the snow density profile. The snow cover data was used as input, and the snow 
density profile with time was calculated, see Figure 18a. In the figure, the measured snow cover is 
presented, where the colours correspond to the estimated density. The thermal conductivity was 
then calculated according to Sturm et al. (1997): = 0.138 1.01 + 3.233      (3) : 156 600  

Where:  k thermal conductivity of snow   [W/(m·°C)] 
   snow density     [kg/m3] 

With the thermal conductivity profile, the thermal resistivity was calculated as the integral (over the 
current snow depth) of the inverse of the thermal conductivity: ( ) = ( , )( )

      (4) 

Where: R thermal resistivity    [m2°C/W] 
t time      [s] 
k thermal conductivity    [W/(m·°C)] 
z snow depth coordinate   [m] 

The resulting thermal resistivity is presented in Figure 18b. The methodology is further described in 
Paper 3. 
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Figure 18. a) Estimated density variation in the measured snow depth. b) Calculated thermal 
resistivity. 

Ground temperatures for 0.1m, 1m and 2m depths are presented in Figure 19. Dashed curves 
represent simulated temperatures and solid curves represent observed field temperatures. Figure 19 is 
divided into three subplots, a, b, and c, corresponding to different time periods of the year. Figure 
19a corresponds to summer conditions, Figure 19b to winter arrival, and Figure 19b to end of winter 
and start of summer conditions 2017. 

In the summer period, Figure 19a, there is strong agreement between simulated and field 
temperatures. The curves of temperatures versus time are nearly identical. As expected, upper parts 
of the tailings are more sensitive to changes in the air temperature, and this is well captured by the 
simulations. For the winter period, Figure 19b, a deviation is noticed between simulated and 
observed field data. The difference was introduced during the first two weeks of November, where 
the simulated temperatures at 1 and 2m depths are approximately 1.5 °C lower than what is 
measured in field. The difference is most probably attributed to differences in the input data, 
obtained from different weather stations, i.e. 25 and 21 km away from the facility. For the rest of the 
simulated period, the difference remained nearly constant (curves are nearly parallel to each other). 
For 0.1m depth, larger deviation is seen in early November, but for the rest of the winter the 
temperature is close to -1°C in both field and simulated data, see Figure 19c. 

Frost and thaw depths are presented in Figure 20. The simulated zero-isotherm is presented as the 
dashed line, where the lightly shaded area corresponds to frozen tailings. The abovementioned 
deviation between the simulated and observed temperatures in the beginning of November is also 
reflected in the simulated frost depth. The simulation indicated rapid frost penetration reaching a 
depth of 0.33 m in mid-November, whereas the measured frost depth was between 0.17 and 0.2 m. 
The rapid frost penetration in the simulations is due to absence of snow at these initial winter days. 
After some thawing in mid-December, strong agreement to frost depths obtained from field 
instruments was found from approximately February 1 and onwards. The maximum frost depth, and 
the time when all tailings were fully thawed, was also accurately simulated. 
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Figure 19. Field and simulated temperatures. Black curve = Air temp. Red, blue and green 

correspond to 0.1m, 1m and 2m depth respectively. 

 
Figure 20. Winter 2016-2017. a) Air temperatures and snow cover. b) Measured and simulated 

frost line positions. 
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Despite the model’s simplicity, strong agreement is seen between simulated and field data. An 
obvious difference is the simulated rapid frost penetration, which is not observed in field. In this 
study air temperatures and snow data were obtained from two different locations (33 km apart), 21 
and 25 km from the tailings facility respectively. Local variations between the sites, e.g. slightly 
higher temperatures and/or earlier snow arrival, are therefore unknown. Such variations can explain 
why the simulated and observed values deviate in the beginning of the winter. With earlier snow 
cover or slightly higher air temperatures during the first days of November, the simulations would 
most probably show stronger agreement to the field data. 

Considering the strong agreement for the rest of the simulated time period, the model’s ability to 
predict the thermal regime in tailings is confirmed. This result was achieved with easily accessible 
data from weather stations and basic soil properties. Although there is no active deposition in Laiva 
or corresponding generation of permafrost, the model is confirmed in capturing the transient thermal 
regime in a tailings facility. Moving temperature boundaries and insulating snow cover were 
accounted for, and resulted in well captured frost line positions with time. Therefore, the model is 
considered appropriate where tailings are added on the surface and acts as the thermal insulation. The 
presented model can therefore be used when taking tailings deposition into consideration. To 
improve the understanding and associated management in cold regions, similar modelling is therefore 
recommended.  
 

2.4 Stability concerns in rapid thaw 

A conclusion from chapter 2.2 is that, due to deposition, wet and loose tailings are more susceptible 
to permafrost generation than dry and dense tailings. During summer, the dry and dense material 
implies more rapid thaw penetration, and therefore need less time to thaw the frozen tailings. 
Correspondingly, the dry and dense material is to “prefer” in order to prevent permafrost generation. 
The geothermal model used in chapters 2.1-2.3 was mainly focusing on tailings in the sandy regime 
and thus the frost action processes were disregarded in the model. However, for finer fractions like 
clay and silt, the tailings can be very sensitive to frost action (Andersland and Ladanyi 2004; Dagli et 
al. 2018). In the case of deposition of thickened tailings there is less sorting of the grains along the 
beach (Engels 2018b). Therefore the amount of fines might be higher in beaches created with such 
deposition technique. When fine grained tailings thaw under rapid conditions, there can be thaw 
instability of the beach slopes. In this chapter a thaw stability analysis is presented, further addressed 
in Paper 4. 

During the freezing process in fine grained soil, bands of soil and segregated ice are generally formed 
(Andersland and Ladanyi 2004; Dagli et al. 2018 and others). At the frost line, water from the 
unfrozen zone can move upwards and generate ice lenses. There are different views in literature on 
the process of ice-lens formation (Kujala et al. 2008; Peppin and Style 2013). One of the mostly used 
models in describing the phenomenon is by the so-called “frozen fringe” and the “Segregation 
Potential Theory” (Konrad 1987). In the frozen fringe both ice and unfrozen water exist in the soil 
pores, schematically illustrated in Figure 21. Here, water movement is driven by suction. The 
amount of unfrozen water is a function of the sub-zero temperatures and type of material. The 
suction depends mainly on the temperature gradient in the fringe, capillarity and hydraulic 
conductivity. If the frost penetration rate is high, the generated ice lenses are thin. For slow freezing 
though, more water can be drawn to the frost front by suction and thicker ice lenses are created.  
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Figure 21. Illustration of the frozen fringe in fine grained tailings. 

The suction in the frozen fringe leads to consolidation. This is one of the major reasons behind 
freeze-thaw benefits on tailings and fine grained soil given in literature. Examples are dewatering 
(Stahl and Sego 1995; Rostmark et al. 2016), permeability change (Chamberlain and Gow 1979; 
Viklander 1998), improved consolidation (Proskin et al. 2010; Tommik 2017) and increased strength 
(Beier and Sego 2009; Qi et al. 2008). Such benefits are fundamental in the seasonal tailings 
deposition explained by Caldwell et al. (2014). They introduced different deposition periods for fine 
grained tailings; spring, summer and fall deposition respectively. Material being deposited in the 
spring gains its strength by consolidation after the subsequently added tailings. Material deposited 
during the summer gain it strength by drying, cracking and consolidation. The material deposited 
during the fall was allowed to freeze and thaw. Hence, it gains enhanced properties by the 
abovementioned freeze-thaw benefits.  

During thaw, the ice in the pores melts. The freezing induced consolidation is an irreversible process 
and the melting ice cannot be absorbed by the soil skeleton. Excess water must be drained, or it will 
generate excess pore water pressure. With a slow thaw rate, generated excess water can be drained 
away in the rate as it is formed by melting. Thus, no excess pore water pressure is generated. On the 
other hand, if the thaw rate is high, the drainage capacity in the soil might be too low and more 
excess water is generated than what is drained away. Excess pore water pressure is correspondingly 
generated (Morgenstern and Nixon 1971). The associated consolidation of thawing soil can imply 
large settlements (Wang et al. 2015) and stability issues (McRoberts and Morgenstern 1974). The 
rapid thaw penetration associated with dry and dense tailings might therefore be “worse” compared 
to wet and loose material when it comes to potential generation of excess pore water pressure. 
However, the dry and dense material was found to be favourable in terms of preventing permafrost 
generation, c.f. chapter 2.2  

Thus, a case is analysed where excess pore water pressure can result in stability concerns if the 
material thaws rapidly. For flat tailings surfaces with no applied load, the excess pore water does not 
imply stability issues. But if the tailings surface is inclined, the reduction in effective stresses might 
result in shear instability and potential sliding. This is schematically illustrated in Figure 22. To be 
able to analyse this, an introduction to paste and thickened tailings technology must be made, where 
both dense material and steeper tailings surfaces (larger angles of inclination) are two of the intended 
merits.  

Paste and thickened tailings technology is a current trend in tailings management (Engels 2018a). 
General concepts of this technology are reduced amounts of water for the tailings slurry and its 
transportation, steeper beach slopes and higher in-place densities in the tailings impoundment 
(Australian Gov. 2016). By thickening the tailings slurry before further transportation to the deposit, 
more water can be returned to the extraction plant without entering the tailings impoundment. 
Especially for facilities where water scarcity is a main issue, this technology has advantages. The solids 
content in the remaining slurry, which is delivered to the tailings impoundment, is increased. When 
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deposited, this can lead to less sorting of the grains and do normally correspond to steeper beach 
slopes (Engels 2018b). The steeper beach slopes can increase the storage capacity of the tailings 
impoundment, which corresponds to reduced costs in dam construction. 

 
Figure 22. Illustration of inclined beach, with risk of sliding masses on frozen interface. 

The thickened tailings technology is quite new in Sweden. The first example was installed in 
Svappavaara 2012 (Ekstedt 2015). Therefore, there are still lessons to be learnt regarding its reliability 
and capability in cold regions. There is a growing interest for the technology, where many mines 
adopt the technology nowadays (Engels 2018b). Although, uncertainties are highlighted by, for 
example Blight (2003), Fourie (2012) and Alakangas et al. (2013). Even though a thickened tailings 
system seems tempting to adopt, relative merits between thickened and unthickened systems should 
be compared and evaluated before choosing one or another technology (Blight 2003).  

To study the effects of beach slopes angles in rapid thaw, the generation of excess pore water 
pressure (u) was calculated according to the methodology by given Morgenstern and Nixon (1971) 
regarding one-dimensional consolidation: =        (5) 

Where:   excess pore water pressure   [kPa] 
   submerged bulk density   [t/m3] 
   gravitational acceleration   [m/s2] 
   current thaw depth    [m] 
   thaw consolidation ratio   [-] 

The thaw penetration was here assumed as a function of the square root of time, see Equation (6), 
known as Stefan’s equation. This is a simple approach, commonly used when estimating frost or 
thaw depth with time (Andersland and Ladanyi 2004). Compared to the methodology presented in 
chapter 2.1, Equation (6) do not consider transient surface conditions. The phase change parameter 
( ) for this study was solved with the Neumann solution (Lunardini 1980). This is an analytic 
solution for heat conduction problems, valid for a homogeneous medium with a step change in 
surface temperature. The surface temperature was based on the summer conditions (thaw) used in 
chapter 2.2 and presented in Figure 6. The thermal properties used correspond to the “Wet & 
Loose” and “Dry & Dense” properties introduced in chapter 2.2.  
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= 2 =       (6) 

Where:  phase change parameter   [-] 
kl Unfrozen thermal conductivity   [W/(m·°C)] 
Cl Unfrozen volumetric heat capacity  [J/(m3·°C)] 
t time (from the start of the thaw period) [s] 

 constant, measure on thaw rate  [m/s1/2] 

The thaw consolidation ratio (R) relates the generation and expulsion of the excess water due to 
thaw: =         (7) 

Where:  coefficient of consolidation   [m2/s] 

Despite the unsaturated conditions in Dry & Dense, the material was for these calculations assumed 
saturated after that the material was thawed. The assumption is considered as a “worst case scenario”, 
where the thaw penetration is rapid due to unsaturated conditions, but where there is excess water 
due to thawing. This wetting might happen due to potential freezing-induced suction, generated 
excess water from above lying tailings, and also water due to melting of snow and ice. However, the 
Wet & Loose material is saturated, and the thaw induced excess water is directly linked to excess 
pore water pressure via the drainage capability.  

The excess pore water pressure at the thaw line was calculated for a range of coefficients of 
consolidation, presented in Figure 23. The results show that excess pore water pressure increase with 
decreased coefficient of consolidation, i.e. increased pore water pressure in a material with less 
drainage capability. Also, the rapid thaw penetration in the Dry & Dense material, which after thaw 
is assumed saturated, results in significantly higher excess pore water pressure than for Wet & Loose 
material.  

 
Figure 23. Excess pore water pressure generated at the thaw front (one-dimensional 

consolidation). 

Despite using the coefficient of consolidation to calculate the excess pore water pressure, no 
consideration is given the compression due to thaw consolidation. Neither is the heaving during 
freezing accounted for. 
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The excess pore water pressure generated at the thaw front reduces the effective stress in the thawed 
tailings. Stability issues on low angle slopes due to such pore water generation were studied by 
McRoberts and Morgenstern (1974). During thaw, the frozen soil acts as a plane where the 
movements are driven by gravity. Along the plane, forces of resistance can be calculated with the 
Mohr-Coulomb failure criterion. By considering an infinite slope, illustrated in Figure 22, a thaw 
stability analysis was performed. The slope angle at sliding ( s) was calculated after applying a static 
balance of forces: = tan ( )

    (8) 

Where:   slope angle at failure    [°] 
   cohesion     [kPa] 
   friction angle      [°] 
   Factor of Safety against sliding   [-] 

The cohesion was here assumed to zero, and the Factor of Safety as 1. Since the two materials (Dry 
& Dense and Wet & Loose) have different densities, they can withstand different slope angles at 
failure even without any excess pore water pressure. The friction angle was assumed equal for both 
materials. Therefore, to facilitate comparison of the two materials, the slope angles calculated with 
Equation (8) were normalized against a maximum slope angle ( max) when having no excess pore 
water pressure. A relative slope of 1 would imply the slope angle at failure ( s), see Equation (8), is 
equal to the maximum slope angle without excess pore water pressure ( max). A value of 0 would 
imply that the slope angle ( s) due to excess pore water pressure is reduced to zero. Results are 
presented in Figure 24, where normalized values for the Wet & Loose material and Dry & Dense 
material are plotted against the coefficient of consolidation. In the subplot, the maximum slope 
angles ( max, i.e. no excess pore water pressure) are presented for the two materials, plotted against 
the friction angle. 

The results in Figure 24 show that the relative slope is increased with increased coefficient of 
consolidation. The curves are mirrored compared to the results in Figure 23, clearly indicating the 
effect of excess pore water pressure on the calculated slope angles. The maximum slope angle ( max) 
is slightly higher for the Dry & Dense material compared to the Wet & Loose (see subplot Figure 
24), but is also more sensitive to rapid thaw, resulting in lower relative slopes.  

 
Figure 24. Relative slope vs. coefficient of consolidation. Subplot: Maximum slope angle vs 

friction angle for two materials (both assumed saturated after thaw). 
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It should be noted that the plane of sliding is assumed as the frozen plane. The friction angle at the 
interface to frozen tailings, or even on pure ice (along an ice lens), might therefore be significantly 
lower than the internal friction angle of the tailings material. Whereas the internal friction angle of 
tailings might be expected in the range of 30-35° (Vick 1990), Barker and Timco (2003) concluded 
that the friction coefficient for a block of ice sliding on sand is approx. 0.3, which corresponds to a 
friction angle of 17°. Calculated slope angles, for a set of coefficients of consolidation, is presented in 
Table 5. In Table 5, values correspond to calculations using the friction angle 17°, assuming the 
sliding to happen along the frozen interface. 
 

Table 5. Calculated slope angles ( s) at failure ( =17°). 
Coefficient of 
consolidation 

[m2/s] 

Wet & Loose 
[°] 

Dry & Dense 
[°] 

10-9 0.31 (1:185) 0.35 (1:164) 
10-8 0.86 (1:67) 0.57 (1:101) 
10-7 3.8 (1:15) 2.4 (1:24) 
10-6 7.1 (1:8) 7.6 (1:7) 
10-5 7.8 (1:7) 10.1 (1:6) 
10-4 7.9 (1:7) 10.5 (1:5) 

Note: Values in parentheses correspond to relation 
vertical to horizontal (V:H). 

The studied coefficients of consolidation cover a wide span (10-9 – 10-4 m2/s), which correspondingly 
resulted in a large span of maximum slope angles (from 0.31° to 10.5°). A value of 10-9 was shown to 
nearly reduce the slope angle at failure to zero, whereas 10-4 had no impact on the slope angle at 
failure, see Figure 24. Values around 10-9 are very low and do mainly correspond to clay and are not 
expected for tailings (Vick 1990). But values ranging between 10-5 and 10-8 can be expected for 
different types of tailings (Vick 1990). This range of possible coefficients can result in significant 
differences in the generated excess pore water pressure and correspondingly the relative slope, see 
Figs 23 and 24 respectively. The coefficient of consolidation is known to be stress and void ratio 
dependent (Knappett and Craig 2012), but have not been considered in this study. 

From the results presented it is concluded that the thaw penetration can have significant effect on the 
slope stability in the tailings facility. The maximum slope inclination is reduced with reduced 
coefficient of consolidation. Also, the material properties affect the thaw penetration rate, indicating 
more rapid thaw in dry and dense material than in wet and loose material. Correspondingly, the 
generated excess pore water pressure at the thaw front can be higher in dry and dense material, 
assuming it is saturated when thawed. This is considered as worst case scenario.  

If the thickened tailings deposition results in steeper slopes than what is calculated by the thaw 
stability analysis, slope failures might develop during thaw. Sliding masses in the facility must be 
designed for, possibly by creating storage volume available at the perimeter dams, i.e. building higher 
dams and to increase the freeboard. The intended merit with the deposition method might therefore 
be lost, and the tailings surface inclination might instead be restricted to the climatic conditions. 
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3 DETERMINATION OF STRENGTH PROPERTIES 

This chapter will summarize findings regarding the determination of strength parameters of granular 
soil, like tailings. Two conventional laboratory test methods and their corresponding evaluation 
methodologies are studied and evaluated. The chapter corresponds to findings presented in Paper 5. 

A concern that has arisen in Sweden, associated with geotechnical properties of tailings, is the 
question on how strength parameters of the tailings material should be evaluated. As thoroughly 
studied by Bhanbhro (2017) in his doctoral studies, there are clear differences in the strength 
parameters of tailings evaluated from triaxial tests and simple shear tests respectively. He concluded 
that the strength evaluated from traixial tests was up to twice as high than parameters evaluated from 
simple shear tests. The reason behind this difference is unclear, but the consequence for design and 
management of tailings facilities gets obvious, further addresses in chapter 4.  

In the following sections, the triaxial and simple shear test methods will briefly be described and 
analysed, followed by results from a laboratory study on natural sand. Thereafter, comparisons are 
made between the two test methods and recommendations are given on their further use and 
evaluation methods.  

3.1 The Triaxial apparatus 

The triaxial testing apparatus is the most widely used testing device in geotechnical laboratories (e.g. 
Donaghe et al. 1988). Despite the name “triaxial”, cylindrical specimens are normally used in triaxial 
testing, where axial symmetry is utilized, i.e. two of the principal stresses equal the radial stress. A 
major advantage with the triaxial test is that the principal stresses and directions are fully known 
throughout the test, assuming negligible shear stresses at the specimen boundaries, see Figure 25. 
Also, modern equipment can accurately measure the volumetric or pore water responses during the 
test. Results provided can be used for creating stress paths, i.e. deviator stress q vs effective mean 
stress p’, and unique sets of Mohr stress circles, i.e. graphical presentation of the Cauchy stress tensor 
(Ottosen and Ristinmaa 2005). Such features cannot be generated unless the principal stresses are 
known. 

   
Figure 25. a) Principal stress directions in triaxial test b) Specimen in membrane while preparing  

c) Triaxial cell. 

The first attempts to triaxial testing of soils were developed in the 1920’s. Almost simultaneously and 
independently, Hveem in the USA and Buisman in the Netherlands worked on the concept of 
triaxial soil testing (Endersby 1951). In the 1930’s, Casagrande further developed the idea under 
direction of Terzaghi (Lade 2016). With time, laboratory equipment was developed and the triaxial 
testing methodology and correspondingly its accuracies were improved. In the 1950’s, triaxial testing 

b)a) c) 
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was fundamental in the development of the critical state soil concept, introduced by Roscoe et al. 
(1958). In the beginning, the critical state framework was mainly focusing on clay. With further 
development of the triaxial equipment, Castro (1969) was able to study loose sand for undrained 
conditions. His work was fundamental in treating granular soils within the framework of the critical 
state concept (Been et al. 1991). The critical state concept is today widely used to describe soil 
behaviour. It is an ultimate condition where a soil will continue to deform without further changes 
in stresses and void ratio (Schofield and Wroth 1968). The ultimate condition is represented by a 
Critical State Line (CSL) uniquely described by the deviator stress (q), mean effective stress (p’) and 
the void ratio (e). Therefore, the concept is powerful to explain soil behaviour at different density 
states. Commonly this is illustrated as in Figure 26, where stress-strain curves obtained from drained 
triaxial tests on dense and loose soil merge at the critical state. For dense soils, the stress reached at 
critical state can also be obtained at the strain where there is a local minimum in volumetric strain 
(Luong 1980), see Figure 26. This is further discussed in section 3.3.1. 

More information on triaxial testing, test methodology and limitations are given e.g. in Knappett and 
Craig (2012) and will not be further discussed here.  

 

 
Figure 26. Drained triaxial tests on dense and loose sand (schematic). Critical State in red. 

3.2 The Simple Shear apparatus 

The first simple shear apparatus was built in Sweden in 1936, used by SGI (Swedish Geotechnical 
Institute) in routine testing of shear strength of clay (Kjellman 1951). The apparatus was a 
development of the direct shear (split box) test apparatus. In Kjellman’s design, a cylindrical specimen 
was placed between two plates, and surrounded by a rubber hose. Outside the rubber hose, 
aluminium rings were stacked. The upper plate was moved horizontally, by applying horizontal 
forces to it, i.e. a stress-controlled test. The design was further developed at NGI (Norwegian 
Geotechnical Institute) by Bjerrum and Landva (1966). In their design, the rubber hose and stacked 
aluminium rings were replaced by a rubber membrane reinforced with a spiral winding of wire. Also, 
the horizontal force was applied by a motor, i.e. a strain-controlled test. This setup is later referred to 
as the NGI-type.  

Both Kjellman (1951) and Bjerrum and Landva (1966) highlighted uncertainties with triaxial testing 
at this time. This was one of the reasons behind the development of a new apparatus. The new 
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simple shear apparatus was claimed to strain the specimen in simple shear and in plane strain. 
Bjerrum and Landva (1966) also mentioned that the increase in horizontal shear stress cause a change 
in principal stresses and their directions, i.e. principal stress rotation, which complicate the result 
interpretation. Although, the test was motivated by its possibility to illustrate the conditions in a 
narrow shear zone, separating two rigid bodies which move relative to each other. In Figure 27a, the 
known stresses ( yy and yx) in the NGI-type simple shear tests are illustrated. The principal stresses 
( 1 and 3) are only known before the shearing starts. During shearing, there is principal stress 
rotation and the principal stresses are unknown. In Figure 27b, a specimen within the reinforced 
rubber membrane is shown. In Figure 27c, a tailings specimen after testing is shown, exposing an 
inclined failure surface, which further supports the stress rotation. The photo was taken after a test, 
when the specimen was demounted and brought out from the membrane. 

 
a) 

  

b) 

 

c) 
 
 

 

Figure 27 a) Stresses acting in the test b) specimen while preparing c) specimen after shearing. 

 

The simple shear test is fairly common in geotechnical laboratories. Ever since the test was 
introduced, its usefulness and its limitations have been discussed in the literature. Already in 1953, 
Roscoe questioned Kjellman’s design (SGI-type) with respect to the proposed simple shear state. By 
definition, there is no volume change in simple shear. In addition, according to Roscoe, this cannot 
be reached in cylindrical samples as in SGI or NGI-types unless the complementary shear stresses on 
the walls of the specimen are controlled. Due to this, a new simple shear apparatus was developed at 
Cambridge University, where a rectangular sample was tested within rigid boundaries (Roscoe 
1953). With this new apparatus, simple shear strain was achieved by controlling the shear stresses 
along the sides of the rectangle. Although, the NGI-type has still been widely used around the 
world, and in 1979 Wood et al. compared results from the two apparatuses (Cambridge-type vs. 
NGI-type). They concluded that testing with the more advanced Cambridge-type is needed in order 
to deduce the stress state in the NGI-type, and in particular the principal stress rotation while 
shearing. Further comparison between the two types was performed by Budhu (1984), who 
observed the development of non-uniformities of stresses and strains in the two types. He concluded 
that the Cambridge type was more accurate in estimating sand behaviour. Further comparison was 
performed in 1988 where Budhu showed that the horizontal plane in the specimen was not the 
plane of maximum stress obliquity mobilized during the test, i.e. the stresses on the horizontal plane 
are not the stresses defining the strength envelope. Also, he showed that the stress rotation varied 
with different friction angles. The effect of principal stress rotation was further discussed by Atkinson 
et al. (1991). From a laboratory study they showed that, despite reaching critical states in both tests, 
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the friction angle evaluated from triaxial tests did not correspond to the stress ratio at failure 
measured in the simple shear test. Correspondingly, they concluded that conventional interpretation 
of simple shear tests can imply a false cohesion intercept and friction angles smaller than what are 
evaluated from triaxial tests. Similar results were seen by Dounias and Potts (1993), who simulated 
simple shear tests and found that they significantly underestimated the soil strength.  

Due to the stated limitations in conventional simple shear testing, new developments were made to 
the apparatus. Kang et al. (2015) used an apparatus where simple shearing was performed, similar to 
the NGI-type, but without wire reinforced membrane. The sample was instead placed within a cell 
similar to a triaxial test cell. By doing so, the radial stress was controlled. Also, circumferential 
measurements were taken in this apparatus. From a laboratory study they concluded that the radial 
stress in the specimen is changed during the test. The stress state interpretation in a NGI apparatus, 
where the radial stress is not measured, can therefore be wrong. In particular, it was shown that pure 
shear interpretation can yield significant errors in shear strength determination. A similar approach 
was taken by Carraro (2016) where simple shearing was performed with cell pressure confinement. 
He studied the effect of shape changes where the sample deforms from a right cylinder to an oblique 
cylinder, i.e. from a “straight” cylinder to an inclined cylinder with parallel bases. Despite controlled 
cell pressure, he concluded that the horizontal stress in the specimen is not equal to the cell pressure 
at all times during the test. Regarding conventional testing (like NGI-type), they might result in 
conservative strength determination with too low values.  

Despite the abovementioned uncertainties when interpreting simple shear test results, the test is fairly 
common in geotechnical engineering in Scandinavia. In most Swedish laboratories the SGI-type is 
normally used (SGF 2004) as an updated version of the design proposed by Kjellman 1951, whereas 
at the LTU laboratory the NGI-type is used. Strength determination is normally performed 
according to Swedish Standard (SS027127), where cohesion intercept and friction angle are 
evaluated from the best-fit line connecting the values in a - ’ plot (shear stress vs. effective normal 
stress). The evaluation methodology is similar to recommendations in geotechnical textbooks (Das 
2006; Knappett and Craig 2012). In addition to the strength evaluation via the - ’ plot, the Swedish 
Standard recommend two criteria when choosing the shear stress to be used in the - ’ plot. If there 
is an obvious peak in shear stress during the test, the peak value can be used for strength evaluation. 
But if there is no peak, the shear stress mobilized at a shear strain ( SS) of 0.15 radians should be used 
(SS027127; SGF 2004). The shear strain in simple shear ( SS) is 
evaluated as the arctan of the ratio of displacement and current sample 
height, see Figure 28. Except the tradition of using the SS=0.15 
criterion, no further theoretical background regarding this value is 
given.  

3.3 Laboratory study 

In a laboratory study, both triaxial and simple shear testing were 
conducted on natural silty sand. The sand was chosen for the study in 
order to “independently” study the triaxial and simple shear test 
methods, and to reduce the uncertainties associated with tailings such 
as particle crushing, irregular particle shape, and mineralogy as 
discussed by Rodriguez (2016) and Bhanbhro (2017). Results and data 
evaluation are presented in the following sections. Then a comparison 
of the results is made, where data on tailings will be presented as well. 

Figure 28. Simple shear definitions. 
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3.3.1 Triaxial tests 

Triaxial tests at the LTU laboratory were 
performed with a Bishop and Wesley stress 
path cell (Bishop and Wesley 1975), managed 
with GDS software and three GDS digital 
controllers (GDS 2017). The digital 
controllers, connected to a PC, are 
hydraulically regulating and/or measuring 
axial, radial and back pressure/volume. The 
triaxial tests were performed according to 
standardized procedures (ASTM D7181-11). 
Cylindrical soil specimens were tested, with 
initial height 100mm and diameter 50mm. 

A series of triaxial tests was conducted on 
natural Kallax sand, i.e. silty sand from Luleå. 
The sand has a particle density of 2.7 t/m3, 
and contains 26% fines, see grain size distribution in Figure 29. Eight consolidated drained (CD) 
compressions tests were performed, where the specimens were prepared to an approximate density of 
1.6 t/m3, corresponding to a void ratio e of 0.69. Before shearing, the specimens were saturated 
(with back pressure), followed by isotropic consolidation. Due to the consolidation stage, the 
specimens were further densified due to the confining stresses. Here dry densities in the range of 
1.78-1.93 t/m3 were reached, corresponding to void ratios of 0.52-0.40. The test series was 
conducted for a range of stresses between 13 and 500 kPa. Shearing was applied as a constant rate of 
axial strain. Examples of the test results are presented in Figure 30a and b. A photo from one of the 
tests, indicating the inclined failure plane, is presented in Figure 30c. In Figure 30a principal stress 
ratios ( 1’/ 3’) versus axial strain are presented, and in Figure 30b volumetric strains versus axial 
strain. All tests indicated dilatancy, with a peak in stress ratio and by volume expansion while 
shearing. At larger strains, all tests indicated fairly stable values, both in stress levels and in volume. 
Hence, the material behaviour is within the critical state concept (Schofield and Wroth 1968). From 
Figure 30a it is clear that the peaks in stress ratios are most significant (i.e. most brittle behaviour) 
from tests performed with low minor principal stress, see purple curve 3’=25kPa. With increased 
minor principal stress, the peaks in stress ratios are decreased, see yellow curve 3’=500kPa. Also, 
with increased minor principal stress, the critical states are reached at larger strains.  

 

Figure 29. Grain size distribution, natural sand. 
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Figure 30. Triaxial test results on sand. 

All results in Figure 30 show clear transitions in the post peak regime, where the softening ends and 
both stresses and volume reach relatively stable values, exemplified with “Constant” for the 50kPa 
test. This stage would correspond to the critical state in the material (Schofield and Wroth 1968; 
Been et al. 1991). However, the results are not completely constant at large strains, but with some 
minor changes with increased axial strains. Such changes are, according to the author, due to 
boundary effects at large strains. Irregularities in the sample, generation of additional “mini-failures” 
at large strains, and influence of the folding membrane might be such boundary effects. 
Correspondingly, the stresses are slightly decreasing and the volume is slightly increasing. Evaluating 
at what strain the critical state is reached is therefore a matter of interpretation. In order to 
consistently evaluate the critical state stress values, they were for this study analysed at the strain 
where the volume change indicated a minimum point, see circular markers in Figure 30. This local 
minimum in volumetric strain was proposed as a soil characteristic state by Luong (1980), where the 
soil moves from initial volume compression to volume dilation. Chu (1995) discussed the 
characteristic state and concluded that for dense sand it differs slightly, with lower shear stresses, from 
the ultimate critical state. Despite this difference, stresses that correspond to the characteristic state 
(local minimum in volumetric strain) are for this study considered to be the same as the critical state 
stress values. 

In addition to the critical state values, maximum stress values (i.e. the peaks) were evaluated and are 
presented in Figure 31. The secant friction angles for each test are presented in Figure 31a, plotted 
against the minor principal effective stress. Black circular markers correspond to critical state stress 
values and the red x-markers correspond to peak stress values. Both peak friction angles and critical 
state friction angles are asymptotically decreased with increased stress. In Figure 31b, the results are 
presented in a - ’ plot. The markers correspond to stresses at the maximum stress obliquity, i.e. 
where the Mohr circle tangent the failure line. Via linear regression, a critical state friction angle was 
evaluated to 35.7°, see solid black line. 
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Figure 31 a. Friction angles per test vs. minor principal stress. b) Shear stress vs. normal stress 

and friction angle determined via linear regression. 

As noted from Figure 30 and Figure 31, the peaks (x-markers) are larger than critical state values and 
have mobilized more shearing resistance due to dilatancy. The concepts of, and relation between, 
strength and dilatancy was studied by Bolton (1986). He found a clear relation between the critical 
state friction angle ( cs) and the peak friction angle ( max). With a simple flow rule, he proposed a 
methodology to assess the extra shearing resistance: =        (9) after Bolton (1986). 

Where:    Secant peak friction angle   [°] 
    Secant critical state friction angle  [°] 
    Maximum dilatancy angle   [°] 
    Factor due to strain conditions  [-] 

Based on empirical data, he established following expression: 

For plane strain conditions: 0.8 = 5         (10) 

For triaxial conditions: = 3         (11) 

Where      Relative density index    [-] 

Correspondingly, the a-factor in Equation (9) corresponds to 0.8 in plane strain, and 0.48 in triaxial 
conditions. 

The relative density index: = ( ) 1       (12)  

Where    Relative density = (emax-e)/( emax-emin)  [-] 
    Grain hardness factor (e.g. quartz, Q =10) [-]* 
    Effective stress     [kPa] 
* The factor is dimensionless, but depend on the units taken for the effective stress p‘ (Bolton 1986). 
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By applying the methodology by Bolton (1986), the non-linear failure line representing peak shear 
stresses was calculated. The relative density (ID) was calculated from the average void ratio before 
shearing, i.e. 0.46, and by assuming the maximum and minimum void ratio as 0.86 and 0.35 
respectively. Grain hardness was chosen to represent quartz, i.e. Q=10. The resulting failure line is 
presented in Figure 32, to which the measured peak stress values fit well.  

 
Figure 32. Failure envelope from triaxial tests on sand. 

3.3.2 Simple Shear tests 

The simple shear apparatus used at the LTU laboratory is of the NGI-type, manufactured by 
Geonor. Cylindrical specimens with height of 20 and diameter of 50 mm are used. The apparatus at 
LTU is improved with equipment for pore water pressure measurement in the bottom plate. With 
such measurements, interpretation of test results are guaranteed to be performed in effective terms 
(effective parameters).  

Three series of simple shear tests were conducted on the same Kallax sand used in the triaxial tests. 
The three test series were prepared to different densities, here referred to as 1.35 t/m3), 
medium dense 3), and dense 3) respectively. The test series were conducted for 
vertical stress levels between 12.5 to 500 kPa. In total, 29 tests were conducted. Before shearing, 
samples were saturated and consolidated for the vertical stress level. All tests were sheared to 5 mm 
horizontal displacement.  

Typical results are presented in Figure 33, representing vertical stress of 50, 100 and 200kPa. In the 
upper row (a-c), shear stress versus shear strain is presented, and in the lower row (d-f) axial strain 
versus shear strain is presented. The results in Figure 33a-c show that the mobilized shear stress is 
increased with increased density. Also, it can be noted that shear stresses mobilized at shear strain 
0.15 radians vary with sample density, see +-markers in Figure 33a-c. With increased density, the 
shear stress mobilized at 0.15 radians is increased. Evaluated shear stresses at these stages are presented 
in Figure 34 and in Table 6. The friction angles are correspondingly increased with increased 
density, here ranging between 21.3° and 28.0° see Figure 34. Such evaluation, i.e. at shear strain 
0.15 radians, would therefore not correspond to the critical state concept (Schofield and Wroth 
1968).  
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Figure 33. Shear stress vs. shear strain (upper, a-c) and Axial strain vs. shear strain (lower, d-f). 

+-markers correspond to stresses at SS =0.15 and o-markers to minimum in yy. 

 
Figure 34. Shear stress vs Normal stress from simple shear tests. Values evaluated at SS=0.15 rad. 

Irrespective of density or stress level, none of the simple shear tests on the natural sand indicated any 
peaks in shear stress, see Figure 33a-c. Even though there is no peak in the stress-strain relation, the 
plots of the axial strains indicate dilatancy, see dense samples coloured in red in Figure 33d-f. After 
initial compression, a minimum point in axial strain is reached and followed by increased axial strain 
with increased shear strain. The amount of dilatancy was increased with increased density, which was 
expected, c.f. Figure 26. However, it should be noticed for loose samples there is continuous height 
decrease developed during shearing. Despite the continuous height decrease, the shear stress 
remained nearly constant. The height is expected to stabilize at large strains, and the observed 
phenomenon is still not clarified. 
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In order to evaluate the results from simple shear tests within the critical state framework, the axial 
strain plot can indicate where the stresses should be evaluated. This is similar to the characteristic 
state used for evaluation of the triaxial tests in previous section. By evaluating the shear stress at 
minimum values in axial strain, the shear stress show similar values irrespective of density. For dense 
material, the minimum points correspond to the point before dilation starts, and for loose material it 
corresponds to large shear strains. The stages used for critical state evaluation is schematically 
illustrated in Figure 35.  

 
Figure 35. Stages for critical state evaluation in simple shear tests (schematic). 

For some of the tests on loose samples, local minimum points were observed in axial strain, followed 
by continuous height decrease, see blue curve in Figure 33d. For such tests, the critical state shear 
stress was evaluated at the local minimum point.  

With this critical state evaluation approach, results for the three test series are presented in Figure 36 
and in Table 6, see filled circular markers. All critical state shear stresses evaluated, irrespective of 
density, are with increased normal stress increased with the same linear trend. The approach is 
therefore interpreted to correspond to critical states. With linear regression, a friction angle of 22.9° 
was calculated, see black line in Figure 36. In Figure 36, maximum shear stress values are also 
presented (see x-markers). The maximum shear stress increased with increased density, which is an 
extra shearing resistance expected due to dilatancy. 

 
Figure 36. Shear stress vs. Normal stress from simple shear tests. Values obtained at Critical state 

values (CS – Circular markers) and Maximum values (x-markers). 
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Table 6. Shear stresses evaluated from Simple shear tests. 
 Vertical stress [kPa]: 
 12.5 25 50 75 100 125 150 175 200 250 300 400 500 

Shear stress mobilized at shear strain 0.15 radians (see Figure 34) 
Loose 5.7 12.6 22.2 - 44.2 - 58.5 - 78.0 96.9 - - 193.6 
Medium 6.1 11.8 23.9 34.4 45.3 54.7 66.9 81.9 91.6 110.7 - - 230.5 
Dense 10.5 15.6 32.8 - 51.9 - 75.0 - 103.5 130.5 160.9 219.2 263.8 

Shear stress at critical state – At minimum axial strain (see Figure 36) 
Loose 6.2 11.5 23.7 - 46.7 - 66.2 - 88.0 108.1 - - 211.3 
Medium 6.2 12.7 25.9 37.4 46.1 54.6 64.7 72.4 84.6 102.8 - - 202.0 
Dense 7.7 11.0 23.0 - 42.9 - 60.6 - 79.8 99.9 124.1 177.3 216.3 

Maximum shear stress(see Figure 36) 
Loose 6.8 13.9 24.5 - 47.9 - 67.5 - 90.6 109.9 - - 229.0 
Medium 10.4 16.2 31.7 41.6 51.7 63.1 77.5 96.9 108.7 127.0 - - 271.3 
Dense 14.2 19.2 35.3 - 59.9 - 92.3 - 124.5 163.5 186.7 254.7 304.8 

 

3.4 Comparison and recommendations 

Considering the sand studied, and its strength evaluated from triaxial and simple shear tests, there are 
clear differences observed. Firstly, the Swedish standard of evaluating the shear stress at simple shear 
strain 0.15 radians are resulting in different friction angles for different densities. Hence, the 
evaluated strength does not correspond to the critical state concept (Schofield and Wroth 1968). 

With the approach of evaluating the shear stress based on changes in axial strain, the evaluated 
strength was similar irrespective of sample density. Therefore, the approach is considered to 
correspond to the critical state concept, and is further used for comparison with triaxial data. 
Whereas the triaxial tests indicate a critical state friction angle of 35.7°, only 22.9° was evaluated 
from the simple shear tests.  The significant difference is similar to results on tailings presented by 
Bhanbhro (2017). To further compare tests results of different materials, all laboratory results on 
tailings (triaxial and simple shear) performed at LTU laboratory since 2007 were collected and 
summarized. The data consist on both published data, i.e. Aitik data by Bhanbhro (2017), and 
unpublished data, representing tailings from five Swedish mines. The different tailings studies have 
been conducted in different projects and for different reasons, and correspondingly different grain 
size distributions, densities and stress levels were used in the studies. Hence, there is a large scatter 
within the data, even in test results from the same tailings facility. In total, results from 207 simple 
shear tests and 57 triaxial tests were used in this comparison. With the same evaluation methodology 
as mentioned in previous sections, critical state values are presented in Figure 37. Although only 
natural sand and Aitik tailings have been studied by triaxial tests, it is clear from Figure 37 that all 
simple shear results (circles), irrespective of material/origin, show significantly lower shear stresses 
than seen from the triaxial results (triangles).  
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Figure 37. Triaxial (triangular markers) and simple shear results (circular markers) for Swedish 

tailings and natural sand. Number of tests in brackets. 

The conventional way to determine strength from simple shear tests, i.e. via a best-fit line obtained 
in a Mohr-diagram, is clearly underestimating the strength and should be discarded. The values are 
not equal to the shear stresses at the plane of maximum stress obliquity. This is in agreement with 
earlier studies by Budhu (1988), Atkinson et al. (1991) and Dounias and Potts (1993).  

As previously discussed, the known stresses from a simple shear test (NGI-type) are not sufficient to 
complete the Cauchy stress tensor, or to draw the Mohr circle of stress. Only the stresses acting on 
the horizontal plane are measured, i.e. yy and yx. Correspondingly, the principal stresses are 
unknown. But with the methodology presented by Atkinson et al. (1991), the simple shear data can 
be fitted to the failure envelope provided by reference test, e.g. triaxial test results. The stresses 
measured in the simple shear tests are then a point on a constructed Mohr circle, see coloured point 
in Figure 38b. The only stress state where the measured simple shear stresses correspond to the plane 
of maximum stress obliquity, i.e. tangent with failure envelope, is if the horizontal plane is the failure 
plane. However, failure surfaces in simple shear tests have been proven inclined in literature (Budhu 
1984; Budhu 1988; Dounias and Potts 1993). Therefore, the simple shear point on the constructed 
Mohr circle, do not correspond to the tangent point with the failure envelope. 

Atkinson’s (1991) methodology was used on the tests results on natural sand. Figure 38a and b are 
schematically illustrating the general stress state and the constructed Mohr circle, and Figure 38c 
presents the results for the test series on natural sand. Whereas the friction angle evaluated from 
triaxial tests is denoted cs, the similar property describing the stress dependency in the simple shear 
tests is now denoted CS,, introduced by Atkinson (1991). From Figure 38c it is clear that cs and CS 

are not equal. 
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Figure 38. a) General stress state, b) Mohr circle created via matching to the failure envelope 

from triaxial data, c) Sand data (SS) matched to triaxial failure envelope. 

 

With the Mohr circles constructed in Figure 38c, the principal stresses are known at failure (at least 
1 and 3). The principal stress rotation in the simple shear tests, denoted  in Figure 38b, was 

calculated as the inclination between the major principal stress direction and the vertical plane: = tan         (13) 

Where:   Inclination between -direction and the vertical  [°] 
   Major principal stress     [kPa] 
   Vertical stress, simple shear    [kPa] 
   Shear stress on the horizontal plane, simple shear [kPa] 

Calculated angles are presented in Figure 39a, where the stress ratio angle ( CS) is plotted against the 
principal stress rotation ( ). Green markers correspond to results on sand. Blue and red markers 
correspond to tests on two different types of Aitik tailings, calculated on data from Bhanbhro (2017). 
Red markers for Aitik correspond to a silty material, with friction angle CS (from triaxial) of 34°, 
whereas the blue markers correspond to coarser (sandy) fractions with the friction angle CS 32°. 
Friction angles in the same range are presented by Vick (1990), where sandy tailings have lower 
friction angles than silty tailings. The results in Figure 39a indicate that the stress rotation is increased 
with decreased friction angle, which is in agreement with Budhu (1988). The results are also 
presented in Figure 39b, where the failure envelopes for the three materials are given (same colours 
as in Figure 39a). Solid lines correspond to triaxial data, and dashed lines to simple shear data. 
Whereas the sand has the steepest failure envelope from triaxial data (highest CS), it indicates the 
lowest shear stresses obtained from simple shear tests (smallest CS). 
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Figure 39. a) Stress ratio angle (from SS) versus principal stress rotation at critical state. b) 
Relation between critical state friction angle (triaxial) and data obtained from SS. Green 

lines/markers correspond to tests on sand, red on Aitik tailings (silty), and blue on a different set 
of Aitik tailings (sandy). 

The results presented in Figure 39 are further questioning the conventional use of simple shear 
testing. The stresses obtained from simple shear test do not correspond to the stresses where the 
Mohr circle tangent the failure envelope. Therefore, the friction angle should not be determined 
from these values. Unless the principal stress rotation for the material is known, the real failure 
envelope cannot be determined. The Cauchy stress tensor is not complete, and the Mohr circle 
cannot be drawn. However, reference tests like triaxial testing can be performed, and the relation to 
simple shear results can be established. Stress rotations and eventual correction factors (see Figure 
39b) can be calculated.  

In addition, results obtained from simple shear testing can give a false impression on the material’s 
strength. Due to the increased stress rotation with decreased friction angle, lower shear stress values 
are obtained for materials with high strength than obtained from for materials with low strength. For 
example, when comparing simple shear results of natural sand and Aitik tailings, see dashed green 
and blue curves in Figure 39b, the Aitik tailings show the highest shear stresses. When comparing 
their corresponding triaxial results, the natural sand show the highest shear stresses. This can have 
implications when comparing two materials in terms of strength. What is indicated as high strength 
from a simple shear tests, might in fact have a low friction angle. 

In conclusion, it is recommended that conventional simple shear testing should be discarded in terms 
of strength determination. For apparatuses without the possibility to measure the horizontal stress, 
the stress state cannot be fully determined. In order to determine the stress state, calibration to 
reference tests is needed. For such purpose, reference tests like triaxial tests are useful. However, then 
the need for simple shear tests is lost, and only triaxial testing is recommended for strength 
determination 
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4 DAM STABILITY ASSESSMENT 

Dam stability is a broad topic, including several mechanisms and hazards that must be considered and 
designed for (Kjærnsli et al. 1992; Sigtryggsdóttir et al. 2015). Examples of such mechanisms are 
overtopping followed by external erosion, washout due to internal erosion, instability in the dam 
foundation, and instability of the dam slope. This chapter will focus on the latter, where dam stability 
is assessed in terms of slope stability.  

A key feature in slope stability analyses is the factor or safety (FoS). It indicates the safety margin as 
the ratio of how much shear resistance the slope can withstand and how much of that is mobilized. 
Safety of dams, in terms of slope stability, can be estimated by either limit equilibrium methods or by 
numerical modelling (Duncan 1996). Limit equilibrium methods are generally easier to perform, 
where less input data are needed than for numerical models. A common limit equilibrium approach 
to study potential failure mechanisms (slip surfaces) is by the “method of slices”. The methodology 
was developed after back calculations of the Stigberg quay failure in Gothenburg 1916, from which 
Fellenius developed what later is referred to as the Swedish Method of Slices (Fellenius 1926; Cheng 
and Lau 2008). The method has evolved with time and computational power, and there is a number 
of solutions where the inter-slice forces are treated differently (Das 2006). Examples are methods by 
Taylor, Bishop, Janbu, Morgenstern and Price, and Spencer (Cheng and Lau 2008). The analysis is 
commonly performed with computer software, where a number of potential slip surfaces are studied. 
The slip surface with the lowest calculated factor of safety is referred to as the most critical slip 
surface. The analysis is relatively simple, and inputs to such analyses are normally soil geometry, 
strength parameters, densities, water conditions and external loads.  

In numerical models, for example in finite element models, the soil is treated as a continuum where 
the stress-strain relations are considered for all materials involved. For such modelling, more input 
data are needed compared to limit equilibrium methods. But a major benefit with numerical models 
is that they can simulate stresses and strains in the dam, which is not possible with limit equilibrium 
methods (Duncan 1996). The failure mechanism can here be found via strength reductions methods, 
where the shear strength parameters are successively reduced until failure occurs in the model. At 
failure, the ratio of the input strength (available strength) and the reduced strength (strength at 
failure) defines the global factor of safety (Brinkgreve et al. 2014). For stability purposes, examples of 
studies where numerical modelling have been used for tailings dams are given by Priscu et al. (1998), 
Wedage et al. (1998), Gens and Alonso (2006), Psarropoulus and Tsompanikis (2008), Saad and 
Mitri (2010), Ormann et al. (2013), Skau et al. (2013) and Jamiolkowski (2014).  

Recommendations on the aimed factor of safety for different loading scenarios are commonly given 
in dam safety guidelines. For tailings dams in Sweden a global value of 1.5, meaning 50% safety 
margin, is recommended under normal conditions (SveMin 2012). It should be noted that there are 
alternative ways to treat safety factors, e.g. as in Eurocode 7, where the factor of safety is aimed to be 
equal to 1, but where load and resistance are corrected by partial factors. In dam safety assessment 
though, the total factor of safety (without partial factors) is still most commonly used.  

The factor of safety is common in legislation aspects (e.g. environmental permits) and associated 
communications with society and media. For nearby communities, it is obviously important to have 
the mining company securing sufficient stability of the dams. Catastrophes like those reported in 
Bento Rodriguez, Mount Polley and Kolontár generate scepticism to tailings facilities, and the dam 
safety is a valid topic for public briefing. To use the factor of safety, or a safety margin, in such 
discussions is probably the most convenient way to express the dam stability to the public. However, 
the factor of safety is just a theoretical value, calculated according to abovementioned methods. 
Neither the factor of safety, nor the most probable failure mechanism can directly be measured in the 
dam. Despite the number of field instruments that are placed in the dam, none of them can directly 
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measure the dam safety. Verification of the calculated factor of safety must therefore be conducted in 
other ways. Such verifications are obviously demanded, both by the mine owners and by the public.  

To verify the calculated factor of safety, field measurements from the dam must be used. The 
anticipated performance of the dam can be predicted by numerical modelling of stresses and strains. 
The performance must be described with measurable units, possible to measure with field 
instruments. Predicted performance can then be compared with the field behaviour. Displacement 
measurements are examples that can be used in such performance control. If the agreement is good 
then the prediction indicate reliable understanding of the dam and the predicted (and wanted) 
stability can be verified. If the observed behaviour in field does not agree with the anticipated 
behaviour, the deviation indicates defects in the anticipations. Loading scenarios, water conditions, 
soil classifications and constitutive relations might be wrongly described. Hence, the stability should 
easily be questioned.  

In the following sections, a case study is presented where a tailings dam is simulated. Stability and 
associated performance is predicted and compared to field behaviour in order to verify the dam 
stability.  

4.1 Stability prediction via modelling 

Numerical modelling of a Swedish tailings dam was performed with the finite element program 
PLAXIS 2D. PLAXIS is a program developed for the analysis of deformation, stability and 
groundwater flow in geotechnical engineering (Brinkgreve et al. 2014). This section will briefly 
describe the modelling procedure, further explained in Paper 6 and Paper 7.  

A case study was performed for the Aitik tailings facility. Aitik is an open pit copper mine, managed 
by mining company Boliden, located outside Gällivare, Sweden. The yearly production is 36 
MTonnes (2016), where more than 99% of the extracted ore is considered as waste and hydraulically 
transported to the tailings facility. The tailings facility, see Figure 40, is confined by six dams that are 
more or less grown together (see solid red line in Figure 40), and by natural terrain in the south. The 
area of the impoundment is approximately 13 km2. The tailings facility has been in operation since 
1968 (Andersson 2013). Starter dams were built with glacial till, and tailings were initially discharged 
from a stationary outlet (end-pipe discharge) at the eastern part of the facility. This led to settling of 
the most fine grained tailings particles, in the range of silt to clay, close to the western dams. The 
dams were at that time mainly raised in the downstream direction, i.e. built on the downstream slope 
(outside) of the existing dam.  

Today the tailings deposition at Aitik is maintained by the ‘spigot’-method (ICOLD 1996), in a 
rotational deposition scheme. A tailings beach is created due to sorting of the grains, where the 
coarser grains (sand) settle close to the dams and finer grains (silt) are transported further out into the 
impoundment. The dams are annually raised with a height of approximately three meters in the 
upstream direction, i.e. built on previously deposited materials. The dams are built with coarse 
grained tailings (sand fractions), compacted by earthwork machines. On the downstream slope, 
rockfill support is added for strengthening support. Maximum dam height is currently (2017) 65m, 
and corresponds to the cross-section marked in Figure 40.  

A two-dimensional model in PLAXIS was created, corresponding to the cross-section marked in 
Figure 40. Plane strain condition was assumed in the simulations. The chosen cross section is 
considered to be the most critical section in terms of stability and design. The studied cross section is 
schematically presented in Figure 41. 
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Figure 40. Left: Aitik tailings facility. Right: Aitik mine location. 

 
Figure 41. Cross section of Aitik dam (geometry 2013), used as input for modelling. 

Simulations were performed to cover both historical and future events at the facility. The historical 
events were performed to validate the model against field data, and future events correspond to 
prediction of future dam behaviour and corresponding stability. In this study, “future events” 
correspond to planned dam raises, tailings deposition etc. between the years 2014-2024 (the study 
was conducted in 2014). 

A staged construction model was created based on activities at site that have taken place at site since 
1992. Such activities include dam raises, tailings deposition, and remedial works according to the 
time when they occurred. The geometry of dam embankments was imported to the model based on 
as-built drawings and changes in impoundment levels based on airborne surveys. 1992 was the first 
year when an airborne survey was performed at the site and the results gave the impoundment levels 
at that time. Surveys have then been performed every second year. Information obtained was used 
for the model (geometry) build up.  

For the simulations of future events, construction of the dam embankments were assumed to be 
raised three meters per year in the upstream direction, with a downstream slope of 1:6 (V:H). These 
assumptions correspond to today’s conditions. 

Based on CPTu-tests provided by the Boliden company, the deposited tailings in the Aitik facility 
are stratified in nearly horizontal layers, with altering “dense” and “loose” properties (Jonasson 
2013). The CPTu-results were used to assign tailings properties into regions with similar constitutive 
behaviour. The soil properties for different regions were evaluated from laboratory data on 
undisturbed specimens, sampled at different depths in the dam with a thin-wall piston sampler . The 
tailings material was simulated with the constitutive model called Hardening Soil (Brinkgreve et al. 
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2014). This is a soil model incorporated in PLAXIS standard model-library. The model encounters 
for hardening effects in soil behaviour, meaning decreasing stiffness and irreversible plastic strains 
when subjected to primary loading (Brinkgreve et al. 2014). It is a cone-cap model, with yield 
surface not fixed in principal stress space and with possible expansion due to plastic straining (Schanz 
et al. 1999). By shear hardening, or expansion of the cone, plastic strains due to primary deviatoric 
loading are modelled. By compression hardening, or expansion of the cap, plastic strains due to 
primary compression are modelled. 

The limiting states of stresses for the cone part are, as for the well-known Mohr-Coulomb model, 
described with strength parameters as friction angle and cohesion, i.e.  and c. The cap yield surface 
is controlled by volumetric strains. Compared to elastic stiffness parameters used in the Mohr-
Coulomb model (as Young’s modulus, E and Poisson’s ratio, ), the Hardening Soil simulates 
stiffness with hyperbolic stress-strain relationship more accurately in primary loading (Schanz et al. 
1999). For the stiffness simulations, triaxial loading stiffness (E50) and oedometer loading stiffness 
(Eoed) are used as input parameters. For stiffness in states of unloading-reloading, linear elasticity is 
controlled with Young’s modulus for unloading-reloading (Eur). The soil stiffness is stress dependent, 
where input parameters are given for a reference confining pressure (pref). The stress dependency is 
controlled by a power law with a power exponent m (Brinkgreve et al. 2014). 

Based on results from laboratory tests from 2007 and 2013 (summarized in Bhanbhro 2017), 
parameters for the Hardening Soil model were evaluated. In order to calibrate model parameters to 
laboratory results at different stresses, the SoilTest application in PLAXIS was used. SoilTest 
simulates laboratory tests of soils according to chosen constitutive model and soil parameters 
(Brinkgreve et al. 2014). In SoilTest, the model parameters were manually altered until a best fit 
agreement between simulations and lab data was reached. Chosen model parameters are given in 
Papers 6 and 7.  

As shown in chapter 3, see Figure 37, there are clear differences in shear behaviour between triaxial 
and simple shear tests. With traditional evaluation of simple shear data, considering the measured 
shear stress to correspond to the stress at the plane of maximum stress obliquity, the test indicate 
lower shear strength than seen from triaxial tests. For conservative reasons, i.e. to be on the “safe 
side”, the simple shear data have traditionally been used in slope stability analyses of Aitik dams. For 
this study, model parameters were evaluated representing both types of laboratory tests. One set of 
material properties was determined according to triaxial results, and one set of material properties was 
determined according to simple shear results. Due to the conservative reasons, simple shear data were 
used for stability aspects, whereas triaxial data were used only for comparison to field data. 

Both sets of parameters, from triaxial and simple shear respectively, were evaluated for the Hardening 
Soil model. As a comparative study, simulations with Mohr-Coulomb parameters were performed 
with triaxial data. Mohr-Coulomb is a linear elastic, perfectly plastic model, common in soil 
modelling (Brinkgreve 2014).  

Typical results with best fit calibrations are presented in Figure 42. Figure 42a corresponds to a series 
of triaxial tests, both laboratory data and simulations with Hardening Soil parameters. Figure 42b also 
correspond to triaxial data, but where Mohr-Coulomb parameters are used for the simulation. The 
right plot, Figure 42c, presents a series of simple shear tests, lab and simulations with Hardening Soil 
parameters. Solid lines correspond to lab data and dashed lines to simulations. Line colours 
correspond to stress levels.  

Note that for all stress levels in the simulated test series (Figure 42), the model parameters were kept 
constant. No optimization of the model parameters were made to each lab test. This would have 
resulted to better agreement than seen in Figure 42, but would on the other hand result in multiple 
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sets of parameters, only valid for a certain stress level (i.e. one set of parameters for each lab test). The 
Hardening Soil is capable of adjusting the stiffness due to the stress level, i.e. increased stiffness with 
increased stress level. Also, shear hardening is seen by the hyperbolic stress-strain behaviour, both in 
triaxial state and in simple shear, see Figure 42a and c. Obvious from the triaxial plot is the stress 
level independent stiffness in the Mohr-Coulomb model, i.e. the same linear slope irrespective stress 
level, see Figure 42b. For the Mohr-Coulomb simulation, the chosen parameters are restricted to the 
stress levels and must be used accordingly.  

 
Figure 42. Lab data and simulated tests, a) Triaxial data – Hardening Soil model, b) Triaxial data 

- Mohr-Coulomb model, c) Simple shear data – Hardening Soil model 

The pore water pressure was for the model set according to values measured by piezometers at site. 
For the simulations of future events, new tailings added in the impoundment were assumed saturated 
with the phreatic line at the tailing surface. For stability aspects, this would correspond to 
conservative conditions since the tailings beach normally is unsaturated. Details on the stability 
analysis are presented in appended Paper 7. In order to prevent the calculated factor of safety to be 
lower than 1.5, which is recommended by Swedish guidelines, strengthening actions were taken. 
This was performed by adding rockfill berms on the downstream slope, optimized by the 
methodology proposed by Ormann et al. (2013). By following this rockfill support plan, the 
calculated stability of the dam is maintained for the period of the present study. The need for rockfill 
support with time is illustrated in Figure 43, where the dam embankments and rockfill berms are 
coloured according to when they are needed in time in order to maintain a factor of safety of 1.5. As 
the dam height is increased, more support on the downstream slope is needed.  

 
Figure 43. Dam raises and corresponding rockfill support needed to maintain FoS = 1.5. 
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4.2 Validation via measurements 

Before any results from numerical simulations are applied into dam safety management at site, the 
numerical model should be confirmed. Without confirmation in terms of agreement to observations, 
the use of modelling for any prediction is doubtful and easily questioned. As previously mentioned, 
the factor of safety is a calculated value corresponding to a slip surface. Neither the failure 
mechanism, nor the FoS can be directly measured in field. Therefore, dam stability assessment can 
just be verified via measurements of properties associated to the dam behaviour, such as pore water 
pressure or displacements.  

Important in understanding and predicting tailings dam behaviour is obviously the understanding of 
the tailings behaviour on a constitutive level. For this study, this was approached with the laboratory 
study described in section 4.1. An alternative to laboratory testing would be physical modelling of 
tailings by centrifuge testing, exemplified by Stone (2001), Hossain and Fourie (2013), Antonaki et 
al. (2014), and Becket et al. (2016). 

Properties commonly measured in tailings dams are pore water pressure and displacements (vertical 
and/or horizontal, at surface and/or with depth). The amount of instruments and measurement 
intervals are commonly regulated in dam safety guidelines, e.g. SveMin (2012). The pore water 
pressure in the dam can be regarded as the cause of possible stability problems, due to its effect on the 
soil’s effective stresses and corresponding strength. The deformations though, can be regarded as the 
effect of possible stability problems, where strains can indicate mobilized shear stresses (Dunnicliff 
1988). For stability aspects, the pore water pressure measured at site can therefore be used as input to 
study its effect on the stability. But for deformations, simulated results should be compared to field 
behaviour in order to verify the modelling assumptions.  

For the model described in section 4.1, deformations were simulated and the horizontal components 
were assessed along the vertical line called “inclinometer” in Figure 41. The inclinometer 
corresponds to an inclinometer casing in the actual dam (in field), which has been used for readings 
since 2007. With an inclinometer probe, the inclination of the casing relative the vertical axis has 
been measured twice a year since 2007. Measurements have been taken by consultant company 
Sweco. Cumulative displacement curves for different times are presented in Figure 44a, and the 
displacements with time, at certain elevations, are presented in Figure 44b.  

The field data given in Figure 44 indicate so called “rotational movements”, a term introduced by 
Jamiolkowski (2014) where the maximum displacements are not at the surface, but somewhere in 
the middle of the studied tailings deposit. For the results in Figure 44a, the maximum displacements 
are seen between elevations +353 and +357. At higher and lower elevations, smaller displacements 
have been generated. In Figure 44b, the displacements versus time are seen to be nearly constant. In 
the bottom of the tailings layer, the displacements are increased with 2 mm/year, whereas at higher 
elevations the displacement rate is higher, up to 6mm/year.  

Figure 45 present comparisons in horizontal deformations between field measurements and results 
from the simulations. For the left figure, the horizontal axis set to display all results, but the figure to 
the right it is restricted to 50 mm in order to facilitate comparison to field observations. The blue 
curve represents the simulations where the set of tailings parameters were based on simple shear data 
(Hardening Soil model, HS (SS)), the red curve represents the set of parameters based on triaxial data 
(Hardening Soil model, HS (Triax)) and the red dashed curve to triaxial data but using Mohr-
Coulomb parameters (MC (Triax)). The black curve corresponds to field data (Inclinometer). The 
figures represent the deformations for the period November 2007 (installation of inclinometer 
casing) to November 2013, i.e. the period with available field data.  
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Figure 44. Field displacements measured by an inclinometer. a) displacements along depth  

b) displacements with time. 

 
Figure 45. Horizontal displacements by inclinometer and numerical results. 

From Figure 45 it is clear that the set of parameters based on simple shear data (blue curve) largely 
overestimate the horizontal deformations, compare with black curve. The simulations seem to 
capture a “rotational” behaviour in the tailings, but the maximum deformations are approximately 
seven times too large compared to inclinometer data. The simple shear data is therefore not 
considered appropriate for simulating deformations in a tailings dam like this. Simulations with 
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triaxial data though, when using the Hardening soil model (red curve), show strong agreement to 
inclinometer data (see Figure 45b). Both the rotational aspects and the magnitude of deformations 
were well captured with the model. Using triaxial data, in combination with advanced constitutive 
modelling is therefore promising for accurate simulations of deformation in tailings dams. The 
rotational aspects was not captured by the linear-elastic Mohr-Coulomb model, and resulted in 
overestimated deformations at high elevations (shallow depths). The linear elastic features in Mohr-
Coulomb are therefore not considered appropriate for simulating deformations in a tailings dam like 
this.  

The simple shear data was clearly generating faulty results, and considering the findings in chapter 3, 
its low strength values are too conservative. Although, the design of rockfill support (see Figure 43) 
was done according to the low-strength model (simple shear). This decision was taken due to 
conservative reasons (to be on the “safe side”). Also, only one inclinometer was available for 
comparison in the studied cross section, which might be insufficient for capturing possible failure 
mechanisms. Additional inclinometers should be used to further validate the calculated stability. 
Correspondingly, further studies are recommended before the design is conducted with the triaxial 
“high-strength” data.  
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5 DISCUSSION 

In this thesis, some aspects related to tailings management have been studied. Tailings management is 
a broad term, and the aspects studied here are not by any means all-covering. But with the following 
discussion regarding the research objectives, recommendations for enhanced tailings management in 
cold regions are given.  

A methodology to estimate the thermal regime in tailings with active deposition has been presented. 
The model is simple, where easily accessible data are used as input. Air temperatures can, in general, 
be found from nearby weather stations. Soil properties, in particular density and degree of saturation, 
are relatively easy to determine, and the estimated deposition schedule, i.e. tailings surface height 
with time can easily be altered. Numerous examples of simulations were presented where the 
depositional effects on permafrost generation were highlighted. The results show that wet and low 
density tailings were more susceptible to permafrost generation than dry and dense tailings. 
Therefore, for a wet and loose material, more effort is needed on the depositional flexibility with 
shorter deposition periods, more rotation etc. For dry and dense tailings, longer deposition times and 
higher rates are possible. With the methodology presented, similar studies are recommended for most 
tailings facilities in cold regions. Deposition schedules can easily be modelled, and the deposition 
scheme can be adjusted in order to prevent permafrost generation in tailings facilities.  

To adjust the deposition schedule in order to prevent permafrost is a new approach. Nixon and Holl 
(1998) studied concurrent deposition and freezing in a similar way, but no consideration was given 
the depositional effects and possible adjustments. Caldwell et al (2014) adjusted the seasonal 
deposition to gain property enhancements due to freezing/thawing, but the thermal regime was 
disregarded. The presented methodology is therefore a step in understanding the thermal regime in 
tailings. Also it can act as a tool for engineers to prevent the consequence of generating permafrost in 
the facilities. It should be noted that the depositional aspects should not only be regarded from the 
thermal point of view. Other aspects related to in-place densities, grain sorting, flow and mechanical 
properties, should not be ignored. For deposition schedules related to such aspects, there are 
examples given in literature, e.g. Qiu and Sego (2006a, 2006b, 2007). 

A limitation in the proposed geothermal model is the disregarded frost action. No unfrozen water is 
considered in the frozen tailings, and correspondingly no cryogenic suction, moisture transfer or ice 
lens formations are regarded. Therefore, neither frost heaving nor thaw consolidation settlements are 
modelled. Despite the simplifications, strong agreement to field measurements was observed for the 
simulations done for the case study of Laiva mine. Despite no tailings deposition in Laiva, the snow 
cover was incorporated and treated as a thermal resistance at the tailings surface. The methodology in 
treating the snow was successful, accurately simulating the thermal regime. This agreement validates 
the model, and motivates its further use. 

The paste and thickened tailings technology is getting more and more attractive in tailings 
management schemes. Increased water recovery, increased density, steeper beach slopes and low 
perimeter dams are examples of assumed benefits with the technology. Uncertainties and potential 
over optimism on the technology are discussed by Blight (2003) and Fourie (2012). In addition, as 
for the general deposition previously discussed, the climatic conditions might give restrictions on the 
technology’s applicability. In Sweden there are today two facilities where the thickened tailings 
technology is used, i.e. Svappavaara facility, managed by LKAB, and Kaunisvaara facility, managed 
by Northland Resources (Strömberg 2016), although Kaunisvaara is currently inactive. Both of them 
are located north of the polar circle, with major seasonal freezing and thawing. From the study 
presented in this thesis, it was shown that rapid thawing of tailings can have significant influence on 
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the upper stratum of the tailings beach. Due to excess pore water pressure generated at the thaw 
front, the resistance against sliding along the frozen interface might be insufficient.  

Calculations showed that the maximum slope inclination is highly dependent on the consolidation 
properties, which here is described with the consolidation coefficient. With low values of the 
consolidation coefficient, excess water generated while thawing might not be drained away 
sufficiently quick. Excess pore water pressure is thus generated and the reduced effective stresses 
decrease the maximum slope angle. With sliding masses in the facility, storage capacity must be 
prepared along the perimeter embankments, i.e. higher dams are needed in order to have available 
freeboard. The intended merits with thickened tailings technology, e.g. increased beach slope angle 
and lower dams, might therefore be lost if the maximum slope angle instead is restricted by thawing 
conditions.  

For conventional (wet) tailings deposition, the beach slopes are relatively flat and the need for thaw 
stability analyses is trivial. But with increased slope angles due to thickened tailings deposition, 
concerns might arise. The presented methodology is therefore recommended for facilities in cold 
climate, before thickened tailings technologies are applied. Many of the intended merits with paste 
and thickened tailings are obviously tempting to adopt, but as for all aspects in tailings management 
the site specific conditions must be considered before adoption is made to new technologies. 

The traditional way to assess simple shear tests in Sweden was examined in this study. The 
methodology proposed in Swedish Standard (SS027127) is to use the shear stress mobilized at 0.15 
radians shear strain as the shear stress for strength evaluation. From tests series conducted on natural 
sand with different densities, it was clear that the shear stress at 0.15 radians varies with density. For 
tests with the same vertical stress, the mobilized shear stress increased with increased density. 
Therefore, the simple shear data assessment recommended by Swedish Standard is not in agreement 
with the critical state concept, where the critical state is independent of density. Similar finding holds 
on the maximum shear stresses obtained in the simple shear tests. They were also increased with 
increased density, and are not in accordance with critical states. It was found that the axial strain 
(height change) can indicate the shear strain at which the shear stress correspond to critical state. By 
using the shear stress mobilized at the local minimum in axial strain, corresponding to the transition 
phase between contractive and dilative behaviour, similar values were found for all density levels 
studied. If no local minimum in axial strain was seen, the shear stress at large shear strain was used. 
The methodology resulted in a linear trend in the Mohr-diagram ( - ’ plot), irrespective of densities. 
Therefore, the assessment is in agreement with the critical state concept.  

However, the critical state values evaluated from simple shear tests are not sufficient to determine the 
soil strength. From the laboratory study presented in this work, it was clear that the stresses obtained 
from simple shear tests (with a NGI-type apparatus) do not correspond to the stresses at the plane 
with maximum stress obliquity. Therefore, they neither correspond to the failure envelope nor the 
critical state friction angle. This is in agreement with the chain of studies presented in literature. In 
the simple shear tests, there is a principal stress rotation, which varies with strength. The higher 
friction angle, the less stress rotation prevails. This implicates that values obtained from conventional 
simple shear tests must be fitted to a reference failure envelope to get the full stress state in the 
sample. Unless such reference data is available, the simple shear data cannot be used for stress 
determination. Therefore, it is recommended that conventional simple shear testing should not be 
used alone for strength determination. Instead, triaxial tests are recommended for reference to 
determine the strength. 

Dam stability is central in tailings management. The need for a safety margin against a dam failure is 
essential, and a convenient way to describe the safety is via the factor of safety. For slope stability 
aspects, the most critical slip surface in the dam is associated to a factor of safety that corresponds to 
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the ratio of maximum and mobilized shear resistance. Recommendations of the aimed factor of 
safety is normally given in dam safety guidelines, and is a key feature in the discussion with 
environmental courts, media and society. To avoid disaster like those reported from recent tailings 
dam failures, the need for appropriate dam safety measures is obvious. Using computer software to 
predict the most probable failure mechanism and corresponding factor of safety is one step in such 
safety work. Dam design and eventual strengthening actions can be optimised based on such 
calculations. But it should be remembered that the factor of safety is just a calculated value. The 
public deserve a verification of the dam safety, and for such verification the dam behaviour must be 
used to control whether the dam performs as intended. In this study a case was presented where the 
dam stability was predicted and strengthening actions were designed accordingly.  

To control whether the model is reliable, a six-year period of historical dam activities was simulated. 
Horizontal deformations were assessed, and compared to data obtained by an inclinometer in the 
dam. In addition to the constitutive behaviour used for the stability predictions, simulations were also 
performed with triaxial data, both via the Hardening Soil model and with the Mohr-Coulomb 
model. After comparison to field deformations, it was clear that simple shear data is largely 
overestimating the deformations in the dam. Rotational behaviour was modelled, i.e. largest 
deformation in the middle of the tailings deposit, but the deformations were clearly too large. 
Stronger agreement to field conditions was seen with the model using triaxial data as input to the 
model. With the Hardening Soil model, both rotational behaviour and deformations in the right 
magnitude were seen. The Mohr-Coulomb model though, was neither capturing the rotational 
behaviour nor deformations in the right magnitude.  

Considering the agreement to field deformations, the Hardening Soil model with triaxial input was 
the most appropriate model to use for simulating the tailings dam behaviour. Despite this finding, the 
stability assessment was performed with the simple shear data, due to conservative reasons. Therefore, 
the stability is most probably higher than what is expected via the stability prediction. Further 
simulations and comparisons to other deformation measurements in the dam should be performed 
before the simple shear should be discarded in favour of modelling with triaxial data. For this 
purpose, additional inclinometers are now installed and used for deformation measurements. A study 
is also initiated at the facility where remote sensing, via drones and satellites, are utilised for 
deformation monitoring (RESEM 2017). With such measurements, additional data can be available 
for stability verification.  

A basic approach for assessing tailings dam stability is recommended as follows:  

A)  Study the constitutive behaviour of the tailings and choose appropriate constitutive 
relations. This can be performed via laboratory testing or physical modelling as centrifuge testing. 
The choice of the most appropriate constitutive relations is obviously a question of simplicity versus 
accuracy. More advanced models generally demand more input parameters, but are on the other 
hand more accurate in modelling the soil behaviour. Based on the results from this study, features as 
stress-dependent stiffness and shear-hardening were clearly favourable in modelling the dam 
behaviour.  

B)  Simulate estimated dam activities in a staged construction model. This can be done in 
commercial finite element programs. Activities such as dam raises, tailings deposition, strengthening 
actions should be included. Simulate the dam behaviour both under expected and extreme 
conditions, and design potential remedial works accordingly.  

C)  Evaluate properties from the simulations corresponding to field instruments in the 
dam, for example pore water pressure and deformations (horizontal or vertical).  
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D)  Export the predicted values from the model, and compare with field measurements. 
Strong agreement between predicted values and field measurements indicate a good control of the 
dam behaviour. With such control, the dam stability is clearly more understood than if only stability 
calculations are performed. The proposed methodology is therefore recommended in order to verify 
tailings dam stability. Without strong agreement between simulations and field data, there is room 
for better understanding of the tailings dam behaviour. More work is then needed in order to 
understand the dam, either on a constitutive level or on a global (system) level. The work needed is 
clearly not an easy task for engineers, but considering the consequences with insufficient dam 
stability, a systematic approach is obvious. Stability of dams should not stay on a calculation-level, 
but must be verified via the field behaviour.  

Common for the three sets of research objectives, i.e. freezing/thawing aspects, strength evaluations 
and stability assessments, is the need for site-specific tailings management. Although the findings 
regarding simple shear testing is applicable to soil mechanics in general, the different objectives 
demonstrate that tailings management has not a universal recipe. The tailings deposition must clearly 
be adjusted to climatic conditions, thickened tailings technology might miss its intended merits in 
cold climate, and tailings dam stability might be unverified without a sound approach in predicting 
dam behaviour. None of these aspects are today covered in guidelines or handbooks on tailings 
management or dam safety.  
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6 CONCLUSIONS 

Based on the work presented in this thesis, following conclusions are drawn: 

 A numerical model was created, and used to study the depositional effects on the thermal 
regime. In particular, it was used to approach an optimum deposition schedule in order to 
prevent permafrost generation. Results showed that deposition period (when), deposition rate 
(how quick), and material properties (wet, dry, loose or dense) have significant impact on the 
permafrost generation. Wet and loose tailings are more susceptible to permafrost generation 
and such material highly restrict the time available for deposition, whereas dry and dense 
material can be deposited longer time periods. With the proposed methodology, deposition 
schedules for tailings facilitates in cold regions can be optimised.  

 A thaw stability analysis was conducted on tailings slopes. It was found that rapid thaw can 
generate excess pore water pressure at the thaw front. Correspondingly, insufficient stability 
might arise on the frozen interface and masses of tailings might slide in the impoundment. 
Although the beach slopes are relatively flat in impoundments with conventional (wet) 
tailings deposition, the findings can have implications in facilitates where thickened tailings 
technologies are adopted. With steeper beach slopes, the risk of sliding is increased. The 
intended merits with the thickened technology might be lost due to climatic factors. Higher 
dams might be needed to increase the freeboard.  

 Simple Shear tests (NGI-type) have been examined and compared to triaxial tests on sand. 
Simple shear tests are common in Sweden, but the standardised Swedish evaluation method 
was found to be inappropriate. The prevailing concept of evaluating the shear stress at a fixed 
strain, i.e. 0.15 radians, should be discarded. Instead, the measurements of axial strain should 
be used to find the appropriate shear strain at which the critical state stresses are reached.  

 The laboratory study showed that conventional simple shear testing is inappropriate to 
determine strength properties alone. Despite critical state is reached in the simple shear test, 
the stresses obtained cannot be used for soil strength determination. This is in agreement to 
earlier studies presented in literature. In simple shear testing there is principal stress rotations, 
which vary with material strength. Unless the principal stress rotation is known, the data 
obtained from a simple shear tests cannot be used to determine the soil strength. Strength is 
therefore recommended to be determined by triaxial tests, where the principal stresses are 
known. 

 A methodology to assess dam stability was proposed. With numerical modelling, the stability 
and associated dam behaviour is predicted. Staged constructions should be simulated, and the 
dam behaviour should be estimated. The dam behaviour should be assessed in measurable 
units, available via geotechnical instrument. A sound understanding of tailings behaviour, on 
a constitutive level, is important for such modelling. It was shown that there are clear benefits 
with advanced constitutive modelling in estimating dam behaviour. 

 The safety margin in dam stability cannot be directly measured. Verification of the dam 
stability must be conducted via comparison of estimated (simulated) and measured behaviour. 
Strong agreement indicates good control and the stability can be verified. But without good 
agreement, more work is needed to understand the dam behaviour and corresponding 
stability. 
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6.1 Ideas for future work 

To gain a better understanding of tailings deposition in cold climate, more field measurements are 
recommended. In addition to the case study presented in this study, tailings deposition and 
concurrent freezing, thawing and snow cover should be measured. With such measurements, further 
comparison can be made to the results obtained by the presented model. Also, the optimization of 
deposition schedules should interact with other depositional aspects such as drainage, consolidation, 
air-drying and density increase. This is recommended for further studies.  

Although the presented laboratory study on sand clearly showed deficiencies in the conventional 
evaluation of simple shear tests, it would be interesting with further studies on the subject. 
Therefore, a recommendation is to conduct further comparisons between simple shear tests and 
triaxial tests. A systematic approach in altering densities, stress levels, grain sizes, mineralogy etc. 
would further improve the understanding on simple shear behaviour.  

Further studies are recommended on the strength properties of tailings with respect to particle 
crushing, particle shape and surface irregularities. The sand studied in this thesis was formed under 
natural geological conditions, which differ significantly from the tailings origin. Potential effects due 
to mechanical or chemical weathering of tailings are therefore recommended. This is interesting not 
only for todays’ conditions, but also for long term behaviour of tailings.  

Although the strength determination in chapter 3 was concentrated on the critical state concept, 
effective to describe soil behaviour independent of initial densities, there are other concerns 
regarding the density aspects of tailings which have been neglected in this thesis. Examples are 
stiffness properties, consolidation aspects, and liquefaction susceptibilities. Further studies are 
recommended on these aspects. 

In addition to conventional instrumentation used for dam surveillance, there is today a trend in 
adopting remote sensing techniques to monitor surface movements. Via drones or satellites, quick 
measurement with regular intervals can easily be used to monitor dams. It is therefore recommended 
to further study potential benefits and disadvantages with the technology. With reliable 
measurement, they can be used for dam safety assessments according to the methodology presented 
in this thesis, i.e. prediction vs. verification.  
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Abstract 
Deposition of mine tailings in a cold climate requires precautions as temporary sub-zero temperatures can imply 

considerable consequences to the storage due to creation of permafrost. The risk of creating man-made 

permafrost lenses due to tailings deposition exists even in regions with no natural permafrost, as material being 

frozen during winter might not fully thaw by the following summer. When such frozen layers thaw during later 

longer warmer periods, excess pore water pressure and large settlements might develop. Such implications close 

to the dam structure have to be avoided and therefore the risk of generating permafrost should be reduced.  

This paper describes a geothermal model for one-dimensional heat conduction analysis. The model is able to 

simulate the temperature profile in tailings where the surface elevation is constantly increased due to deposition. 

At the tailings surface, the boundary condition is the air temperature changing over time during the year. Air 

temperatures, tailings deposition schedule and tailings properties are given as input to the model and can easily 

be changed and applied to specific facilities. 

The model can be used for tailings facilities in cold regions, where the effects of tailings deposition on the 

temperature regime are of interest. Findings can improve tailings management by explaining man-made 

permafrost generation. The model can also aid in setting up appropriate deposition schedules and to prevent 

generation of permafrost layers. 

Keywords: tailings, geothermal model, freezing, thawing, tailings deposition, permafrost 
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1 Introduction 
Tailings management in a cold climate requires certain precautions. Freezing of pipes, malfunctioning 

instrumentation or heavy snowfall can all imply disturbances in tailings operations. Tailings deposition must be 

conducted in a way that freezing/thawing does not add to additional risks in tailings dam performance.  

At sub-zero temperatures heat is transmitted out of the tailings and a frost front penetrates downwards. In 

summer heat is added to the tailings from the air and the frozen tailings thaw. In areas without natural permafrost 

the added heat during summer is greater than what is released during winter. Thus the thaw depth reaches the 

maximum frost depth formed during winter. Permafrost is defined as a state where soil remains frozen over at 

least two consecutive winters, including the intermediate summer (Andersland and Ladanyi 2004). 

Tailings storage facilities (TSFs) are continuously growing structures as their heights increase as deposition 

prevails. Therefore, the energy balance is different compared to that of static structures with constant geometric 

boundary conditions. During deposition, the energy that is withdrawn from a certain depth during winter might 

not be re-entered to the same depth during summer due to the increased height of the structure, see Fig. 1. Part of 

the tailings that freeze during winter might therefore remain frozen after the following summer, and thus 

permafrost is generated. Indications of such man-made permafrost have also been observed in facilities in 

Sweden, even in regions without natural permafrost. A photo from an excavated trial pit, indicating such a frozen 

layer, is presented in Fig. 2. The photo was taken during late summer whilst thaw was taking place from above, 

with approximately 1m of frozen material remaining.  

In cases where embedded frozen layers thaw, excess pore water pressures (Morgenstern and Nixon 1971), large 

settlements (Wang et al. 2014) and thaw stability issues (McRoberts and Morgenstern 1974) might occur. These 

can have significant influence on the tailings dam safety (Knutsson et al. 2016; Korshunov et al. 2016), and 

therefore the generation of man-made permafrost in non-permafrost regions should be prevented. 

 

 

Fig. 1 Heat withdrawn (winter) and re-entered (summer) in tailings with increased height 
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Fig. 2 Photo from a TSF in northern Sweden, indicating a permafrost layer 

Guidelines on how to optimize tailings deposition with respect to sedimentation, consolidation and desiccation 

(Qiu and Sego 2006) are available for tailings management. With careful operation procedures in terms of 

tailings deposition, it is possible to control (within limits) the tailings density, compressibility, permeability and 

shear strength in different zones of a tailings facility (Blight 2010). However, studies on the freezing/thawing 

aspects associated with tailings deposition are very limited in literature. Nixon & Holl (1998) modelled the 

geothermal regime in tailings with deposition and concurrent freezing and they showed that generation of 

layered permafrost in tailings impoundments might take place. Caldwell et al. (2014) adjusted the tailings 

deposition to seasonal aspects to gain property enhancements in the tailings due to freezing/thawing, but where 

the thermal regime was disregarded. No studies or guidelines have been found on how to manage tailings 

deposition in a cold climate or to prevent permafrost generation. Thus, there is a need for a methodology to 

model the geothermal regime in tailings, taking into account site specific conditions such as deposition rate, 

tailings properties and climatic conditions. This paper presents the set-up of such a simplified model. The model 

can be used for explaining the generation of man-made permafrost. It can also be used by engineers in setting up 

deposition schedules, winter planning and related topics for tailings management in cold regions. 

2 Method 
A model has been generated where the finite difference method was used for one-dimensional heat conduction 

analysis. The model was created in MATLAB (MathWorks Inc. 2016). For the analysis, moving boundaries 

(space vs. time) were included by increased layer thickness (raised tailings surface) and moving freeze/thaw 

fronts. At the tailings surface (upper limit) a periodical boundary condition (temperature change over time) was 

applied, and in the bottom a fixed boundary (temperature) was applied. Site specific data representing any 

tailings facility of interest was read as input to the model. Also, ratios between air and ground surface 

temperatures (n-factors) were given as input. A schematic flowchart of the model is presented in Fig. 3, which 
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will be further explained in the following sections. In this paper simulation examples were performed with 

temperature data representing a mining district in northern Sweden. 

 
Fig. 3 Schematic flowchart of the model 

The equation for one-dimensional heat conduction including phase change is given in Equation (1). 

 ± = 0 (1) 

where:   

  Volumetric heat capacity for the soil mixture [J/(m3·°C)] 

  Temperature     [°C] 

  Time      [s] 

  Volumetric latent heat     [J/m3] 

  Depth from the tailings surface   [m] 

  Thermal conductivity for the tailings mixture [J/(s·m·C°)] 
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The first term in Equation (1) corresponds to change in energy storage. The second term corresponds to the latent 

heat that is released (-) when freezing, or absorbed (+) when thawing. The third term corresponds to net energy 

flow by conduction. The sum of these terms is zero, assuming no other ways of energy flow than conduction. 

Neither heat flow by radiation, nor by convection are taken into consideration in Equation (1).  

Equation (1) was solved numerically by a finite difference method. An explicit method was used (FTCS, 

forward-time central space method). The finite difference equation for heat conduction is presented in Equation 

(2), after Ho et al. (1970). 

 , = , + , , , ,  (2) 

where:   

  time step  [s] 

  element size  [m] 

Subscripts j and t denotes position and time respectively. 

The release/absorption of latent heat was not explicitly taken into consideration in Equation (2). The phase 

change was controlled separately by setting the element temperature to 0°C until the accumulated heat flow 

from/to the element exceeded the latent heat. The temperature was then again computed with Equation (2). The 

fixed phase change temperature (0°C) is a known limitation in the model. For fine grained soils there can be 

unfrozen water in sub-zero temperatures and associated depression of the freezing temperature. Wen et al. (2012) 

found significant amounts of unfrozen water in a silty clay when subjected to sub-zero temperatures, and showed 

that unfrozen water and soil matric potential clearly influence moisture migration in freezing soil. A review on 

frost-heave research and ice-lens formation is presented by Peppin & Style (2013) who discussed models on how 

to explain moisture migration and frost heave. Ma et al. (2015) studied the effects of a non-linear relationship 

between unfrozen water and freezing temperatures. They discussed the phase change process, the mechanical 

equilibrium in the phase transition zone, and the applicability of the Clausius-Clapeyron equation in soil 

freezing. Despite the limitation regarding unfrozen water content and frost depression, the model proposed in 

this study is considered valid for tailings that normally consist of fractions as silty sand (Vick 1990). Sandy soils 

are generally insensitive to unfrozen water content in sub-zero temperatures and the freezing temperature 

depression is low (Andersland and Ladanyi 2004). Therefore, the model is considered applicable for tailings with 

grain sizes in the range of silty sand to sand.  

The model was here set up to simulate 8 meters of tailings (as initial depth). The element size (dx) was chosen as 

0.05m and the total simulation period was 5 years. At the tailings surface a periodical temperature condition was 

used, i.e. air temperatures with time. The ground surface temperature was calculated in a hypothetical element at 

the tailings surface using a constant temperature ratio between air and ground temperatures, the n-factor. 

Eventual snow cover on the surface was not incorporated in the model. 
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In order to get stable solutions, the maximum time step according to Equation (3) was used, after Ho et al. 

(1970). Equation (3) corresponds to the stability limit in finite difference schemes, see e.g. Kincaid and Cheney 

(2002), where the time step relates the increment to the physical properties of the layer (Ho et al. 1970). In 

general, the allowable time step decreases with reduced element size, or increased thermal conductivity.  

  (3) 

2.1 Tailings properties 
Thermal properties needed for the tailings are thermal conductivity (k), volumetric heat capacity (C) and 

volumetric latent heat (L’). The parameters have been calculated based on methods given in Andersland and 

Ladanyi (2004) with the assumption that no unfrozen water was present in the frozen tailings. The thermal 

conductivity of the tailings was calculated with the model proposed by Johansen (1975). He expressed the 

unsaturated thermal conductivity in terms of the dry and saturated thermal conductivities of the soil. The thermal 

conductivity of dry soil is assumed to be a function of dry density. For saturated conditions, it is expressed as a 

geometric mean of thermal conductivity of the soil’s solid and water components. The thermal conductivity of 

the solid component is mainly dependent on the quartz content of the solid grains. Johansen’s model has been 

confirmed to accurately predict the thermal conductivity for a wide range of soils and saturation levels, both in 

frozen and unfrozen states (Farouki 1986; Barry-Macaulay et al. 2015). It is therefore considered appropriate for 

estimating the thermal conductivity of the tailings. The specific gravity (GS), quartz content in the grains (q), dry 

density ( d) and degree of water saturation (Sr) were read as input to the model and used for calculation of the 

thermal properties. The different thermal properties for unfrozen and frozen tailings respectively have been used. 

The calculated properties were assumed to be constant over time and depth. 

2.2 Tailings deposition 
Tailings deposition has been considered as a raised tailings surface with time. For time steps where tailings were 

deposited, a new element was added as the uppermost soil element in the model. Its location was between the 

element where the ground surface temperature was calculated and the previous soil element. This is illustrated in 

Fig. 4, in which the new inserted element is marked with “NEW”. 

The new element was given the same properties as the uppermost element in the previous time step. The 

temperature for the new element was read as input to the model, here set to 15°C. The corresponding values at 

the end of the time step were calculated with Equation (2). The value of 15°C corresponds to the temperature of 

fresh tailings when deposited, assumed to be close to room temperature (i.e. temperature in the extraction plant). 

This temperature was set to be constant over the year, assuming no significant effect on the frost and thaw 

depths, which was shown by Nazarova et al. (2015). The temperature’s impact on the results was also studied, 

see section 2.4 Sensitivity analysis. 

Model elements for three time steps are schematically illustrated in Fig. 4. Before any calculations were 

performed for a new time step, the boundary condition representing the ground surface temperature was updated. 
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In addition, the x-coordinate which represents the depth from the ground surface was changed when a new 

element was added, see Fig. 4. 

 
Fig. 4 Changed element set-up due to tailings deposition. Dashed elements represent the elements where 

conversion is made from air temperature to ground surface temperature. Red elements (“NEW”) are added due to 
tailings deposition 

2.3 Site specific input 
The model was set up with the possibility to read input data representing a certain tailings facility. The features 

used as input were 1) Air temperature, 2) Tailings deposition schedule, 3) Tailings properties, 4) New tailings 

temperature, and 5) n-factors. 

Air temperature data was given in the format temperature with time, here read in excel format (.xls). As a 

simulation example, air temperatures representing a mining district in northern Sweden were used. The 

temperature scenario and the location are presented in Fig. 5. The temperature scenario is here representing a 

normal year, but could also have been imported as actual data directly from a weather station. 
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Fig. 5 Air temperature scenario representing a mining district in northern Sweden (star) 

Tailings deposition was given in the format tailings height with time in excel format. Two examples were 

simulated. One example with no tailings deposition (constant tailings height with time) and the second having a 

constant height increase of three meters per year, i.e. 15 meters over the simulated time. In the latter case, 

approximately every 6 days, the model has been raised with a new element.  

The tailings properties used were specific gravity (GS) 2.8, quartz content (q) 40%, dry density ( d) 1.5 t/m3 and 

degree of water saturation (Sr) 100%. These values correspond to water content (w) 30.9% and correspond to 

expected in-place properties of the deposited tailings (Vick 1990). The properties were used to calculate the 

thermal properties in the model, presented in Table 1. 

Table 1 Calculated thermal properties 

 Thermal conductivity 
k, [W/(m·°C)] 

Volumetric heat capacity 
C, [J/(m3·°C)] 

Volumetric latent heat 
L’, [J/m3] 

Unfrozen tailings 1.48 3.12·106 

1.55·108 

Frozen tailings 2.80 2.13·106 

 

The temperature of new tailings was set to the constant value of 15°C.  

The n-factors were chosen as 0.9 for sub-zero temperatures and 2.0 for temperatures above zero. These values 

were used to calculate the ground surface temperature from the air temperature (changing with time). No 

information in literature has been found on n-factors for tailings. Therefore, the values were chosen to represent 

sandy soil in open conditions and no vegetation (Andersland and Ladanyi 2004). A constant temperature of 

0.1°C was set at the 8m depth (maximum depth) as a fixed boundary condition. This temperature represents the 

average yearly temperature at the location.  

For this study, there was no field data or other tailings temperatures available to use as the initial temperature 

condition. Instead, initial simulations were performed in order to estimate an appropriate temperature profile 

before the tailings deposition started. Ten years were simulated with changing temperatures at the surface 

(temperature scenario in Fig. 5), without any tailings deposition. Initial temperatures (start values) for this initial 
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run were set to 0.1°C, which correspond to the average yearly temperature. The initial temperatures (start values) 

can be chosen to any value, but it was shown that after three years into the simulation their effects on the 

temperature profile had vanished. On October 1st, the temperature profile appeared the same every following 

year, i.e. the temperature profiles (on October 1st) between years 4 and 10 were identical. Therefore, the resulting 

temperature profile (year 4) was considered appropriate for the upcoming simulations with tailing deposition.  

2.4 Sensitivity analysis 
In order to illustrate the model parameters’ impact on the simulations, a sensitivity analysis was conducted. The 

parameters used in the analysis were element size (dx), degree of water saturation (Sr), deposition rate (surface 

height increase per year), and temperature of new tailings added on top (Tnew). Each parameter was changed one 

at a time, keeping all other parameters at their original values.  

The altered parameters are presented in Table 2. Original values correspond to the simulations explained in 

earlier sections. Lower and upper values were chosen to cover a range of model parameters. For the degree of 

water saturation, only lower values were possible since the original value was 100% (saturated).  

Table 2 Parameters used in the sensitivity analysis 

 Original value Lower value Upper value 

Element size, dx,[m] 0.05 0.01 0.1 

Degree of water saturation, Sr [%] 100 66 - 

Deposition rate, [m/y] 3 1.5 6 

Temperature new tailings, Tnew [°C] 15 10 20 

 

The element size had a large impact on the computational effort. Not only was the number of elements increased 

when reducing the value, but the time step was also decreased, see Equation (3). In this case, the lower value of 

element size (0.01m) meant 125 times larger number of computations compared to the original value (0.05m), 

i.e. 5 times the number of elements and 25 times the number of time steps. Similarly, the upper value (0.1m) 

meant 12.5% of the number of computations compared to the original value (0.05m), i.e. 50% of the number of 

elements and a 25% of the number of time steps. 

The temperature of new tailings added on top was only studied for the case with tailings deposition (3m/y). 

2.5 Limitations 
To the authors’ knowledge, there is no model used today in tailings management where the depositional effects 

on the thermal regime are studied. Such a model should at least include continuous deposition, or increased 

surface height with time and therefore it has to be noted that this study only takes the heat balance into account. 

Thus, no unfrozen water is considered in the frozen tailings, and correspondingly no cryogenic suction, moisture 

transfer, or ice lens formations are taken into consideration. Also, generation or dissipation of excess pore water 

pressure during thawing has been disregarded. Therefore, neither frost heaving, nor thaw consolidation 

settlements are modelled. Such frost actions will further change the thermal properties and balance.  
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Despite disregarding the hydro-mechanical aspects, insulating effects due to tailings deposition are covered. The 

simulations conducted here can explain the principle of generating man-made permafrost. Also, the model can 

help in setting up appropriate deposition schedules, in order to prevent permafrost generation.  

Although no moisture transfer is included in the model, the effect of the water content on the thermal regime (by 

affecting the thermal properties) was studied in the sensitivity study. Its effect was shown to have less impact on 

the results compared to the depositional aspects. This further motivates the need to include surface height 

increase in geothermal modelling.  

3 Results 

3.1 Temperature profile 
The calculation starts in October. The temperature profiles for the case with no tailings deposition are presented 

in Fig. 6. Three profiles covering the first year of the simulation are presented, i.e. representing February 1st, 

June 1st and October 1st (following year) respectively. The constant tailings surface corresponds to elevation 0. 

Results in Fig. 6 indicate that the frost penetration has reached 1.50m in February 1st. In June the freezing front 

has penetrated to 1.95m below tailings surface, but at the same time the thaw depth has reached 0.85m, resulting 

in a 1.10m thick frozen layer. In October (following year) no frozen tailings were present, i.e. all frozen 

materials were thawed. As the unfrozen tailings (at large depth) had a constant temperature of +0.1°C it is 

difficult to show the freezing front for the June-profile graphically. Locations of freezing and thawing fronts are 

further presented in the section 3.2 Zero-isotherm. 

Temperature profiles for the simulation with tailings deposition are presented in Fig. 7. The new elevation of the 

tailings surface was 1m in February, 2m in June and 3m in October. The heat entering the tailings during 

summer was therefore entering the profile at a higher elevation than from where it was withdrawn. The increased 

tailings surface elevation was correspondingly resulting in thicker layers of frozen tailings compared to the 

results presented in Fig. 6. For October 1st there was 1.05m of frozen tailings remaining in the profile, which is 

not present in Fig. 6 when the tailings were not raised. 
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Fig. 6 Temperature profiles - no tailings deposition 

Fig. 7 Temperature profiles with tailings deposition (3m/y) 

 

 

3.2 Zero-isotherm 
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The moving freezing and thawing fronts with time are presented as the zero-isotherm(-s) in Figs. 8 and 9. The 

simulation with no tailings deposition (constant height) is presented in Fig. 8 and the case with tailings 

deposition (3m/y) is presented in Fig. 9. Shaded areas in the figures represent frozen tailings.  

Fig. 8 Zero-isotherm for the simulation with no tailings deposition 
 

Fig. 9 Zero-isotherm for the simulation with tailings deposition (3m/y) 

For the case with no tailings deposition, all frozen tailings were thawed during the summer (as indicated in Fig. 

6). The maximum frost depth reached in April was 1.95m. For the case with tailings deposition, embedded layers 

of frozen tailings were generated (1.05m in thickness). These layers remain frozen in the following seasons and 

are therefore regarded as permafrost.  
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3.3 Sensitivity analysis 
In Fig. 10 the effect of element size (dx) is presented, where the upper row (a and b) correspond to the case 

without and the lower row (c and d) to the case with tailings deposition. The element size had a minor effect on 

the frost and thaw penetration independent of whether it was coarser or finer size. However the “resolution” is 

the obvious difference between the results. The finer elements resulted in higher resolution in the frost/thaw 

depth penetration, with less “stairway steps” in the curves. 

Fig. 10 Impact of element size. Black curves represent original values, i.e. dx=0.05m. Red curves dx=0.1m (in a 
and c) and blue curves dx=0.01m (in b and d) 

In Fig. 11 the effects of lower degree of water saturation (Sr) and deposition rates are presented. Fig. 11a present 

zero-isotherms without deposition and Fig. 11b-d correspond to deposition rates 1.5, 3.0 and 6.0 m/y 

respectively. Less water (Sr=66%) resulted in thinner layers of permafrost than was seen for saturated conditions. 

In general, the lower degree of saturation had a very low influence on the frost penetration, up to 0.05m larger 

frost depths (i.e. one element), whereas larger differences were seen on the thaw penetration, up to 0.30m larger 

thaw depths. Less water is expected to increase frost and thaw depths, but its larger influence on the thaw depth 

than on the frost depth explains the difference in permafrost thickness. Similar differences were seen for all cases 

with tailings deposition, irrespective of the deposition rate. But the largest impact on the permafrost generation 

was clearly due to the tailings deposition. Even for the low deposition rate of 1.5m/y, permafrost was observed 

for both water contents studied. The permafrost thickness was also increased with increased deposition rate. The 

generation of permafrost is therefore considered to be more sensitive to tailings deposition than to possible 

changes in water content.  
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Fig. 11 Impact of degree of water saturation and deposition rates. Black curves represent original values 

Sr=100%, and blue curves Sr=66%. PF=Permafrost thickness 

The temperature of the new tailings (Tnew) added on top was found to have very low influence on the frost and 

thaw depths. For the value 10°C, no effects were noticed neither on frost nor thaw depths. In Fig. 12 the effect of 

the increased value (20°C) is presented. The maximum frost depth was decreased with 0.05m (i.e. one element), 

but no influence was found on thaw depth. 

 

Fig. 12 Impact of temperature of new, added tailings. Black curves represent original value (Tnew=15°C) and blue 
curves the increased value (Tnew=20°C) 

4 Discussion 
In this paper a model is described, simulating the thermal regime in tailings where site specific conditions are 

imported as input data, which has been subsequently used in the analysis. Such examples of input data are air 

temperatures, tailings deposition schedule, tailings properties, n-factors (ratio of air temperature and ground 
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temperature) and temperature of the new tailings. Results from simulations can be assessed as either temperature 

profiles or moving freezing/thawing fronts with time, i.e. zero-isotherms.  

Two cases were simulated and presented in order to illustrate the outcomes. Firstly, without tailings deposition 

and secondly, including tailings disposition with a constant height increase of three meters per year. The two 

cases were simulated for a period of five years, with a similar air temperature acting at the tailings surface, as a 

boundary condition. The same tailings properties and corresponding thermal properties were used for the two 

cases. The simulations showed a clear difference in obtained thermal regime. The case with constant elevation of 

the tailings surface (no deposition) indicated thawing depths that reached the maximum frost depths and no 

frozen tailings are found after the summer. These results were expected since no natural permafrost exists in the 

area of study. 

For the simulated case where the tailings surface was raised with time (tailings deposition 3m/year), layers of 

tailings were found to remain frozen (see Fig. 9). The amount of heat that entered the tailings surface (in 

summer) was not sufficient to thaw all the frozen material due to the new material added on top. Man-made 

permafrost was generated due to the tailings deposition, and it remained frozen during the whole simulated 

period. The model’s ability to capture multiple layers of permafrost when having deposition and concurrent 

freezing corresponds to results presented in Nixon and Holl (1998).  

The sensitivity analysis indicated that the element size mainly affected the resolution of the zero-isotherms, see 

Fig. 10. Smaller elements give higher resolution (less stairway steps) than coarser elements. Since the required 

time step is automatically changed in the model, a decreased element size also generates a higher number of 

computations during the simulation. The choice of element size is therefore a matter of desirable resolution of 

the results with an adequate computation time. 

For the temperature of the new tailings added on top, it was shown that changes in temperature had a very low 

influence on the results. This finding is in agreement with results presented in Nazarova et al. (2015). 

The sensitivity analysis also showed that the degree of water saturation has a bigger influence on the results than 

what is seen from altered element sizes or temperature of added tailings. Less water in the tailings, essentially 

increased the maximum thaw depths (0.3m), and correspondingly decreased the thickness of the generated 

permafrost layers. The difference in the degree of saturation was resulting in similar permafrost decrease (i.e. 

0.25-0.3m) irrespective of the deposition rate. But the deposition rate was the most influencing factor in the 

generation of permafrost. The deposition rates studied in the sensitivity analysis show that permafrost generation 

is clearly increased with increased deposition rate.  

In this study only the heat balance was taken into account and in return hydro-mechanical aspects related to 

freezing and thawing were disregarded. Nonetheless, the tailings deposition plays a much larger role on the heat 

flow and corresponding permafrost generation than seen, based on the sensitivity study, from altered water 

contents. Considering the need for a model where tailings deposition is included in geothermal simulations, this 

motivates the model’s simplicity. Tailings deposition, i.e. surface height increase with time, is included and 

simulations can aid in understanding the principle of generating man-made permafrost in tailings facilities.  It 

should be noted that for other scenarios, e.g. in road design, hydro-mechanical aspects might be dominant and 
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should be included in geothermal modelling. Such frost heave or thaw consolidation aspects are disregarded 

here.  

The proposed model has been used in a separate case study where temperatures and frost/thaw depths in a 

tailings facility were simulated and compared to field measurements (Knutsson et al. 2018). Site specific air 

temperatures and tailings properties were used as input. Despite the model’s simplicity, the thermal regime 

predicted with the model showed strong agreement with field conditions. The validation motivates further use of 

the model. 

The presented model can be used in order to understand the effect of tailings deposition in cold regions. The 

thermal regime and corresponding development of the zero-isotherm are simulated and can be used in order to 

find a proper deposition schedule. This is a methodology that can aid in optimizing the tailings deposition, and 

be a complement to the methodology presented in Qiu and Sego (2006). Temperature data, given as input, can be 

assessed either from a weather station or from meteorological databases. Deposition data should be available 

from operational data from the mine, and tailings properties should be estimated based on geotechnical 

investigations. The data is then read as Excel spreadsheets into the MATLAB model. 

The methodology presented can be used for applications other than tailings deposition. Excavations, filling and 

embankment construction in cold regions are examples of geotechnical structures where heat might be extracted 

and re-entered at different elevations. A consequence might therefore be man-made, built-in permafrost similar 

to what is shown in this study. The presented model can therefore be used to find the schedule when such 

construction work should be performed in order to avoid permafrost generation. 

5 Conclusions 
A one-dimensional geothermal model using the finite difference method is developed. The model simulates the 

temperature profile in tailings where the surface elevation is increased due to deposition. At the tailings surface 

the temperature is the boundary condition and changes with time. Air temperatures, tailings deposition, and 

tailings properties are given as input to the model and can therefore easily be adapted to specific facilities. The 

resolution of the results depends on the chosen element size, but where the computational effort is highly 

affected. The tailings properties play an important role on the thermal properties and correspondingly the results. 

The deposition rate is the most influencing factor in the generation of permafrost. The temperature of new 

tailings deposited on the surface has very low influence on the results. The model can be used for tailings 

facilities in cold regions, where thermal regimes are of interest for tailings management. Simulations can help 

setting up deposition schedules and thus prevent man-made permafrost layers. 
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Abstract 

Managing tailings deposition in cold climate requires certain precautions not to create permafrost. 

The risk of generating permafrost due to tailings deposition exists even in regions with no natural 

permafrost. Material being frozen during winter might not fully thaw in the following summer due to 

added height of the tailings on the surface. Such embedded layers of permafrost should be avoided 

especially close to tailing dams. Main reasons are to prevent impermeable layers in tailings facilities, 

and to reduce the risk of having implications if such layers thaw during warmer summers causing e.g. 

increase in pore water pressure, reduced effective stress, and increased water content.  
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This paper presents a numerical study on the effects of tailings deposition in cold regions in relation 

to the potential formation of permafrost. Various deposition rates, schedules and tailings properties 

were studied. One-dimensional heat conduction analyses were performed with a temperature 

scenario representing a mine district in northern Sweden. Results show, that the thickness of 

permafrost layers increase with increased deposition rate and with increased water content. It was 

also shown that wet and loose tailings must be deposited in short periods during summer to avoid 

permafrost generation. In the case of dry and dense tailings more time is available for deposition in 

order not to cause formation of permafrost in the deposit.  

These findings can help mining companies to set up deposition schedules for tailings facilities in cold 

climate. For known tailings properties, results can be used to identify periods of the year when, and 

how much, tailings can be deposited in critical areas of a deposit in order to avoid permafrost 

formation.  

Keywords:  tailings, tailings deposition, permafrost, deposition method, freezing, thawing 

Introduction 

There are extensive research documented on tailings deposition methods and their corresponding 

effects on tailings properties. With the purpose to increase storage capacity and to enhance 

consolidation, density and strength, views on deposition methods have evolved with time (Gipson, 

1998; Robinsky, 2000; Caldwell and Van Zyl, 2011). The so-called sub-areal deposition method 

(Knight and Haile, 1983) with systematic discharge in thin layers is a well-used technique where 

tailings settle, drain, partially air-dry and increase in density. For this, the storage facility is normally 

divided into sections, facilitating rotational deposition (Gipson, 1998). By rotational deposition the 

tailings in one section is allowed to air dry and consolidate, while depositing in the next section. 

Details on how to optimize tailings deposition with respect to sedimentation, consolidation and 

desiccation are given by Qiu and Sego (2006a, 2006b, 2007). 
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However, little emphasis has been given tailings deposition methods in cold regions, where effects of 

freezing and thawing have to be taken into consideration. Managing tailings deposition in cold 

climate requires precautions to prevent the generation of permafrost. Tailings are normally delivered 

to a mine’s tailings facility continuously throughout the year. There is therefore a need for robust 

delivery systems and appropriate deposition schemes in order to avoid disturbances in tailings 

management.  

Lighthall (1987) concluded that sub-areal deposition is less suitable in cold and damp weather 

compared to warm, arid regions. He also gave an example with sub-areal deposition for a restricted 

time of the year. During winter, the tailings were discharged into a special part of the facility. Further 

sub-areal deposition continued after the thaw period. Nixon and Holl (1998) modeled the 

geothermal regime in tailings with deposition and concurrent freezing/thawing and they showed that 

generation of layered permafrost in tailings impoundments might take place. Indications of 

embedded frozen layers have been observed in tailings facilities in northern Sweden during summer, 

even though the facilities are located in regions with no natural permafrost. 

Due to thaw consolidation of fine tailings, dewatering and enhancements in consolidation (Proskin et 

al., 2010) and increasing stability (Beier and Sego, 2009) have been reported. However, no literature 

has been found on the behavior of tailings deposits where layers remain frozen. With embedded 

impermeable layers, the vertical drainage capacity is affected. The intended merits from the 

deposition method might therefore be lost. Other aspects of frozen layers in a tailings deposit are the 

consequences if, and when, such layers thaw. Excess pore water pressure (Morgenstern and Nixon, 

1971), large settlements (Wang et al., 2014) and thaw stability issues (McRoberts and Morgenstern, 

1974) might develop. These can have significant influence on the tailings dam safety (Knutsson et al., 

2016; Korshunov et al., 2016). The generation of permafrost layers should therefore be prevented in 

tailings facilities.  
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This paper presents a numerical study of the effects of tailings deposition on permafrost generation. 

Various deposition rates and schedules were considered. Different tailings properties in terms of 

degree of water saturation and dry densities were taken into consideration. This was studied for a 

climatic scenario representing a mine district in Sweden, located north of the Arctic Circle. The aim of 

the study was to find periods of the year when tailings can be deposited without generating 

permafrost. The findings can aid in the set-up of deposition schedules, winter planning and related 

topics for managing tailings in cold climate. 

Method 

Simulations in this study were conducted with a one-dimensional geothermal model developed by 

Knutsson et al. (2017). The model simulates the temperatures in tailings when the surface elevation 

is increased due to deposition. At the tailings surface the temperature is changed according to 

ambient air temperatures. Air temperatures, tailings deposition rate (height increase with time), 

tailings properties, tailings slurry temperature and n-factors are given as input to the model 

(Knutsson et al., 2017).  

The study was conducted for climatic conditions representing a mine district in northern Sweden, 

Figure 1. Air temperatures used for simulations are presented in Figure 2. The average yearly air 

temperature for this location is +0.1°C. Simulations were performed to represent a period of 10 

years. The ratio between air temperatures and ground surface temperatures (n-factors) (Andersland 

and Ladanyi, 2004) were set to 0.9 (freezing) and 2.0 (thawing). No consideration was taken to 

potential snow on the tailings surface. The temperature of the new tailings added on the surface due 

to deposition, was set to +15°C. This temperature has been shown to have very low impact on 

freezing and thawing depths (Knutsson et al., 2017). 

Initial tailings depth, before any new tailings were added on the surface, was set to 8 meter. The 

element size, in which temperatures were computed, was set to 0.025m (Knutsson et al., 2017).  
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Figure 1. Left: Scandinavian peninsula. Right: Norrbotten county (Sweden) with location of the mine district (star). 

No deposition 

To get a reasonable temperature condition in the tailings before any tailings were added, a case 

without tailings deposition was studied first. 10 years with freezing and thawing were simulated with 

constant tailings height. As initial condition, all tailings were assigned the temperature +0.1°C which 

correspond to the yearly average air temperature, see Figure 2. This temperature was also kept 

constant at the bottom of the model.  

Simulated temperature profiles at October 1st are presented in Figure 3. After 3 years, no differences 

were seen on the temperature profile. The final temperature profile was later used as initial profile 

before tailings were added on the surface. 
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Figure 2. Air temperatures used as input for the simulations, idealized for a normal winter and summer respectively.  

 
Figure 3. Temperature profiles October 1st (without deposition).  

Tailings deposition 

In the simulations, tailings were added on the tailings surface with time. For this, it was assumed that 

the in-place properties (given as input, see section Tailings properties) were present immediately 
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after the tailings were added. Neither ponding water, nor drying/wetting interactions were included 

in the model.  

Different scenarios of tailings deposition were studied. Firstly, three deposition rates were simulated, 

i.e. the increase of the yearly tailings height. These were 1, 2 and 3 meter per year. Secondly, the 

time period for which the tailings were deposited were studied for 12 months deposition per year 

(i.e. continuous height increase), 8 months deposition per year and 4 months deposition per year. 

Rates and deposition periods are presented in Figure 4 for one of the starting times (October 1st). 

Solid lines correspond to 12 months deposition, dashed lines to 8 months deposition, and dotted 

lines to 4 months deposition per year respectively.  

Thirdly, the starting time of the deposition period was altered. Simulations were performed for 

deposition periods starting at the first day of every month of the year. Next set of simulations would 

therefore start their deposition periods November 1st, moving the curves in Figure 4 one month to 

the right. Next set of simulations would start their deposition periods December 1st, and similarly for 

the following months.  

 
Figure 4. Tailings deposition rates. 12, 8 and 4 months deposition periods per year, starting at October 1st.  

Tailings properties 

Tailings properties used as input to the model were specific gravity (GS), quartz content in the grains 

(q), degree of water saturation (Sr) and dry density ( d). These properties were used to calculate the 
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thermal properties of the tailings, i.e. thermal conductivity (k) according to Johansen (1975) for 

frozen and unfrozen conditions. Volumetric heat capacity (C) for corresponding conditions and 

volumetric latent heat (L’) according to Andersland and Ladanyi (2004) were also determined. The 

thermal properties were assumed to be constant over time and by depth. No water uptake, 

generation of ice lenses, or frost heaving were taken into consideration. Neither was any unfrozen 

water content taken into consideration in the tailings at temperatures below 0°C. 

Tailings added at the surface were assumed to achieve their properties immediately after deposition. 

The properties given as input should therefore be regarded as in-place properties. The same property 

values were given to both existing and new (added) tailings.  

Specific gravity and quartz content were set constant to 2.8 and 40% respectively. For degree of 

water saturation and dry density (and the corresponding gravimetric water content w), four 

combinations were studied: 

 “Wet & Loose”  Sr 100% and d 1300 kg/m3 (w=41.2%) 

 “Wet & Dense”  Sr 100% and d 1800 kg/m3 (w=19.8%) 

 “Dry & Loose”  Sr 33% and d 1300 kg/m3 (w=13.6%) 

 “Dry & Dense”  Sr 33% and d 1800 kg/m3 (w=6.5%) 

These combinations were chosen in order to cover expected in-place properties for a wide range of 

tailings (Vick, 1990). Note that the expressions “Wet & Loose” etc. are just names for easier 

comparison between upcoming results, and should not be confused with any mechanical state 

expressions (loose/dense or contractive/dilative).  

The calculated thermal properties for the property-combinations are presented in Figure 5.  
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Figure 5. Thermal properties used in the simulations. Filled dry properties (Sr=33%) and white 

wet properties (Sr=100%). 

Sensitivity analysis 

In order to understand the effect of potential heat from below in a tailings profile, a sensitivity 

analysis was performed with increased bottom temperature. Such heat is expected to have an 

impact on the generation/prevention of frozen layers in the tailings profile.  

The bottom temperature was increased to represent the average yearly ground surface temperature 

when taking the n-factors into consideration. The original value was +0.1 °C, which represents the 

yearly average air temperatures, but in the sensitivity analysis the value was set to +4.7 °C.  The same 

temperature +4.7 °C was also used as initial temperatures in all tailings in simulations with no 

deposition. In addition to the original set of data seen in Figure 3, the new temperature profile after 

10 years was used as the initial profile for the simulations with tailings deposition. 
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Results 

Simulated freezing and thawing fronts were assessed in terms of isotherms for 0°C. The zero-

isotherms correspond to the elevations where phase change took place with time (freezing or 

thawing). 

No deposition 

Zero-isotherms for the case without tailings deposition are presented in Figure 6. Results for the 

combinations “Wet & Loose” and “Wet & Dense” are presented in Figure 6a with enlargements of 

the last simulated year (year 10) in Figure 6b. The combinations “Dry & Loose” and “Dry & Dense” 

are shown in Figure 6c and d respectively.  

Largest frost depths were seen for the first winter. For the following years the frost depths decreased 

to stable values, reaching the same frost depth every winter being logical as the air temperature was 

the same. The maximum frost depths for every year are presented in Table 1. The large frost depth in 

the first winter was due to the initial temperature condition in the model (+0.1°C). After year 3, the 

effects from the initial temperature condition were no longer seen on the frost depth. This 

corresponds to the temperature profiles in Figure 3, where no differences were seen after year 3.  
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Figure 5. Zero-isotherms for the case with no deposition. Upper (a and b): “Wet & Loose” (dashed) and “Wet & Dense” 

(solid). Lower (d and d): “Dry & Loose” (dashed) and “Dry & Dense” (solid). Right: (b and d) enlargements of year 10. 

 
Table 1. Maximum frost depths (meters below tailings surface)– Without tailings deposition 
Property Year: 

1 2 3 4 5 6 7 8 9 10 
Wet & Loose 1.875 1.850 1.850 1.850 1.850 1.850 1.850 1.850 1.850 1.850 
Wet & Dense 2.375 2.275 2.250 2.250 2.250 2.250 2.250 2.250 2.250 2.250 
Dry & Loose 1.975 1.825 1.800 1.800 1.800 1.800 1.800 1.800 1.800 1.800 
Dry & Dense 2.675 2.350 2.300 2.300 2.300 2.300 2.300 2.300 2.300 2.300 
 

Tailings deposition 

In Figure 7 the zero-isotherms are presented for deposition period of 12 months per year, i.e. 

constant height increase with time. The rows in Figure 7 (a-c, d-f, g-i, j-l) correspond to the different 

property combinations (Wet & Loose, Wet & Dense etc.), and the columns (e.g. a, b, c) correspond to 

the tailings deposition rates 1, 2 and 3m/y respectively. Shaded areas in the figure correspond to 

frozen tailings. 
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For “Wet & Loose” material in Figure 7a-c, layers that remained frozen with time developed 

irrespective of the deposition rate. During thaw, the added tailings on the surface implied that 

insufficient amount of heat reached the frozen layer. Therefore a layer remained frozen, which 

therefore is regarded as permafrost. Similar layers of permafrost were then generated for the 

following seasons (the horizontal layers in Figure 7). With increased deposition rate, the permafrost 

layer thickness increased. The layer thickness varied between 0.35 m for a deposition rate of 1 m/y, 

and 1.2 m for a deposition rate of 3m/y. The thickness of the generated permafrost layers (stable 

values) are presented in Table 2. 

Compared to “Wet & Loose”, less permafrost was generated for the other property combinations 

due to the different thermal properties. For “Wet & Dense” in Figure 7d-f, no permafrost was 

generated for the deposition rate 1m/y. But with increased deposition rate, permafrost was 

generated, i.e. 0.425m for 2m/y and 0.875m for 3m/y. Similar behavior is seen for “Dry & Loose” in 

Figure 7g-i where permafrost was observed at deposition rate 2m/y and higher, with thickness 

between 0.25 (deposition rate 2 m/y) and 0.65 meter (deposition rate 3 m/y). For “Dry & Dense” in 

Figure 7j-l, no permafrost was observed for any of the deposition rates.  

The initial temperature regime, i.e. temperature profile after ten years without deposition (see 

Figure 3), had most impact during the first years of simulations. After three years the zero-isotherms 

in Figure 7 indicated repeated appearance every year, i.e. similar frost/thaw depths every year. The 

most obvious difference is seen in Figure 7h (Dry & Loose, 2m/y) where the first season implied no 

permafrost. But for the following years there was permafrost generated, reaching the same thickness 

from year 3 and ahead. For all the scenarios when permafrost was generated, the frozen layers got 

the same thickness for the following years, presented in Table 2.  

From Figure 7 and Table 2 it is clear that 12 months deposition of a “Wet & Loose” material always 

generated permafrost for the studied deposition rates, and a “Dry & Dense” material never 

generated permafrost. In Figure 8, these combinations are presented for a deposition period of 8 



13 
 

months. In Figure 9 the results are presented for a deposition period of 4 months. For Figure 8 and 9, 

the deposition periods start in January (coldest month of the year) and July (warmest month of the 

year) respectively. The results are presented for the deposition rate 3m/y. Thickness of permafrost 

layers are presented in Table 3. 

 
Figure 7. Zero-isotherms for 12 months deposition (constant height increase with time). 
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Table 2. Permafrost thickness [m] for 12 months deposition (constant height increase with time). 
  Dep. rate 1 m/y Dep. rate 2 m/y Dep. rate 3m/y 
Wet & Loose 0.35 0.8 1.2 
Wet & Dense 0 0.425 0.875 
Dry & Loose 0 0.25 0.65
Dry & Dense 0 0 0 
 

 
Figure 8. 8 months deposition period, January till August (a and b) and July till February (c and d) respectively. “Wet & 
Loose” in a and c, and “Dry & Dense” in b and d.  
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Figure 9. 4 months deposition period January till April (a and b) and July till October (c and d) respectively. “Wet & 
Loose” in a and c, and “Dry & Dense” in b and d. 

 

Table 3. Permafrost thickness [m] for 8 and 4 months deposition per layer. Deposition periods start in January and July. 
Deposition rate 3m/y. Wet & Loose and Dry & Dense properties.  
8 months deposition: (c.f Figure 8)  Wet & Loose Dry & Dense 
Deposition starts in January 1.525 0.375 
Deposition starts in July 0.875 0 
4 months deposition: (c.f Figure 9)   
Deposition starts in January 2.6 1.775 
Deposition starts in July 0 0 
 

The results in Figure 8-9 and Table 3 indicate that permafrost was not present for “Wet & Loose” 

material if its deposition period was shortened and started during summer, i.e. deposited during 4 

months starting in July. The results also indicate that permafrost was generated even for “Dry & 

Dense” material if it was deposited for 8 or 4 months, when starting in January. 

In order to facilitate comparison of all the results, a dimensionless quantity named Permafrost ratio 

is introduced, see eq. (1). It is defined as the ratio of permafrost layer thickness formed each year 

and the height increase the same year. In this way the results are normalized for the deposition rate. 
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A value of 1 means that the same amount of tailings added during the year remains frozen as 

permafrost (at least over one season). A value of zero means that no tailings remain frozen as 

permafrost. Permafrost layer thickness and deposition rate is also graphically presented in Figure 10. 

In Figure 10, year 4 and 5 are presented for the case with 8 months deposition period starting in 

January. The deposition rate is here 3 m/y, and the resulting permafrost layer thickness is 1.525 m. 

The corresponding permafrost ratio is 0.51.  

    =    [ ]   [ ]  (1) 

 
Figure 10. Graphical presentation of Permafrost layer thickness and Height increase per year.  

Permafrost ratios for the case with 12 months deposition periods are presented in Table 4. The 

permafrost ratios for a deposition period of 8 months are presented in Figure 11. The permafrost 

ratios are plotted for the corresponding starting time of the deposition period. The subplots (a-d) 

correspond to different property combinations (“Wet & Loose”, “Wet & Dense” etc.). Similarly, 

results for a deposition period of 4 months are presented in Figure 12. 

Table 4. Permafrost ratios [-] for 12 months deposition (constant height increase with time).  
  Dep. rate 1 m/y Dep. rate 2 m/y Dep. rate 3m/y 
Wet & Loose   0.35 0.40 0.40 
Wet & Dense 0 0.21 0.29 
Dry & Loose 0 0.13 0.22 
Dry & Dense 0 0 0 
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Both 8 and 4 months deposition periods (Figure 11 and 12 respectively) indicate more permafrost 

generation during the cold months, i.e. when the deposition periods started during winter. Less 

permafrost was generally generated when the deposition period started during the summer.  

Thickest permafrost was always generated for the “Wet & Loose” material. This was followed by 

“Wet & Dense”, “Dry & Loose” and least permafrost was generated for “Dry & Dense”. This order is 

in the same order as the corresponding water contents, .i.e. less permafrost generation with 

decreased water content.  

For “Wet & Loose” material the deposition rate had low influence on the permafrost ratio for both 8 

and 4 months deposition (Figure 11a and 12a). The results differed just slightly between the different 

deposition rates. Hence, the thickness of the permafrost layers was nearly proportional to the 

deposition rate. This proportionality was not seen for the other material combinations, where there 

were more visible differences between the permafrost ratios representing the different deposition 

rates.  

By comparing Figure 11 and Figure 12 with Table 4, shortened deposition periods result in larger 

“amplitudes” of the permafrost ratios. With shortened deposition periods, more permafrost was 

generated when starting in the winter. This corresponds to the results presented in Figure 8 and 9 for 

the “Dry & Dense” case. Hence, the shortened deposition period open up for possible deposition 

periods for “Wet & Loose” in order to avoid permafrost generation. On the other hand, shorter 

deposition period result in fewer months available to start deposit “Dry & Dense” material.  
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Figure 11. Permafrost ratios for 8 months deposition periods.  

 
Figure 12 Permafrost ratios for 4 months deposition periods.
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Sensitivity analysis 

The sensitivity analysis with increased bottom temperature indicated, as expected, more thawing 

from below. Zero-isotherms corresponding to 12 months deposition period (constant height increase 

with time) are presented in Figure 13. The results show that thawing from below took place at the 

deepest located frozen layer. The frozen layers above were not affected by any thawing from below. 

When a frozen layer was fully thawed, the thawing continued at the next layer above. This type of 

permafrost degradation was not seen in Figure 7, with the original, colder temperature at the 

bottom.  

In Figure 13 it is also shown that the thawing from below is slower than the generation of permafrost 

at the top. Therefore, after some years the same permafrost layers (same thickness) were generated 

on the top. The increased bottom temperature had no effect on the permafrost layer thickness 

added in each year at the end of the simulation.  

With shortened deposition periods, i.e. 8 or 4 months, the increased bottom temperature had a 

small effect. The warmer bottom temperature implied some resistance in permafrost generation 

compared to simulations with original, colder bottom temperature.  

Deposition periods to avoid permafrost generation 

As presented in Table 4 and Figure 11-12, permafrost generation could be avoided by depositing the 

material at certain rates, deposition periods and starting times. Since tailings normally are delivered 

to the facility all year round, it must correspondingly be deposited somewhere in the facility. For 

prioritized sections in the facility, deposition can be scheduled according the results in Table 4 and 

Figure 11-12. Such sections could be close to critical dams or spillways where permafrost should be 

avoided. For other times of the year, less prioritized sections must be used for deposition even 

during periods when permafrost is generated.  

A long period of time (during a year) available for deposition would facilitate when setting up a 

deposition schedule. This would create flexibility in the schedule, with possibilities to deposit at 
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other sections, at other times, and still not generate permafrost. The number of months available to 

start the deposition period without generating permafrost is presented in Figure 14. The numbers of 

months correspond to the data presented in Table 4 and Figure 11-12 where the permafrost ratio is 

zero. 12 months (vertical axis) in Figure 14 mean that the deposition period can be started any time 

of the year, and 0 months mean that there is no appropriate time to start the deposition period for 

preventing permafrost. White markers in the figure correspond to the original bottom temperature 

(+0.1°C), while filled markers correspond to results from the sensitivity analysis with warmer bottom 

temperature (+4.7°C). The results from the sensitivity analysis are only shown when differences 

compared to original values were found. 
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Figure 13. Zero-isotherms for 12 months deposition period. Sensitivity analysis with warmer bottom temperature (4.7°C). 

For “Wet & Loose” properties, the deposition period should be short (4 months) in order to avoid 

permafrost (see Figure 14a) and the period should start between June and August (comp. Figure 11 

and Figure 12). The deposition rate had no influence here. But for “Dry & Dense” properties (Figure 

14d), the deposition could be deposited for 12 months (continuously) to avoid permafrost (see Figure 

7j-l). For deposition rate 1 m/y the deposition period can be shortened and still be started any time 
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of the year. But for higher rates there are permafrost generated when the deposition period starts 

during the winter (see Figure 11 and Figure 12), and less time is available to the start the deposition 

period.  

For the intermediate properties (“Wet & Dense” and “Dry & Loose”, Figure 14b-c), the time available 

to start deposit varied with both deposition rate and the deposition period. For deposition rate 1 

m/y, the time available to start the deposition period was reduced when the deposition period was 

shortened. But with higher deposition rates, the time available to start the deposition period was 

increased with corresponding shorter deposition periods. 

From the sensitivity analysis, the warm bottom temperature slightly increased the number of months 

to start deposit. It was mainly for deposition rates 1 m/y that the times were affected. Also, for 

dense materials (Figure 14b and d) there was for the deposition rate 2 m/y increased time to start 

deposit. 

 
Figure 14. Time (number of months) available per year to start a deposition period in order to avoid permafrost. White 
markers correspond to original bottom temperature and filled markers to the warmer (W) bottom temperature. 
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Summary and Conclusions 

Results presented in this study show that tailings deposition has significant effect on possible 

permafrost generation. Main factors are the time when deposition starts, the volume of deposition 

and their rate (rate of raise) and the tailings properties. For all simulated scenarios the permafrost 

layer increased with increased deposition rate. With increased surface height, the added tailings act 

as insulation and prevent heat to reach the frozen layer and thus thaw it. It is also shown that 

permafrost layer thickness is highly dependent on the material properties. Thickest permafrost is 

always generated for “Wet & Loose” followed by “Wet & Dense”, “Dry & Loose” and “Dry & Dense”. 

This order corresponds to decreased water contents, .i.e. less permafrost generation with decreased 

water content.  

The material properties also have significant influence on the permafrost generation when the 

deposition period is shorter, seen in Figure 14. In order to avoid permafrost generation, the “Wet & 

Loose” material should be deposited in a short period in the summer. But for “Dry & Dense”, longer 

deposition periods are preferable. For intermediate properties, the number of months available to 

start depends on both the deposition period and deposition rate. The sensitivity analysis with 

warmer bottom temperature indicates just minor enhancements in time available to start 

deposition. More thawing takes place from below, but permafrost layers are still generated at the 

surface. Number of available months to start the deposition period is presented in Figure 14. When 

the corresponding deposition periods should start can be read from Figure 11 and Figure 12.  

The methodology presented in this study can facilitate how to set up tailings deposition schedules in 

cold climate. For a certain type of tailings, the presented results can be used for finding periods when 

tailings can be deposited in order to avoid permafrost. Similar to rotational deposition (Gipson, 

1998), the deposition period for preventing permafrost can be adjusted to a schedule so generation 

of permafrost is avoided in critical sections of the facility. For other periods of the year, deposition is 

rotated to less critical sections of the facility.  



24 
 

Findings from this study can be applied on both existing facilities and those being designed. Whereas 

appropriate deposition periods can be found for an existing facility, new facilities can also be 

designed having the deposition rate in mind. The deposition rate would correspondingly be due to 

facility area and the amount of tailings delivered. For both existing and new facilities, the material 

properties are important and should, for avoiding permafrost, be as dry and dense as possible. This is 

similar to techniques such as sub-areal (Knight and Haile, 1983) or thickened deposition (Robinsky, 

2000) where increased dry density is one of their merits. 

Another possibility to prevent generation of permafrost is a shorter deposition period. Whereas a 

short deposition period might be needed to prevent permafrost, it might be inappropriate for 

aspects as drainage, air-drying and increased density. For example, depositing 3m of tailings in 4 

months might be needed in order to avoid permafrost, but might be too quick for gaining the 

properties striven for. Also, such quick deposition can affect consolidation processes negatively and 

eventually leading to undrained situations in the deposit. Such hydro-mechanical aspects due to 

tailings deposition have not been studied here. This is subject to further research in order to find 

appropriate deposition methods with respect to both permafrost generation and in-place tailings 

properties. The effects from snow cover on the thermal balance in combination with tailings 

deposition has not been regarded here. The discussion with such interaction has been highlighted by 

Nixon and Holl (1998), and is subject to further research.  
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Abstract 
Seasonal freezing and thawing can have significant effects on tailings management. Tailings 

delivery, depositional schemes and water treatment are examples of activities that must be 

dealt with extra concern in sub-zero temperatures. Changes in mechanical properties, 

drainage possibilities or embedded frozen tailings layers are effects that can arise in poorly 

managed facilities. To avoid such consequences, a good understanding of the seasonal 

effects on the tailings deposit is needed. To get a better understanding of the geothermal 

regime in tailings, this paper presents a case study with geothermal modelling performed for 

the Laiva tailings facility in Finland, where major seasonal freezing and thawing periods are 

present. Ground temperatures and frost lines were predicted via one-dimensional modelling 

using air temperatures and snow cover depths from adjacent weather stations, and basic soil 

properties from the facility. Simulated results were compared to data obtained from thermal 

instruments in the field. The snow cover and its estimated thermal properties were shown to 

have large influence on the results. The model was able to accurately predict the thermal 

regime measured in the field. Strong agreement was shown, both in terms of ground 
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temperatures and frost front positions. The methodology presented, is useful for tailings 

management schemes in cold regions. 

Keywords: geothermal monitoring, geothermal modelling, tailings, soil temperature, frost 

tubes, snow cover 

1 Introduction 
For tailings storage facilities in Arctic or subarctic climate winter conditions should be 

considered in the management of tailings. Seasonal freezing and thawing of deposited 

tailings have significant impact on the tailings deposit influencing changes in mechanical 

properties (Beier and Sego, 2009), drainage and consolidation possibilities (Proskin et al., 

2010) and embedding of layers that remain frozen all year round (Nixon and Holl, 1998). All 

of these aspects must be considered in the stewardship of northerly located facilities. 

Optimising deposition schemes with respect to winter conditions (Caldwell et al., 2014; 

Knutsson et al. 2017a) are therefore important for successful management. With reliable 

predictions of the thermal regime associated with freezing and thawing, better understanding 

and improved stewardship can be reached for tailings facilities in cold regions.  

Finland and Sweden are rich on mineral deposits. Many of the mines are located in the north 

with significant major seasonal freezing and thawing. Therefore freezing of pipes, impact on 

water balance and thaw weakening of frozen tailings are concerns in cold climate that must 

be dealt with in tailings management. There have also been indications of embedded 

permafrost layers in some facilities, even though there is no natural permafrost in the specific 

regions. To get a better understanding of the geothermal regime in tailings facilities, reliable 

predictions are needed. This paper presents a study of geothermal simulations and field 

monitoring of the tailings facility belonging to the Laiva gold mine, Finland.  

The aim of the study is to evaluate the ability to predict thermal regimes in tailings with just 

very basic information available. Prediction is here conducted with a geothermal model, 

using easily accessible data such as air temperatures, snow depth cover and soil/tailings 

parameters as input. Predicted temperatures and frost front positions are compared with 

corresponding field data. Good agreement between simulation results and field data would 

validate the modelling methodology and confirm the ability to predict frozen areas. The 

method would then be useful for prediction of temperatures and frost lines in northerly 

located tailings facilities. 
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2 Method  
For this study, one-dimensional simulations were performed with a model developed by 

Knutsson et al. (2017b). The model simulates the geothermal regime in tailings. Inputs to the 

model are easily accessed from weather stations (air temperatures and snow depth cover) 

and tailings management operations (deposition rate and tailings properties).  

2.1 Case study - Laiva tailings facility
Laiva is a gold mine owned by mining and exploration company Nordic Mines. It is located 

approximately 70 km south-west from city of Oulu (Fig. 1, left). The Laiva mine produced gold 

between 2011 and 2014 and is currently inactive (Nordic Mines, 2014).  

Tailings generated from the extraction processes were pumped approximately 7 km from the 

plant to a high compression thickener, located close to the tailings facility. The thickened 

tailings with estimated solids content of 65-70 % (by mass) were fed to the tailings facility 

(Regional State Administrative Agency of Northern Finland, 2016). An overview of the tailings 

storage facility is presented in Fig. 1, right. Along the perimeter of the facility, embankment 

dams (class 2 dam in Finnish dam safety classification, Isomäki et al., 2012) confine the 

deposited tailings. Downstream the dams, ditches are used for catchment of seepage water. 

The tailings were deposited from three discharge points approximately 100 m from the 

northern dam. The discharge points can be seen as the white areas near the middle of the 

facility in Fig. 1, where colours correspond to surface elevation.  

 

Fig. 1. Left: Location of Laiva Mine (star). Right: Laiva tailings facility with locations of field instruments. 

2.2 Thermal field data 
The thermal regime in the Laiva tailings facility is monitored by one set of temperature 

sensors and two frost tubes (also known as Gandahl frost depth indicator, Gandahl, 1963). 
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For this study, air temperatures measured at a weather station of Finnish Meteorological 

Institute in the city of Raahe (FMI, 2017) were used. The weather station is located 

approximately 21 km west from the tailings facility. The temperatures might slightly differ 

compared to those in Laiva, but will not further be considered here. 

The temperatures in the tailings deposit are measured with Onset HOBO UA-001-08 

Pendant temperature data loggers (Onset, 2017). A set of 11 loggers are attached to 

hollowed cavities in a plastic pipe with foam rubber insulation and plastic outer casing so that 

each logger rests in an insulated cavity. A tight-fitting hole was drilled into the tailings for the 

logger unit installation. The sensors are located approximately at depths of 0.1 m, 0.2 m, 

0.4 m, and so forth with an interval of 0.2 m down to 2 m below the tailings surface. The set 

of sensors are presented in Fig. 2. 

With frost depth indicators, the position of the zero-isotherm is measured. It is a casing 

containing removable, transparent inner tube filled with a methylene blue solution which 

change colour upon freezing. The zero-isotherm is noticed as the distance between the 

ground surface and the boundary between white ice and unfrozen blue water in the inner 

pipe. To follow the frost penetration, measurements are taken at regular intervals during the 

winter by lifting the rod up and notice the boundary between ice and not frozen blue water. A 

frost tube in Laiva is presented in Fig. 2. 

Frost depth indicators (tubes) are easy to handle and well-aimed for measuring frost 

penetration (Iwata et al., 2012). The accuracy in measuring frost depth is about 5 mm 

(Andersland and Ladanyi, 2004). However, frost tubes don’t provide any information on the 

temperature profile. Also, frost tubes are not usable for measuring thaw penetration 

compared to measurements with temperature sensors (Iwata et al., 2012). For temperature 

sensors inaccuracies in detecting phase changes in the soil are highlighted by Sharratt and 

McCool (2005). Therefore, frost tubes and temperature sensors are complementary and the 

instruments provide good information on the thermal regime in the soil.  

The placement of the instruments in the Laiva tailings facility is also presented in Fig. 1, right. 

Frost tube 1 and the temperature sensors are located in the middle of the facility 

approximately 100 m south of the northern dam. They are located close to one of the former 

tailings discharge points (highest elevation). Frost tube 2 is placed approximately 100 m east 

of the western dam, most far away from the former tailings discharge points (the lowest 

elevation).  

In Laiva, the winters are associated with a snow cover which acts as an insulating layer on 

the ground surface. The depth of the snow cover was represented here by snow 
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measurements conducted by the Finnish Meteorological Institute in the municipality of 

Siikajoki (FMI, 2017). Siikajoki is located approximately 25 km north-east of the Laiva tailings 

facility, and 33 km east of the weather station providing air temperatures. The snow depths 

with time (winter 2016-2017) are given in Fig. 3 (scale on right axis).  

The temperature sensors were installed May 28, 2016 and temperatures are logged 

automatically every fourth hour. The specifications indicate an accuracy of ±0.53 °C and a 

resolution of 0.14 °C for the sensors. Measured temperatures with time are presented in Fig. 

3, where the different curves correspond to sensors at different depths.  

For the summer conditions (left part in Fig. 3), shallow placed sensors show temperatures 

that directly change as a response to the air temperatures (black curve). For the sensors at 

larger depths, the temperatures are changing with time, but the response to air temperatures 

is slower. The yearly temperature variation is therefore lower at larger depths. For the sensor 

located at 0.1 m depth, the agreement with air temperatures is strong during the summer 

period. At the beginning of winter (November), the agreement is lost. Despite significant 

drops in the air temperature, the temperature at the sensor near tailings surface remains 

close to -1 °C. This is due to the effects of the snow cover, but also to the phase change due 

to freezing in the tailings. To the right in Fig. 3, the strong agreement with air temperatures is 

again seen. This is the period when the tailings are thawed, and temperatures above zero 

are measured. 

The readings from the frost tubes are taken once a week by staff at the Laiva mine. The 

results of these measurements are presented in Fig. 4. The zero-isotherm from temperature 

sensors, interpreted with linear interpolation, is also given in Fig. 4. Frost penetration starts in 

the beginning of November. A rapid frost penetration took place in the beginning of the 

winter, followed by stagnated penetration between mid-November and early January. From 

January, frost penetration rate was increased and reached the maximum frost depth at the 

end of the winter (May). Maximum frost depth (0.49 m) was seen in frost tube 1. No data is 

available for the frost tubes later than April 12. In the beginning of May, the temperature 

sensors indicated thawing, lasting for one week until all tailings were thawed. 

Although similar trends are found for all instruments, comp. Fig. 4, some differences are 

noticed. The difference in the results from frost tube 1 and tube 2 can be attributed to their 

different locations in the facility. Despite tailings thickening, some sorting of grains is 

probable due to hydraulic tailings deposition. The area in which frost tube 1 is located, is 

expected to contain slightly denser and/or drier tailings than that in the area where frost tube 

2 is located. Dry tailings would therefore allow faster and deeper frost penetration compared 

to wet tailings. This can be recognised in the results (Fig. 4). Based on location, interpreted 



6 
 

frost depths from temperature sensors and frost tube 1 should be identical. But major 

differences are seen in mid-December where the temperature sensors indicate the profile to 

be fully thawed, which is not seen by the frost tubes. Since frost tubes are unsuited during 

thaw (Iwata et al. 2012), the temperature measurements are more reliable for this time 

period.  

Further differences in frost depths are noticed in March/April. The frost depth derived from 

temperature sensors stabilizes just above the depth of 0.4 m, whereas the frost depth 

obtained from the tube continue to increase. The temperature sensor located at 0.4 m depth 

mal-functioned and did not measure sub-zero temperatures until the first week of May and 

this is likely the reason behind the observed differences during this time period. 

 

 

Fig. 2. Left: Frost depth measurements via frost tube. Right: Temperature loggers 
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Fig. 3. Left axis: Air and ground temperatures with time (logger depths in legend). Right axis: Depth of snow cover with time. 

 

Fig. 4. Winter 2016-2017. Upper: Air temperatures and snow cover depth. Lower: Measured frost depths from frost tubes, and 

interpreted zero-isotherm from temperature loggers. 
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2.3 Tailings properties 
Tailings were sampled around the facility. Most laboratory work was performed on samples 

taken close to one of the discharge points (the middle “cone” in Fig. 1). The tailings were 

classified as sandy clayey silt (approx. 65 % fines). Average values of degree of saturation 

(Sr), dry density ( d), gravimetric water content (w) and particle density ( s) are given in Table 

1. The quarts content (q) in the ore is estimated to range between 56-59 % (Finnäs, 2017). 

These values were used for estimating thermal properties of the tailings.  

2.4 Simulations 

2.4.1 Model input 

The aim was to capture the thermal regime in the tailings, which was measured at site. For 

this, one-dimensional simulations were performed with a model developed by Knutsson et al. 

(2017b). The model simulates the geothermal regime in tailings with possibility to include 

tailings deposition (change of tailings height with time). At the tailings surface, the 

temperature is changed with time according to ambient air temperatures. Air temperatures, 

tailings height with time, tailings properties and ratios between ground surface temperatures 

and air temperatures (n-factors) are given as input to the model (Knutsson et al., 2017b). For 

this study, no tailings deposition was included in the simulations since no deposition is taking 

place. The thermal effects of snow cover were however taken into consideration.  

The thermal properties for the tailings were calculated according to Andersland and Ladanyi 

(2004) based on the measured soil properties. The thermal properties are summarised in 

Table 1. 

Table 1. Tailings properties and their calculated thermal properties 
Input Thermal conductivity, k Vol. heat capacity, Cvol Vol. latent 

heat, L’ Unfrozen Frozen Unfrozen Frozen 

Sr = 95 % 

d = 1.77 

t/m3 

w = 19.4% 

s = 2.77 

t/m3 

q = 57.5 % 

2.03 

W/(m·°C) 

3.25 

W/(m·°C) 

2.79·106 

J/(m3·°C) 

2.06·106 

J/(m3·°C) 
1.14·108 J/m3 

  

The simulations were performed for a 10 m thick tailings profile. The element size was set to 

0.01 m (elements in which temperatures were calculated). Air temperatures from the weather 
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station in Raahe Lapaluoto (FMI, 2017) were imported to the model. The yearly average air 

temperature was calculated to 3.85 °C, and was used as a fixed temperature in the bottom of 

the simulated tailings profile.  

The ratio between ground surface temperature and air temperature, the n-factor after 

Andersland and Ladanyi, was chosen to be 1. This value is in agreement with the summer 

period (Fig. 3), where there is strong agreement between air temperatures and temperatures 

at 0.1 m depth. Although less information is available regarding the n-factor in sub-zero 

temperatures (since it is affected by snow), it was set in this study to 1 during winter time 

well. 

Available field data is restricted to the period from May 28, 2016 and onwards, see Figs. 3 

and 5. In order to estimate the temperature regime for the beginning of this period, 

simulations were performed for four preceding years with static tailings surface (starting in 

October 2012). The air temperatures used for this simulation are shown in Fig. 5. The 

temperature profile in October 2012 was set to 3.85 °C throughout the tailings profile. The 

simulated temperature profile for May 28 (2016) is presented in Fig. 6 (dashed line with open 

markers), and show strong agreement with the measured temperatures at this day (solid 

lines with filled markers). In Fig. 6 it is also clear that simulated temperatures at large depths, 

are barely influenced by the surface temperatures. At a depth of 7 m, the temperatures have 

a constant value 3.85°C, which is the boundary value set at the bottom of the profile. 

 

Fig. 5. Air temperatures used in the simulations (Oct.1 2012 to Jun.1 2017), from Raahe Lapaluoto weather station (FMI 2017). 
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Fig. 6. Field (measured at site) and simulated temperature profiles, May 28 2016. 

2.4.2 Snow cover 

The impact of snow on the thermal regime in the tailings was modelled by a thermal 

resistivity approach. The snow cover was in the model interpreted as a thermal resistance on 

the tailings surface, affecting the heat flow in and out of the deposit. Both snow cover and air 

temperatures (with time) are given as independent input to the model, while and possible 

melting of snow due to warm air temperatures is not considered. Melting is indirectly taken 

into account by the decreased snow cover, which is measured. A drawback with this method 

is that no temperatures in the snowpack are calculated but the simplified approach is useful 

for further modelling when tailings deposition must be taken into consideration. Such 

interaction between fresh tailings and snow (or snow fall) is discussed by Nixon and Holl 

(1998), and has not been simulated. By considering the snow as a surface resistance with 

time, this type of modelling is facilitated.  

The snow density profile was estimated by linear interpolation according to Fig. 7(a). New 

snow at the top was given a minimum density value ( min), and in the bottom of the snow 

pack the density increased linearly from the minimum value up to a maximum value ( max). 

The maximum density was reached at the day when maximum snow cover was measured. 

The snow density profile was correspondingly interpolated between the values at the surface 

and the bottom. After the maximum snow cover was reached, the density in the bottom was 

set constant to the maximum density value and the density at the surface was linearly 
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increased from the minimum to the maximum value. The snow density variation, calculated 

for the measured snow depth, is presented in Fig. 7(b). Light colours correspond to low 

densities and dark colours correspond to higher densities.  

For this study, three simulation cases were performed where the minimum snow density was 

altered, i.e. 200, 400 and 600 kg/m3 respectively. Maximum snow density was for all cases 

set to 600 kg/m3. For the case with minimum density of 600 kg/m3, the snow density was 

obviously constant 600 kg/m3 in time and depth.  

Based on calculated density, the thermal conductivity was calculated with Eq. (1) according 

to Sturm et al. (1997). 

 = 0.138 1.01 + 3.233   (1) 

: 156 / 600 /  

Where:   k thermal conductivity of snow  [W/(m·°C) 

    snow density    [kg/m3] 

Average thermal conductivities in the snow pack are presented in Fig. 7(c). It is clear that for 

the case with low snow density ( min 200 kg/m3) the thermal conductivity gets lower than for 

the cases with higher densities.   

The thermal resistivity of the snow pack was then calculated as the integral of the inverse of 

thermal conductivity, see Eq. (2). 

 ( ) = ( , )( )  (2) 

Where:   R thermal resistivity   [m2°C/W] 

The thermal resistivity with time, for the different simulation cases (Fig. 7(d)), increases with 

decreasing snow density. For the special case with constant density 600 kg/m3 the thermal 

resistivity corresponds to the snow depth divided by the thermal conductivity. The resistivity 

values presented in Fig. 7(d) were used in the simulations, acting as the thermal resistivity on 

the tailings surface. 

In addition to the three simulations described, a fourth case without snow cover was also 

simulated. 
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Fig. 7. a) Estimation of snow density (schematic). b) Calculated density variation in measured snow depth. c) Calculated 
average thermal conductivity in snow pack. d) Calculated thermal resistivity of snow for three simulation scenarios. 

3 Results 
Measured and simulated ttemperatures for depths of 0.1 m, 1 m and 2 m, are shown in Fig. 

8. Solid lines correspond to the measured (field) temperatures, and dashed lines to simulated 

temperatures with minimum snow density 400 kg/m3. In Fig. 8, the year is divided into three 

subplots, a, b and c corresponding to different time periods.  

For the summer period (May 28th -October 1st), Fig. 8(a), there is strong agreement between 

simulated and field temperatures. The curves of temperatures versus time are nearly 

identical. Shallow depths in the tailings are more sensitive to changes in the air temperature 

and this is well captured by the simulations. 

For the winter period (October 1st-Februabty 1st), Fig. 8(b), a deviation is noticed between 

simulated and field data. The difference was introduced during the first two weeks of 

November, where simulated temperatures at 1 m and 2 m depths got approximately 1.5 °C 

colder than what is seen in the field data (see dashed ellipse). For the rest of the simulated 

period, the difference remained nearly constant (curves are nearly parallel to each other). For 

0.1 m depth, larger deviation is seen in early November, but for the rest of the winter the 

temperature is close to -1 °C in both field and simulated data, see Fig. 8(c).  
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To facilitate comparison between simulated and field data, the frost and thaw depths with 

time are presented in Fig. 9. The simulated zero-isotherm is presented as the dashed line, 

where the lightly shaded area corresponds to frozen tailings. The abovementioned deviation 

between the simulated and observed temperatures in the beginning of November is also 

reflected in the simulated frost depth. The simulation indicated rapid frost penetration 

reaching a depth of 0.33 m in mid-November, whereas the measured frost depth was 

between 0.17 and 0.2 m from field data (see dashed ellipse). After some thawing, both from 

above and below, strong agreement to frost depths obtained from Frost tube 1 was seen 

from approximately February 1 onwards. The maximum frost depth, and the time when all 

tailings were fully thawed, was also simulated accurately. 

Fig. 10 shows the results for the simulations without snow and with altered snow properties. 

The zero-isotherm according to the temperature sensors is drawn for comparison. Compared 

to the simulation with minimum snow density of 400 kg/m3, the simulation with a lower 

minimum density of 200 kg/m3 resulted in smaller frost depths, and a constant density of 

600 kg/m3 resulted in larger frost depths. Largest frost depths are clearly seen for the 

simulations without any snow cover, which was expected due to the absence of surface 

resistivity.  
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Fig. 8. Field and simulated temperatures from May 28 2016 till June 1 2017. Dashed ellipse indicates the largest deviation 
between field and simulated data. 
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Fig. 9. Winter 2016-2017. Upper: Air temperatures and snow cover. Lower: Field and simulated zero-isotherms. Dashed ellipse 

indicates the largest deviation between field and simulated data. 

 

Fig. 10. Zero-isotherms for simulations with different snow properties. Upper: Air temperatures and snow cover. Lower: Field 
and simulated zero-isotherms. Dashed ellipse indicates the largest deviation between field and simulated data. 

In early November (see dashed ellipse in Fig. 10), all simulations indicate rapid frost 

penetration. For the three days just before the snow appeared, approximately 0.15 m of frost 
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penetration has been calculated in all simulations. This corresponds well with obtained field 

data, but it appears approximately one week later in field. The rapid frost penetration in the 

simulations is due to absence of snow at these initial winter days. When the snow arrived, 

the frost penetration started to differ between the simulations and the results depend on the 

assumed snow properties. For the lower minimum density simulation ( min 200 kg/m3), the 

generated frost depth in mid-November was larger than during the rest of the winter under 

same circumstances.  

In this study air temperatures and snow data were obtained from two different locations 

(33 km apart), 21 and 25 km from the tailings facility respectively. Local variations between 

the sites, e.g. slightly higher temperatures and/or earlier snow arrival, are therefore unknown. 

Such variations can explain why the simulated and observed values deviate in the beginning 

of the winter. With earlier snow or slightly higher air temperatures during the first days of 

November, the simulations would most probably show stronger agreement to the field data.  

4 Summary and Conclusions 
In this study, geothermal simulations were performed and compared with measurements 

from the field. The input data to the geothermal simulation were taken from weather stations 

(air temperatures and snow cover) and tailings data from laboratory testing. Simulations were 

performed based on the methodology described by Knutsson et al. (2017b) and extended 

with the possibility to account for a snow cover.  

From measured snow depth, its thermal resistivity was estimated and used as a surface 

resistivity on the tailings. This was performed by estimated density and its correlation to 

thermal conductivity (Sturm et al., 1997). The surface resistivity affects the heat flux in or out 

of the tailings. The method provides good information of the impact of snow on frost depths 

but no information of temperatures in the snow is obtained. Air temperatures and snow 

depths are given as independent input to the model, while local details like potential snow 

fall, snow melt, or refreezing of snow due to ambient air temperatures are not considered.  

The simulation with low snow density was, as expected, resulting in the smallest frost depths. 

Higher snow density was correspondingly resulting in larger frost depths. Largest frost 

depths were seen for the simulation without snow.  

Strongest agreement to field measurements was observed for the simulation with minimum 

snow density of 400 kg/m3. This was both the case for temperatures and frost depth versus 

time. The simulated temperatures for the summer period were nearly identical to the values 

observed in field measurements. Despite the large influence from snow parameters, the 
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model’s ability to predict the thermal regime in tailings is confirmed. Similar modelling is 

therefore recommended for predicting the thermal regime in tailings facilities with seasonal 

freezing and thawing. 

An obvious difference between simulations and field data, is the modelled rapid frost 

penetration in early November that was not measured in field. Considering the strong 

agreement for the rest of the simulated time period, the simulated error is most likely due to 

the variation of snow cover between the station and the actual location of the mine. The 

snow cover was shown to have large influence on the thermal regime in the ground, and its 

role during the first days of freezing is significant. Another potential explanation for the 

variations might be effects due to chemical reactions, salinity or moisture transfer, which 

have not been considered in the simulation. Despite using very basic information as input 

data, the strong agreement to field data validates the model’s ability and robustness to 

predict the thermal regime in tailings.  

Although a simple approach was used for treating the insulating effects of snow, the 

presented methodology seems promising for further modelling of tailings. In particular, its 

simplicity would facilitate its use in combination with tailings deposition.  
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ABSTRACT 

Less water and steeper beach slopes in tailings impoundments are two major advantages 
behind the decision of applying paste and thickened tailings technologies. The potential need 
for embankments with less height supporting the tailings impoundment is an example for using 
thickening systems. The use of this technology in cold regions with its benefits and 
shortcomings is not yet fully investigated. Here the impacts on the surrounding embankments 
are of major interests due to its dam safety aspect. Repeated cycles of freeze/thaw are likely to 
change some key geotechnical properties of tailings and may result in instability upon thawing 
due to the development of high pore water pressures. Freezing and thawing can have 
significant effect on the stability of slopes in general. If the maximum slope angle that can 
prevail after thaw is smaller than that at deposition of tailings there is a risk of sliding and mass 
movements in the impoundment. Volumes of tailings can thus flow towards the perimeter 
embankments and thus endanger the overall dam safety.  

This paper presents a case study where thickened tailings technology has been adopted at a 
facility in Sweden, north of the Arctic Circle, where major seasonal freezing and thawing is 
present (close to permafrost conditions). By taking climatic conditions into consideration, frost 
and thaw depths were calculated for the tailings. Thaw-consolidation theories were applied for 
the estimation of generated excess pore water pressure during thaw. 

A stability analysis for an infinite slope was performed, having the generated excess pore water 
pressure and thaw depth included. The maximum theoretical slope angles that can prevail 
during thaw were calculated. It was shown that the coefficient of consolidation has the highest 
impact on the stability (assuming constant values of strength parameters). Low values of 
consolidation coefficient result in low maximum slope angles.  
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INTRODUCTION 

There is a growing interest for paste and thickened tailings in the mining industry. In general, 
thickened tailings deposition leads to a dryer and less segregated material compared to 
conventional (unthickened) tailings deposition. This implies steeper slopes and tailings with 
lower water contents. Such benefits can lead to low perimeter embankments that economically 
speaks for adopting thickening technologies. 

Even though a thickened tailings system may have many advantages compared to conventional 
systems, its merits should be compared and evaluated before choosing one or another 
technology (Blight, 2003). One issue that is not yet fully investigated is tailings behaviour in 
cold climatic conditions. To some extent this has been highlighted in studies by Caldwell & Van 
Zyl (2011) and Alakangas, Dagli & Knutsson (2013). 

Many different studies have been performed regarding freezing and thawing of (unthickened) 
tailings and fine grained soils. Dewatering (Stahl & Sego, 1995), permeability change 
(Viklander, 1998), improved consolidation (Proskin, Sego, & Alostaz, 2010) and increased 
strength (Beier & Sego, 2009; Qi, Ma, & Song, 2008) are examples of what freeze-thaw cycles can 
result in. In order to get these improvements, all frozen material needs to be thawed and 
corresponding excess water that might be generated should be drained away.  

For frozen soil, stability problem is generally not an issue due to the high strength of ice. During 
thaw, excess water might be generated with corresponding decrease of effective stresses and the 
strength in the soil. For flat ground surfaces with no applied load, the generation of excess pore 
water pressure does not imply stability issues. If the ground surface is inclined, the risk of 
planar sliding in the thawed part along the frozen interface is increased. Examples of studies 
where stability due to thawing (active layers in permafrost) is considered are presented by 
McRoberts & Morgenstern (1974), Vallejo (1980) and Harriz & Lewkowicz (2000).  

Steeper slopes obviously result in lower safety against failure. Failure of this type would imply 
a major risk of sliding volumes in the impoundment. These volumes of tailings might flow to 
the perimeter embankments and reducing both overall slope and dam safety (by decreased 
freeboard or overtopping). 

This paper presents a case study where thickened tailings technology has been adopted at a 
facility in northern Sweden. A stability analysis due to thawing of an infinite slope in the 
impoundment is presented and discussed.  

SVAPPAVAARA TAILINGS FACILITY 

Svappavaara mine, managed by LKAB, is an open pit iron mine located in northern Sweden 
(approx. 120 km north of the Arctic Circle), see Figure 1 (LKAB, 2016). To the extraction plant in 
Svappavaara, ore is brought from both the open pit and from the LKAB Kiruna mine. Tailings 
from the extraction plant are deposited and managed in the Svappavaara tailings facility. The 
tailings impoundment covers an area of approx. 1.7 km2, where about 0.7 Mtonnes of tailings 
per year is discharged (Wennberg, Sellgren & Goldkuhl, 2008). 

In 2012 LKAB adopted a thickening technology for the tailings management in Svappavaara. 
Before the installation, tailings were deposited as conventional unthickened slurry in the 
impoundment confined by embankment dams. The project is now entering a phase where the 
perimeter embankments are to be raised. New crest levels for these embankments should be set 
in order to manage tailings deposition for a number of years ahead, taking expected tailings 
production, beach slopes, densities, storm events etc. into consideration. Due to climatic 
conditions, one aspect that needs to be considered is impoundment stability due to thaw.  
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The tailings in Svappavaara are classified as clayey silt to silty sand. The different grain sizes is 
due to former sorting (in the impoundment) from previous tailings deposition. The thickened 
material has bulk- and dry densities of 2.21 and 1.80 t/m3 respectively. The void ratio was in the 
range of 0.6-0.7. For the unthickened material the corresponding densities were 1.96 and 1.50 
t/m3 respectively, with void ratio in the range of 0.99-1.12. The average particle density was 3.05 
t/m3.  

 

 
Figure 1. Scandinavian Peninsula with location of Svappavaara tailings facility 

Frost and thaw depth calculations 

In this study, daily mean temperatures from a nearly located weather station have been used. 
The data cover air temperatures for the time 1961-2015 (SMHI, 2015). The data was used to 
determine freezing and thawing indexes over the years. A high freezing index represents a cold 
winter and a high thawing index represents a warm summer, see Andersland & Ladanyi (2003).   

Since air temperatures and ground surface temperatures differ due to factors as net radiation, 
wind, vegetation, snow cover etc., an empirical n-factor has been used to convert air indexes 
into ground surface indexes. The tailings surface was assumed to be represented by sand, with 
n-factors 0.9 for freezing and 2.0 for thawing (Andersland & Ladanyi, 2003). By extreme value 
statistics, here represented by Gumbel distributions, freezing and thawing indexes were 
calculated for certain return periods (probability of occurrence). Results are presented in Figure 
2, where the blue line represents ground surface freezing index and the red line represents 
ground surface thawing index. 
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Figure 2. Cumulative distribution curve (Gumbel) for ground surface indexes 

For frost and thaw depth calculations, the Neumann solution was used (Lunardini, 1980). This 
is an analytic solution for heat conduction problems taking phase change into consideration. 
The solution is valid for homogeneous medium with a step change in surface temperature 
starting from an initial temperature. The method neglects the impact of added water on the 
frost depth. 

The key thermal properties needed for the Neumann solution are thermal conductivity, heat 
capacity and latent heat in the soil. These properties for Svappavaara tailings have been 
calculated by using empirical equations available in literature (Andersland & Ladanyi, 2003) 
based upon bulk density, water content and grain density. 

Frost depth and thaw depth calculations were performed for return periods of 1, 10, 100 and 
1000 years. Results for a “normal”-winter and “normal”-summer (return period of two years) 
are presented in Figure 3. In the beginning of the winter and summer respectively, the frost and 
thaw penetration rate is high, but slow down with time as it is a function of square root of time. 
In Figure 3, results are presented for different water contents in the tailings. It is shown that low 
water contents result in larger frost and thaw depths than high water contents. The water 
content, corresponding to the water content in the soil before freezing, has a large impact on the 
thermal properties. Therefore the frost and thaw penetration will be deeper in dewatered, or 
thickened tailings compared to that in unthickened tailings.  

Maximum frost and maximum thaw depths that prevail at the end of winter and summer 
respectively are presented in Figure 4.  High-value return periods obviously result in deeper 
frost and thaw depths, and less water implies deeper frost and thaw depths. It is also clear from 
Figure 4 that the water content, under these circumstances, have higher impact on the thaw 
depth than on the frost depth (slope of the lines). Thaw depths for w=5% are approximately 30% 
deeper than for w=25%, but for frost depths the difference is (approx.) 4%. 
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Figure 3. Calculated frost and thaw depths for a “normal” winter and summer respectively 

 
Figure 4. Maximum frost (blue) and thaw (red) depths 

Excess pore water pressure due to thawing 

During the freezing process (downward penetration of the frost front) in fine grained soil, 
bands of soil and segregated ice are generally formed (Andersland & Ladanyi, 2003). At the 
frost line, water from the unfrozen zone is transported upwards and generating ice lenses. The 
transport of water is driven by suction in the so called “frozen fringe” just below the ice lens. 
Here both ice and unfrozen water exist in the soil pores. The amount of unfrozen water is a 
function of the sub-zero temperatures. The suction depends mainly on temperature gradient in 
the fringe, capillarity and hydraulic conductivity. With high penetration rate of the frost front, 
the ice lenses created are thin. On the other hand for slow freezing, more water can be drawn to 
the frost front by suction and thicker ice lenses are created.  

During the process of ice segregation, the suction in the frozen fringe leads to local soil 
consolidation. This is one of the reasons behind improved consolidation in soils after (complete) 
freeze-thaw cycles described in literature, e.g. (Chamberlain & Gow, 1979; Proskin, Sego & 
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Alostaz 2010). As the consolidation is not a reversible process, water being formed from melting 
ice cannot always be absorbed by the soil skeleton. The excess water that is generated at thaw 
needs to be drained. If not it will lead to generation of excess pore water pressure. If thaw rate is 
low, the generated water can be drained away at the same rate as water is formed by melting ice 
and thus no excess pore water pressure is generated. If thaw rate is high, the drainage capacity 
might be too low (more excess water is generated than can be drained) and excess pore water 
pressure is generated. With time, the excess pore water pressure dissipates and the degree of 
consolidation increases. 

For this study, the generation of excess pore water pressure is of interest since this has an 
impact on soil strength and correspondingly the impoundment stability. Since frozen soil does 
not transmit pore pressures or has any significant deformation, the thaw line forms the lower 
boundary of the consolidation problem (Morgenstern & Nixon, 1971). As the thaw line 
penetrates the soil mass with time (Figure 3), the consolidation in the thawed soil is governed 
by a moving boundary condition with maximum excess pore water pressure at the thaw line. 
Morgenstern & Nixon (1971) presented an analytical solution to the consolidation problem. This 
solution has been adopted here for calculation of generated excess pore water pressures. The 
results from the thaw depth calculations are important, as well as the coefficient of 
consolidation in the thawed material. This will give the generation and expulsion of excess pore 
water pressure during thaw.  

Excess pore water pressures due to thawing were calculated for different combinations of water 
contents, summer return periods (thaw index) and coefficient of consolidation. In Figure 5 
results are presented where the blue curves represent water content of 5% and red curves 
represent water content of 25%. The different curves in each color represent different return 
periods. The horizontal axis (coefficient of consolidation) is here presented in log-scale and in 
reversed order, with the highest values to the left (cv=10-4 m2/s) and the lowest to the right 
(cv=10-9 m2/s). 

In Figure 5 it is clear that high values of coefficient of consolidation imply no excess pore water 
pressure. With decreased values of coefficient of consolidation, the calculated excess pore water 
pressure is increased. From the figure it is also clear that low water contents imply higher excess 
pore water pressures than for high water contents. Another interesting aspect in Figure 5 is the 
fact that the water content has a higher impact on the pore pressures than the return periods 
have. In other words, there is a larger difference between the two “normal”-curves (5% and 25% 
respectively), than between the lines representing a normal-summer and a return period of 1000 
years (for the same water content). 
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Figure 5. Calculated excess pore water pressure at the thaw front 

Impoundment stability during thaw 

The excess pore water pressure generated due to thawing reduces the effective stresses in the 
thawed soil. Stability issues on low angle slopes due to such pore water generation were 
studied by McRoberts & Morgenstern (1974) and are highly interesting for thickened tailings 
and their corresponding slopes. During thawing of the tailings, the frozen soil acts as a slope 
plane where mass-movement is driven by gravity. Along the plane, forces of resistance are 
acting which can be calculated with the Mohr-Coulomb failure criterion. 

By considering an infinite slope and applying a static balance of forces, the factor of safety was 
calculated. A schematic figure for the tailings impoundment and an assumed infinite slope is 
presented in Figure 6. 

Results from stability calculations are presented in Figure 7. The vertical axis represents 
maximum beach slope angles at failure (FS=1.0). The horizontal axis represents water content. 
The different curves represent values of coefficient of consolidation of 10-6, 10-7 and 10-8 m2/s 
respectively. Continuous lines correspond to a “normal”-summer and dashed lines correspond 
to a summer with return period of 1000 years.  

The coefficient of consolidation used here and giving results presented in Figure 7 were chosen 
based on experience from in the fine grained Svappavaara tailings, ranging between 10-6 and 10-

8 m2/s. Smaller values (10-9 m2/s) are considered unrealistic and higher values (10-5 m2/s) would 
result in almost zero excess pore water pressures (see Figure 5). 

In Figure 7 it is clear that the maximum slope angle is decreasing with decreased coefficient of 
consolidation. A small decrease can also be seen in maximum slope angle due to decreased 
water content (slope of the line). The return period of the summer plays a role, but not as much 
as the coefficient of consolidation. 
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Figure 6. Schematic slope used for thaw stability analyses 

 
Figure 7. Maximum slope angle that the slope can stand (factor of safety equal to one) 

 

Table 1 presents the relationship between slope angle and vertical to horizontal (V:H) and % of 
inclination for easier interpretation of Figure 7. 

Table 1. Table for converting between angles, V:H and % 

Angle 
[°] 

0,57 0,76 1 1,15 1,72 2 2,29 2,86 5 5,71 10 11,9 

[V:H] 1:100 1:75 1:57,3 1:50 1:33 1:28,7 1:25 1:20 1:11,4 1:10 1:5,67 1:4,7 

[%] 1,0 1,3 1,7 2 3 3,4 4 5 8,7 10 17,6 21,1 

DISCUSSION 

From the results presented in this study it is clear that both water content in the soil, and the 
return period of winter/summer play a crucial role in the frost and thaw depth penetration. Less 
water in the soil implies deeper frost- and thaw depths compared to that at high water contents. 
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This might be of great importance when comparing relative merits between thickened and 
conventional (unthickened) tailings in regions with substantial winter conditions.  

The generation of excess pore water pressure at the thaw line is highly dependent on the 
coefficient of consolidation. For Svappavaara tailings the coefficient of consolidation is expected 
to be between 10-6 and 10-8 m2/s. According to the results presented here the generation of excess 
pore water pressure is highly dependent of the coefficient of consolidation. For higher values 
there is almost no excess pore water pressure, and for low values the curve flattens out and 
indicates less sensitivity to changes in the coefficient of consolidation.  

The maximum slope angle not leading to instability during thaw was found to be highly 
dependent on the coefficient of consolidation. For a value of 10-6 m2/s, the maximum slope angle 
was calculated to be in a range of 8.8-10.4°. Such steep slopes are considered as rare in tailings 
impoundments, unless for local areas close to deposition points. If the coefficient of 
consolidation is as low as 10-7 m2/s, the maximum slope angle is in the range of 2.6-4.8°. These 
are values that very well can be expected for thickened tailings beach slopes. During thaw, such 
slopes can therefore be subject to stability problems.  

With even smaller values of the coefficient of consolidation (10-8 m2/s) the maximum slope angle 
was calculated to be in a range of 0.32-0.74°. These are values that are expected even for 
unthickened tailings beach slopes, and would most probably lead to stability issues in 
thickened tailings beach slopes during thaw. 

The presented methodology, where climatic conditions are used for calculating frost and thaw 
depths, the generation of excess pore water pressure, and finally used for stability analyses is an 
approach that has shown many advantages and is recommended to be used in tailings projects 
in cold climate areas. In initial design phases of such projects, the methodology presented in 
this paper is recommended in order to get an idea of the maximum beach slope angles that can 
prevail due to thaw stability. 

If the thickened tailings deposition results in steeper slopes than what is calculated by the thaw 
stability analysis, slope failures in these steep slopes during thaw need to be considered. The 
volume of tailings that might slide in the impoundment should be estimated and this should be 
smaller than the volume available due to free-board at the dam. The perimeter embankments 
(dams) should correspondingly be designed in order to form the free-board and storage 
capacity, large enough to maintain the possible sliding masses (and preferably with a certain 
degree of safety). Obviously the dams in cold climate needs to be built higher than what is 
needed in a warm climate. But as stated by Blight (2003), all relative merits should be compared 
when applying a thickened tailings system. Here thaw stability considerations, as presented 
here, should be included. 
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Conventional simple shear testing – Too simple? 
Roger Knutsson, Qi Jia, Sven Knutsson, Peter Viklander and Jan Laue 

Division of Mining and Geotechnical Engineering, Luleå University of Technology 

Abstract 
The simple shear test is fairly common in geotechnical laboratories, with merits of being quick, easy 
to perform and thus normally less costly than the more advanced triaxial test. However, ever since 
the simple shear test was introduced, the test has been severely criticized due to boundary effects 
and the inability to measure all stress components.  

This paper presents a laboratory study of sand, examined both via triaxial testing and simple shear 
testing. Whereas the triaxial test results indicated behavior in agreement to critical state concepts, 
the simple shear results indicated shear stress-shear strain relations not sufficient to determine the 
critical state. A proposed methodology is given on how the axial strains are needed to deduce the 
critical state.  

Comparison between triaxial and simple shear test data was performed, which demonstrate 
drawbacks with the simple shear test. Due to principal stress rotation while shearing, it is not 
possible to determine the soil strength with the measured stresses at the horizontal plane. With 
further comparison to results on tailings (mine waste), it was shown that the principal stress rotation 
is increased with decreased friction angle. Based on the findings, it is recommended that simple 
shear tests are disregarded in geotechnical engineering. Conventional strength simple shear testing, 
and corresponding strength determination methods, are underestimating the strength. Despite its 
simplicity, the results provided are not sufficient to determine the soil’s shear strength. 

Keywords: simple shear, triaxial, sand, tailings, strength, friction angle 

Introduction 
Determination of shear strength parameters of granular soil is fundamental in geotechnical 
engineering. The material’s friction angle is essential in the design of structures such as roads, dams 
and other infrastructure projects. Laboratory testing is commonly performed, yielding the soil 
specimen in order to find the shear strength for the current stress state. 

The triaxial testing apparatus is a widely used geotechnical testing device (e.g. Donaghe et al. 1988). 
Triaxial testing was fundamental in the development of the critical state soil concept, introduced by 
Roscoe et al. (1958). Initially the critical state concept was mainly focused on clays. With further 
development of the triaxial equipment it was later possible to treat granular soils within the critical 
state framework (Been et al. 1991). The critical state concept is today a widely used concept used in 
describing soil behavior. It is an ultimate condition where soil will continue to deform without further 
changes in stresses and void ratio (Schofield and Wroth 1968), powerful to explain soil behavior 
independent of initial density states.  
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The simple shear apparatus was introduced at Swedish Geotechnical Institute (SGI) by Kjellman 
(1951) as a development of the direct shear (split box) test. The apparatus was further developed by 
Bjerrum and Landva (1966) at Norwegian Geotechnical Institute (NGI). In their design, a cylindrical 
soil specimen was confined by a wire reinforced rubber membrane and placed between two rigid 
plates. Vertical stress was applied, and the upper plate moves horizontally in order to strain the 
specimen. This was claimed to be in simple shear and in plane strain. Bjerrum and Landva (1966) 
mentioned that the increase in horizontal shear stress cause a change in principal stresses and their 
directions, i.e. principal stress rotation, thus complicating the interpretation of the results. However, 
the test was motivated by its possibility to illustrate the conditions in a narrow shear zone, 
separating two rigid bodies which move relative to each other. It should be noted that the term 
“simple” is not used for describing the test’s simplicity, but for the desired strain state.  

Ever since the simple shear test was introduced, its usefulness and its limitations have been 
discussed in the literature. Roscoe (1953) questioned Kjellman’s design and in particular the claimed 
simple shear state. Hence, Roscoe (1953) developed a new apparatus at Cambridge University, 
where rectangular specimens were tested within rigid boundaries. With controlled boundary 
stresses, a condition of simple shear was imposed to the soil specimen. Wood et al. (1979) compared 
results from the Cambridge-type and the conventional NGI-type and concluded that testing with the 
more advanced Cambridge-type was needed in order to deduce the stress state in the NGI-type. 
Further comparison was performed by Budhu (1984), who observed developments of non-
uniformities of stresses and strains in both types. He concluded that the Cambridge type was more 
accurate in estimating sand behaviour. Budhu (1988) continued comparisons and showed that the 
horizontal plane in the specimen was not the plane of maximum stress obliquity mobilized during the 
test. Also, he showed that the principal stress rotation varied with different friction angles. The effect 
of principal stress rotation was further discussed by Atkinson et al. (1991). From a laboratory study 
they showed that, despite reaching critical states in both tests, the friction angle evaluated from 
triaxial tests did not correspond to the stress ratio at failure measured in the simple shear test. 
Correspondingly, they concluded that conventional interpretation of simple shear tests can imply a 
false cohesion intercept and friction angles smaller than what are evaluated from triaxial tests. 
Dounias and Potts (1993) numerically simulated simple shear tests and found that the soil strength 
was significantly underestimated.  

Saada and Townsend (1981) clearly concluded that simple shear tests are of no value for research 
purposes. Neither the stress-strain relations nor the absolute failure values were considered reliable. 
They considered simple shear tests to, at best “be exploited in comparing descriptively similar soils”, 
and that the test cannot be used alone for finding design parameters. They recommended that the 
test method can only be used by engineers with experience and data from other types of tests.  

Despite the severe criticism in literature regarding simple shear tests, the test’s popularity is still 
wide and is fairly common in geotechnical laboratories. Particular in Scandinavia, the test is 
commonly used for strength parameter determination. Swedish Geotechnical Institute evaluated 
different laboratory methods for strength determination and concluded that simple shear tests 
should be replaced in favor of triaxial tests, but the simple shear test’s popularity still seem popular 
among the engineers Larsson et al. (2012). Bhanbhro (2017) performed a comprehensive laboratory 
study on sandy tailings (mine waste) from Sweden and concluded that simple shear tests showed 
significantly lower strength values compared to those determined via triaxial tests. For conservative 
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reasons, i.e. to be on the “safe side”, the low “simple shear strength” parameters have until now 
been used in tailings dam design. On one hand, the low strength values imply that there is extra 
safety built into the design, which might be a reason why the test is still attractive among engineers. 
However, conservative design gets more costly. Furthermore, the “extra” safety is impossible to 
quantify as long as the difference between triaxial and simple shear data is not fully understood.  

The aim with this study is to examine the known limitations with simple shear testing and to provide 
recommendations for soil strength determination. The paper presents a laboratory study on sand. 
Consolidated drained simple shear tests and triaxial tests were conducted and compared to 
published data on tailings (Bhanbhro 2017). Conventional strength determination was applied, 
showing clear deficiencies with simple shear testing. Findings agree with studies published in 
literature, but new findings are presented on the critical state assessment in relation to strength 
comparison.  

Laboratory study 
A study was conducted on a silty sand from Luleå with average particle density 2.7 g/cm3. 
Comparison of evaluated strength parameters was made to laboratory data from two copper tailings 
materials from a Swedish mine, from Bhanbhro (2017). The two tailings types have the same 
mineralogical origin, i.e. coming from the same mine, but grain size distributions differ slightly. Grain 
size distributions for the natural sand and tailings respectively are presented in Figure 1. 

 

Figure 1. Grain size distributions for studied materials. 

Triaxial tests 
Triaxial tests were performed with a Bishop and Wesley stress path cell (Bishop and Wesley 1975), 
managed with GDS software and three GDS digital controllers (GDS 2017). The digital controllers, 
which are connected to a PC, are hydraulically regulating and/or measuring axial, radial and back 
pressure/volume. The triaxial tests were performed according to standardized procedures (ASTM 
D7181-11). Cylindrical soil specimens with initial height 100mm and diameter 50mm were used.  
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A series of eight consolidated drained (CD) compression tests were performed, where the specimens 
were prepared to a dry density of 1.6 g/cm3. The preparation was performed with dry material, 
carefully poured via a funnel and hand compacted to the desired density. Before shear testing, the 
specimens were saturated with back pressure, followed by isotropic consolidation. Due to the 
consolidation stage, the specimens were further densified to the confining stresses. Here densities in 
the range of 1.78-1.93 g/cm3 were reached. The test series were conducted for a range of stress 
levels between 13 and 500 kPa. Shearing was applied as a constant rate of axial strain of 0.02% per 
minute. Examples of the test results are presented in Figure 2, where Figure 2a presents principal 

1 3) versus axial strain and Figure 2b presents volumetric strain versus axial strain. All 
tests indicated dilatancy, with a peak in stress ratio and by volume expansion while shearing. At large 
strains, the tests indicated fairly stable values in both stresses and volume. Hence, the material 
behavior is within the critical state concept (Schofield and Wroth 1968). Stress values used for critical 
state evaluation were determined at strains where the volume change indicated a minimum point, 
see circular markers in Figure 2. In addition, maximum values, i.e. peak stresses, were evaluated, see 
x-markers in Figure 2. Critical state values and peak stress values are assessed in terms of friction 
angles in Figure 3. In Figure 3a, the secant friction angle for each test is presented. The results in 
Figure 3a indicate asymptotically decreased friction angles with increased stress. In Figure 3b the 
results are presented in a Mohr-diagram, i.e. shear stress vs. effective normal stress. The markers in 
Figure 3b correspond to the stresses at the plane of maximum stress obliquity, i.e. points where they 
tangent the secant strength envelope. From Figure 3a and b, it can be seen that a constant critical 
state friction angle was determined via linear regression to 35.7°.  

The peak values in Figure 3, see red x-markers, are higher than the critical state values due to the 
extra shearing resistance associated to dilatancy. The concepts of, and relation between strength and 
dilatancy, was studied by Bolton (1986). He proposed a methodology to assess the peak values, 
based on relative density, stress level and grain hardness. With the average density before shearing 
the samples, i.e. 1.85 g/cm3 corresponding to a relative density of 78%, peak shear stresses were 
estimated according to the methodology by Bolton (1986). The inclined failure line is presented in 
Figure 3b, which fit well to the peak values obtained from the triaxial tests.  
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Figure 2. Triaxial test results on natural sand. 

 

Figure 3. a) Secant friction angles versus minor principal stress. b) Shear stress versus normal stress and friction angle via 
linear regression. 

Simple shear tests 
Simple shear tests were performed with a NGI-type apparatus, manufactured by Geonor. Cylindrical 
specimens with height 20mm and diameter 50mm were used. Three series of simple tests were 
conducted on the sand, where the three series corresponded to different dry densities, here referred 

3 3) and den 3). The test 
series were conducted for stress levels between 12.5 and 500 kPa. In total, 29 tests were conducted. 
Before shearing, the specimens were saturated and consolidated for the vertical stress. All tests were 
sheared to 5 SS) was evaluated as the arctan of the ratio 
of horizontal displacement and current sample height.  
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Independent of density or stress level, none of the simple shear tests on the sand indicated any peak 
values in shear stress. Typical results are presented in Figure 4 representing vertical stress of 50, 100 
and 200 kPa respectively. The upper row (a-c) corresponds to shear stress versus shear strain, and 
the lower row (d-f) to axial strain versus shear strain. Even though there is no peak in the shear 
stress-shear strain relation, the plots of axial strains indicate dilatancy, see dense samples in Figure 4. 
The mobilized shear stress is increased with increased density and the amount of volume expansion 
while shearing (dilatancy) is increased with increased density. It should be noticed that for tests on 
loose samples the axial strain suddenly drops and continue to decrease at large shear strains. This 
behavior is not fully understood.  

 

Figure 4. Shear stress versus shear strain (upper, a-c) and Axial strain versus shear strain (lower, d-f). 

Even though there are no peaks or softening in the stress-strain behavior, there are local minimum 
points in axial strain for dense samples. At those minimum points, the soil passes from compression 
to expansion similar to the critical state values in the triaxal tests. For the tests where local minimum 
points were seen, the associated shear stress was assessed in terms of strength. However, for the 
tests on loose samples, local minimum points in axial strain were not seen for all tests (see for 
example Figure 4e and 4f). For those tests, the shear stress at large shear strains were assessed in 
terms of strength, see markers in Figure 4. 

This stress data assessment indicates that shear stresses, for the same vertical stress, are similar 
irrespective of initial density. Therefore, the methodology is within the critical state concept. Shear 
stresses evaluated from simple shear tests are presented in Table 1, and results via conventional 
strength determination are presented in Figure 5. In Figure 5a, the calculated secant stress ratio 

 is presented. The stress ratio angle was introduced by Atkinson (1991) as the arctan of the 
ratio of shear stress and vertical stress, obtained from simple shear tests. Traditionally, the stress 
ratio angle is denoted as the friction angle. In Figure 5, the filled circular markers correspond to 
critical state stresses, and the x-markers to the maximum shear stresses. The results indicate 
asymptotically decreased stress ratio angles with increased stress. Whether this should be regarded 
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as the material’s strength, i.e. its friction angle, is further discussed in section Comparison of results. 
In Figure 5b, the results are presented in a Mohr-diagram where it is clear that, irrespective of 
density, all critical state values follow the same linear trend. Hence, they are considered to represent 
the soil’s critical state. The failure line in Figure 5b correspond to an angle of stress ratio, traditionally 
mentioned as friction angle, of 22.9°. This value is much lower than the friction angle determined 
from the abovementioned triaxial tests, i.e. 35.7°. The maximum values from simple shear tests are 
clearly density dependent. For loose samples the maximum values are equal to the critical state 
values, and for denser samples the shear stresses increase with density. 

The proposed methodology of primarily assessing the axial strain-shear strain behavior to find the 
critical state has an implication on the conventional simple shear interpretation. If focusing on the 
stress-strain behavior only, the curve indicates the maximum shear stress as the critical state (see 
Figure 4). Since there is no peak followed by softening, the result indicates the material to be in a 
loose state with shear hardening only. But the maximum values in Figure 4 are clearly density-
dependent, and might be much higher than the critical state value. In principal, the shear strength at 
critical state might then be overestimated. However, the shear stress measured in the simple shear 
testing device is an effect of the principal stress rotation (Wood et al. 1979; Budhu 1988), and is 
therefore underestimating the soil’s shear strength. This is further discussed in section Comparison of 
results. 

The density dependent stress mobilization has a clear implication on the standardized methodology 
to determine soil strength commonly used in Scandinavia. According to the current Swedish Standard 
in simple shear testing (SS027127), the shear strength is evaluated via shear stresses at a fixed shear 
strain of 0.15 radians. Although, if there is a peak in the stress-strain behavior, the peak shear stress 
is used for strength determination (SS027127). The shear stresses at 0.15 radians are clearly 
dependent on the density level, see Figure 4. Therefore, the evaluated shear stresses are not in 
agreement with the critical state concept and the strength determination method should be 
disregarded.  

Table 1. Shear stresses evaluated from simple shear tests 
 Vertical stress [kPa] 
 12.5 25 50 75 100 125 150 175 200 250 300 400 500 
 Critical state shear stresses [kPa] 
Loose 6.2 11.5 23.7 - 46.7 - 66.2 - 88.0 108.1 - - 211.3 
Medium 6.2 12.7 25.9 37.4 46.1 54.6 64.7 72.4 84.6 102.8 - - 202.0 
Dense 7.7 11.0 23.0 - 42.9 - 60.6 - 79.8 99.9 124.1 177.3 216.3 
 Maximum shear stresses [kPa] 
Loose 6.8 13.9 24.5 - 47.9 - 67.5 - 90.6 109.9 - - 229.0 
Medium 10.4 16.2 31.7 41.6 51.7 63.1 77.5 96.9 108.7 127.0 - - 271.3 
Dense 14.2 19.2 35.3 - 59.9 - 92.3 - 124.5 163.5 186.7 254.7 304.8 
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Figure 5. a) Secant stress ratio angles versus vertical stress. b) Shear stress versus vertical stress (Simple shear). Critical 
state values (CS) and Maximum values.  

Comparison of results 
A major advantage with the triaxial test is that the principal stresses and directions are fully known 
throughout the test, assuming negligible shear stresses at the specimen boundaries. Therefore, 
triaxial results can be used to illustrate the Cauchy stress tensor via the Mohr circle of stresses 
(Ottosen and Ristinmaa 2005), and the material’s failure line can be determined. This is not possible 
with the data provided from conventional simple shear test, where the principal stresses are 
unknown. However, with the methodology presented by Atkinson et al. (1991), the simple shear data 
can be fitted to the failure envelope provided by triaxial data. A Mohr-circle of stress that tangents 
the triaxial failure envelope can be constructed, on which the stresses obtained from simple shear 
test then illustrate a point, illustrated in Figure 6a. Unless the measured simple shear stresses 
correspond to plane of maximum stress obliquity, the simple shear stresses do not correspond to the 
tangent with the failure line. The triaxial failure envelope and constructed Mohr-circles with simple 
shear data on natural sand are presented in Figure 6b. In Figure 6b, the critical state values from 
Figure 5b are colored green. cs, 
the similar property relating the simple shear failure points is cs. Clear from Figure 6b, cs 
and cs are not equal. The simple shear results are clearly lower than those obtained from triaxial 
results. 
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Figure 6. a) Illustration of simple shear data fitted to triaxial data via Mohr-circle of stress. b) Simple shear results 
matched to triaxial data.  

From the results in Figure 6b, the principal stress rotation in the simple shear tests was determined. 
The rotation, denoted 1) and the 
vertical. The calculated stress rotation is presented in Figure 7a, where results for the two tailings 
materials are presented as well. For the tailings, data given by Bhanbhro (2017) were used and 
assessed in terms of critical state, similar to the abovementioned methodology. The determined 
friction angle cs, i.e.from triaxial tests, for the Natural sand, Tailings-A and Tailings-B was 35.7°, 
34.0° and 32.0° respectively. The decreased friction angle with increased tailings grain sizes, c.f. grain 
sizes in Figure 1, is in agreement with Vick (1990). The calculated stress rotation was increased with 
decreased friction angle. Largest rotation was seen for Tailings-B with lowest friction angle, and 
smallest rotation for the Natural sand with highest friction angle, see Figure 7a. This trend is in 
agreement with findings by Wood et al. (1979) and Budhu (1988). 

The cs from triaxial and cs from simple shear was established for the three 
materials, presented in Figure 7b. Solid lines correspond to triaxial strength determination and 
dashed lines to the simple shear results. It is noted from Figure 7b that, when comparing the 
materials in terms of simple shear data, i.e. dashed lines, they falsely indicate the strength. For 
example, the natural sand has the highest friction angle cs , solid green line, but indicates the lowest 
stress ratios from simple shear tests , i.e. cs, dashed green line. Conversely, the tailings material with 
the lowest friction angle, i.e. Tailings-B with blue lines, indicates the highest stress ratio from simple 
shear tests. Hence, when comparing different materials in simple shear tests, the results give a false 
impression on their relative strength. Test that indicate “high” stress ratio in simple shear, might in 
fact correspond to large principal stress rotation and correspondingly low true friction angle (c.f. 
Tailings-B in Figure 7).  
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Figure 7. a) Stress ratio angle (simple shear) versus principal stress rotation at critical state. b) Relation between critical 
state friction angle and simple shear stress ratio angle. 

Discussion 
In this study it was shown that the shear stress-shear strain behavior obtained from simple shear 
tests do not alone provide enough information to determine the critical state conditions. Only for 
loose samples the shear stress at large shear strains agree well with the critical state. But for denser 
samples the shear stress at large strains do not correspond to critical state. For the same vertical 
stress, the mobilized shear stress increased with increased sample density. Shearing of dense 
granular soils are normally associated with strain softening and volume expansion, i.e. dilatancy, 
after the shear stress peak is passed. This behavior is observed for the triaxial tests. But for the 
simple shear tests there were no strain softening although there was volume expansion, clearly not 
expected when shearing soils. The shear stress at the transition stage in axial strains, when 
compression is turned into expansion agrees well with the conditions for the critical state concept. 
Here, the shear stresses were equal independent of initial density of the sample. The shear stresses 
were also linearly increased with increased vertical stresses.  

Although the critical state condition was possible to determine in the simple shear tests, the 
information obtained was not sufficient in order to determine the soil strength. Similar to studies 
presented in literature, it was shown that conventional strength determination with data from 
simple shear tests results in too low values. The stresses measured on the horizontal plane in the 
simple shear tests, i.e. vertical stress and shear stress, are not equal to the stresses along the plane 
of maximum stress obliquity. Therefore, using the shear stress and vertical stress in conventional 
determination of soil strength is generating erroneous strength parameters. The errors are due to 
principal stress rotation while shearing in the simple shear tests. The principal stress rotation is 
increased with decreased strength (friction angle), and unless the rotation is known at critical state, 
the strength cannot be determined.  
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If the principal stress rotation is known, it would then be possible to convert the simple shear data to 
strength parameters. But unless there is reference testing (like triaxial testing), the principal stress 
rotation is unknown and the corresponding strength determination is impossible.  

Due to the stated limitations in conventional simple shear testing, new development have been 
made on the apparatus. Kang et al. (2015) used an apparatus where simple shearing was performed, 
similar to the NGI-type, but without wire reinforced membrane. Instead the sample was placed 
within a cell similar to triaxial testing. By doing so, the radial stress was controlled. From a laboratory 
study they concluded that the radial stresses within the specimen were changed during the test. The 
stress state interpretation in a NGI apparatus, where the radial stress is not measured, can therefore 
be wrong. A similar approach was taken by Carraro (2016) where simple shearing was performed 
with cell pressure confinement. He studied the effect of the shape change, from a right cylinder to an 
oblique cylinder, i.e. inclined cylinder with parallel bases. Despite controlled cell pressure, he 
concluded that the horizontal stress in the specimen is not equal to the cell pressure at all times 
during the tests, further complicating the stress state assessment.  

Plane strain conditions are commonly adapted in two-dimensional analysis and soil modelling, which 
have motivated researchers in finding plane strain testing conditions, e.g. Kjellman (1951), Roscoe 
(1953), Bjerrum and Landva (1966), Wanatowski et al. (2008), Kang et al. (2015) and Carraro (2016). 
Whether it is the desired plane strain condition that explains the simple shear test’s popularity is 
unknown. A further discussion on differences between plane strain and triaxal state is outside the 
scope of this study. The critical state concept holds irrespective the strain condition, and it is mainly 
the stress-strain-volume relation until reaching critical state that is affected by the confining strain 
conditions. For strength determination within the critical state framework, it is recommended to 
perform triaxial testing, even though the results are applied in plane strain soil modelling. The 
associated dilatancy aspects affected by density, grain hardness, stress and strain conditions can be 
assessed with the methodology presented by Bolton (1986). 

For the tests conducted in this study, the vertical stress was kept constant and the sample was 
allowed to expand or compress. An alternative approach is to fix the sample height while shearing 
(e.g. Saada and Townsend 1981; Atkinson 1991), correspondingly adjusting the vertical stress due to 
potential contractancy/dilatancy. The change in vertical stress is believed to correspond to excess 
pore water pressure changes in undrained conditions. Saada and Townsend (1981) considered the 
alternative approach as inadequate due to non-uniformities in stresses. In addition, principal stress 
rotation would still prevail in the specimen, making the stress state hard to deduce without further 
measurements. Atkinson et al. (1991) performed simple shear tests, both with flexible sample height 
and with fixed sample height, and concluded that neither of the test methods provided sufficient 
information to uniquely determine the soil strength. 

Conclusion 
Similar to the severe criticism found in literature on conventional simple shear testing, this study 
clearly demonstrates the errors when using simple shear tests for strength determination. A 
recommendation is not to use simple shear tests for strength determinations. Although the sample 
preparation, testing time and overall simplicity speaks for simple shear tests in favor of triaxial tests, 
the tests are simply too simple for use in geotechnical engineering applications.  
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It is possible to determine the critical state values in simple shear tests via the axial strain behavior. 
But due to principal stress rotation, the values obtained are not sufficient to determine the soil 
strength. The relative comparison of simple shear test data on different materials can give a false 
interpretation of the strength. Due to the strength dependent rotation of principal stresses, the 
material with the highest friction angle showed the lowest stress values in simple shear. Similarly, the 
studied material with the lowest friction angle showed the highest stress values in simple shear. This 
has a significant effect when comparing simple shear data from different materials, and can lead to 
misinterpretation in relative strength determination.  

A drawback of replacing the simple shear tests with triaxial testing is that more effort is demanded 
by laboratory staff and corresponding evaluation. But the triaxial test is clearly more accurate in 
describing the soil behavior, speaking for full adaption to such tests.  
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Benefits of Advanced Constitutive Modeling when 
Estimating Deformations in a Tailings Dam 

Roger Knutsson1, Peter Viklander1 and Sven Knutsson1

Abstract 

Behavior of tailings dams are often controlled in dam surveillance programs 
where horizontal deformation is one of the key aspects. When evaluating field 
data, there is a necessity for comparison with anticipated deformations in order to 
relate field behavior to dam stability. With numerical modeling, these predictions 
can be made. This paper presents a case where horizontal deformations in a 
tailings dam have been simulated for a six-year period, using two-dimensional 
finite element modeling. Yearly dam raises have been simulated as staged 
constructions according to activities at site. Tailings materials have been simulated 
with an elasto-plastic constitutive model with isotropic hardening, called 
Hardening Soil and the conventional linear-elastic, perfectly plastic 
Mohr-Coulomb model. Soil parameters used for input were calibrated to 
laboratory data. Results from simulations were compared with data obtained in 
situ by a slope inclinometer. Results obtained by the Hardening Soil model 
indicate good agreement with respect to field measurements. However, this was 
not reached with the Mohr-Coulomb model. The results presented indicate 
benefits by using an advanced constitutive model for tailings in order to estimate 
in situ deformations in a tailings dam. The methodology presented can be used for 
prediction of future deformations, in order to relate the dam behavior to its 
stability. This is important in dam safety assessment, and will lead to a better 
understanding of the dam safety, being of great importance for the dam owner and 
the society in general. 

Keywords: tailings, field measurements, FE-model, inclinometer, Hardening Soil 
model, dam safety
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1  Introduction 
From mining industry, large amounts of waste materials are generated, and a 
sustainable strategy of managing such products is essential. The most fine-grained 
residues, referred as tailings, are normally stored in facilities with surrounding 
dams/embankments. Methods on how to handle and manage tailings and tailings 
dam are described in guidelines, e.g. [1-3]. In order to maintain the needed degree 
of safety for these dams, they are normally subjected to slope stability analyses. In 
many situations corresponding strengthening actions are needed. In addition, field 
measurements are taken in order to monitor the behavior of the structure. 
Deformations, pore water pressure and seepage are examples of such monitoring 
properties. But the assessment of the measured data, i.e. how the monitored 
properties are used to control the structure varies. A common approach in dam 
engineering is to assess data in terms of trends over time. Expected behavior is 
then based on previous trends. If there are no clear criteria to assess and interpret 
new data, engineers have to rely on personal judgment and personal experience [4]. 
Other more methodical approaches are to assess data for updated design or in 
observational methods. Safety risks [5,6], stability assessment [7] or warning 
criteria [8] are then established with the help of field data. Another approach is to 
use field measurements for back-analyses with the aim to find soil parameters that 
correspond to field behavior. The parameters can then be used in further modeling 
for estimating structure behavior. Examples of the latter are studies presented in 
[9-12]. 

Since dam surveillance and field monitoring are regular elements in dam safety 
management, e.g. [1,3], prediction of soil and structure behavior are needed in 
order to compare with field data. Without any predictions or anticipated values, no 
abnormalities will be recognized from the field data [13] and the assessment in 

behavior in 
embankment dams, Hunter and Fell [4] used an extensive database with reported 
cases to provide dam owners with methods on how to relate their deformation 
magnitudes, rates or trends. Duncan [14] summarized an extensive list of cases 
where finite element modeling was used for stability purposes and/or estimation of 
deformations in embankment dams. He also discussed the balance between 
simplicity and accuracy when it comes to choosing constitutive models. While 
simpler models might be suitable for stress analyses, more advanced models are 
needed to capture accurate deformation behavior. The latter is also emphasized in 
[15,16]. 

For tailings dams, the number of published studies regarding numerical modeling 
is very limited compared to regular water retention dams. For stability purposes, 
examples of studies are given by [17-20]. Regarding deformation analyses where 
comparison is made to field measurements, examples are given by [7,21,22]. For 
these studies though, comparisons to field data have mainly focused on 
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underground deformations, such as shear planes or creep behavior in the 

) where displacements 
at the surface were less than the displacements measured along the depth. The 
deformations indicate similarities to the differential lateral deformations in zoned 
embankments simulated by Hunter and Fell [4]. However, no case studies of 
tailings dams are presented in the literature where focus has been on the 
comparison between simulated tailings behavior and field measurements. Such 
comparison is important in dam safety operations, where both modeling and its 
comparison to field measurements are needed to fully control the dam safety. 
There is therefore a need for a methodology in order to set up an advanced model 
that can simulate deformations in tailings and tailings dams with time. With 
accurate modeling, predictions for future dam behavior can be made. The 
predictions are needed in order to observe abnormalities in field data, and 
correspondingly to relate field data to anticipated behavior. This is desirable, 
especially for tailings facilities and their dams/embankments, with continuous 
operations such as dam raises and remedial works.  

This paper presents a case where horizontal deformations in a tailings dam are 
simulated. Tailings material is modeled with the advanced constitutive model 
Hardening Soil [26], and also with the conventional Mohr-Coulomb model. 
Simulated behavior is then compared to field measurements from a slope 
inclinometer, covering a six-year period. Results show the benefits by using 
advanced constitutive modeling, and the methodology is recommended for use in 
dam safety assessments and operations. 

2  Site Description 
For this study, Aitik tailings facility has been used as a case. Aitik is an open pit 

northern Sweden, see Fig. 1. The yearly production rate is 36Mtonnes (2016) and 
more than 99% of the extracted ore is considered as mine waste. The tailings are 
hydraulically transported into the impoundment. 
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Figure 1: Map of Scandinavian Peninsula and location of Aitik mine 

An overview of the Aitik tailings facility is presented in Fig. 2. The area of the 
tailings impoundment is approximately 13km2, where the tailings slurry is 

with a height of approximately three meters in the upstream direction, i.e. on the 
previously deposited tailings. Maximum dam height is currently 65m (2016). 

The tailings facility has been in operation since 1968 [23]. During the first decades 
of operation, the tailings slurry was discharged from a stationary outlet (end-pipe 
discharge) at the eastern part of the impoundment, mainly from dam A-B (see Fig. 
2). This led to settling of the most fine grained tailings particles, i.e. fractions as 
silt and clay, close to the outlet and the western dams (dams E-F and G-H). At that 
time the dam raises were performed in the downstream direction (outwards). By 

Therefore, the grain sizes in the deposited tailings are decreasing with depth close 
to the western dams [24]. These regions are of extra concern in terms of strength 
and stiffness, and the related consequences on stability of the dams. 

Figure 2: Aitik tailings facility overview 
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3  Field Measurements  
The Aitik dams are regularly monitored with geotechnical instruments. Pore water 
pressure is measured by standpipes and piezometers installed along the dams at 
different elevations. Horizontal deformations are measured via inclinometers, 
placed along the dams at different cross-sections. In total, the tailings dams are 
currently monitored by 61 standpipes, 62 piezometers and 6 inclinometers. This 
study is focused on horizontal deformations in dam E-F, see Fig. 2. The location 
of the studied cross-section is presented in Fig. 3, and corresponds to where the 
dam is highest. The inclinometer casing was installed 2007, as the first casing at 
the site. None of the other five inclinometers have been in use sufficiently long 
time to be used in this study. The bottom of the casing is fixed (by grouting) 0.5m 
into the bedrock beneath the tailings impoundment. The casing penetrates (from 
bottom up) 5.5m of glacial till (natural ground), 27m of tailings, 7m of compacted 
till and 1m of rockfill support on top, see cross-section in Fig. 4. 

Figure 3: Plan with location of inclinometer in dam E-F 

Figure 4: Cross-section with location of inclinometer 
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With an inclinometer probe containing biaxial servo-accelerometers, the 
inclination of the casing relative the vertical axis, have been measured twice a year 
since November 2007. For all readings, the same probe has been used, operated by 
the same field engineer. For each reading, the inclinations have been measured in 
two perpendicular directions (A- and B-direction). The directions of the grooves 
for the A-axis (A0) and B-
Fig. 3. 

Based on the inclination of the casing, conversion is made to horizontal 
displacement where the first reading is considered as the reference value. Due to 
the tilt in both A-axis and B-axis, a resultant cumulative displacement curve is 
calculated and presented, according to methodology in [13], see Fig. 5. The 
different curves in Fig. 5 represent the cumulative displacement at different times. 

is not located at the top of the structure, but some distance below the surface. At 
the bottom the displacement is zero, with a negligible displacement within the 
glacial till. In the tailings, the displacements are increasing with increased 
elevation up to maximum value. Maximum displacements are located between 
elevation +349 and +356 for most of the readings, i.e. 19.5-24.5m below surface. 
On higher elevations, the displacements are smaller. 

Figure 5: Cumulative displacement versus depth 
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The resultant direction of movement is calculated by trigonometry from A- and 
B-direction readings, and presented in Fig. 6a. The different curves represent the 
direction of movement at different times. The circular isochrones represent depth 
of the inclinometer casing (0m in the center, 40m as the outer circle). It is seen in 
Fig. 6a that the directions of movement are parallel to the direction to the studied 
cross-section (downstream direction). 

The cumulative displacements at certain depths are illustrated in Fig. 6b. The 
different curves represent different elevations (+360 and below), and show the 
cumulative displacements versus time. From Fig. 6b it can be concluded that the 
cumulative displacement rate is 4-6mm/year in general. In the upper part of the 
natural glacial till (elevation +340.5) there is a nearly constant rate of deformation 
of 2mm/year. 

a) 

b)

Figure 6: a) Direction of movement b) Cumulative displacement versus time for different 
elevations 

Previous analyses of deformations in Aitik follow the today principles for dam 
safety assessment, i.e. control of deformation rates with time as depicted in Fig. 6b. 
No explicit criteria exist for the maximum acceptable displacements in relation to 
a specific degree of safety of the structure. Neither causes, nor corresponding 
effects regarding the rotational movements are analyzed. In Sweden normally 
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safety improvements are considered not needed as long as deformations follow the 
same displacement trends (or slower) as before. However, even if the 
displacement trend is constant by time, the dam safety striven for may not be 
fulfilled. The displacement rate just might be too large. Sophisticated predictions 
of future deformations are therefore needed in order to use field data to check the 
level of dam safety. 

4  Finite Element Modeling 
The cross-section of dam E-F was modeled in the finite element program PLAXIS 
2D [26]. Plane strain condition was assumed. Although the studied cross-section is 
located close to a vertex in the dam alignment (see Fig. 3), plane strain assumption 
is here considered valid. This assumption is supported by the inclinometer 
readings showing deformations in the same direction as the studied cross-section, 
see Fig. 6a. 

The analysis was performed as a staged construction analysis, where historical 
activities such as embankment constructions, increased impoundment levels and 
remedial works such as construction of rockfill support on the downstream slope 
were taken into consideration. The geometry of the cross-section was imported 

-
history of impoundment levels. As initial stage in the analysis, the dam geometry 
that prevailed in September 1992 was used. This is the first year from which 
airborne data is available. The rate of dam raise at that time was low, smaller than 
0.5 meter per year. This is considered as sufficiently low for a valid assumption 
with no presence of excess pore water pressure in the dam. 

According to documented history of dam activities between 1992 and 2013, these 
stages were modeled. Activities between 1992 and 2007 were included in order to 
estimate initial conditions for the date when the inclinometer was installed. In total, 
65 staged constructions were added. The stresses and deformations were simulated 
in the dam/impoundment for the time period. Elevations for the simulated dam 
crests and impoundment levels for the time period 2007-2013 are presented in 
Fig. 7. 
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Figure 7: Elevation of dam crest and impoundment level vs. time for staged constructions, 
2007-2013. 

CPTu-tests were used to capture the tailings stratigraphy in the impoundment 
close to dam E-F. In general, the tailings consist of nearly horizontal layers, due to 
the historical changes in the deposition technique. The CPTu-results were used to 
assign tailings properties into regions with similar constitutive behavior, and not 
for evaluation of soil parameters. Assigned materials are presented in Fig. 8 
(named A, B, C etc.). The soil properties were evaluated from laboratory data, see 
chapter Constitutive modeling. 

Figure 8: Tailings stratigraphy with regions used for simulations. Dashed lines correspond to dam 
contours in 1992 and 2007. 

The model geometry was discretized into 15-noded triangular elements, 
containing 12 stress interpolation (gauss-) points in each element. Due to the 
relatively thin layers of tailings in the impoundment (see Fig. 8), the number of 
elements is automatically high. Total number was 15 747. A trial simulation with 
denser mesh was performed, but showed no significant changes in the results. The 
chosen mesh density is therefore considered as sufficient. 

4.1 Constitutive modeling 
In this study, two cases were simulated. Firstly, the Hardening Soil model and 
secondly the conventional Mohr-Coulomb model was used. Model parameters 
were evaluated from laboratory test results on Aitik tailings from 2007 and 2013 
[27-29]. The laboratory tests were performed as consolidated drained triaxial 
compression tests and standard oedometer tests. Undisturbed samples were taken 
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by a thin-wall piston sampler at depths in the impoundment ranging from 7 to 47 
meters. The Hardening Soil model encounters for strain hardening effects, 
meaning decreasing stiffness and irreversible plastic strains when subject to 
primary loading [26]. It is a cone-cap model, with yield surface not fixed in 
principal stress space and with possible expansion due to plastic straining [30]. 
Shear hardening, or expansion of the cone, models plastic strains due to primary 
deviatoric loading. Compression hardening, or expansion of the cap, models 
plastic strains due to primary compression (isotropic loading). The limiting stress 
states for the cone part are described by the strength parameters friction angle ’
and cohesion c’, defined according to the Mohr-Coulomb failure criterion. The 
plastic volumetric strains (triaxial states of stress) are controlled by the angle of 
dilatancy ( ) [26]. Stiffness parameters in the Hardening Soil model are E50

ref

(triaxial secant stiffness), Eur
ref (unloading-reloading stiffness) and Eoed

ref 

(oedometer tangent stiffness). The superscript ref indicates that the stiffness value 
corresponds to a reference confining pressure (pref) and the stress dependency of 
soil stiffness is controlled by a power law with the power exponent m [26]. In 
triaxial (primary) loading, the model describes the soil stiffness with a hyperbolic 
stress-strain relationship [30]. The failure ratio Rf is used for the relation between 
a failure stress (from the Mohr-Coulomb failure criterion) and a higher stress 
representing the asymptote for the hyperbola. In in the unloading-reloading state, 
the stress-strain relationship is linear and controlled with Eur
for unloading-reloading) and ur -reloading). 
Schematic stress-strain relationships for a) triaxial simulation and b) oedometer 
simulation are presented in Fig. 9. 

Figure 9: a) Schematic presentation of hyperbola in drained triaxial test. b) Schematic presentation 
of stress dependency in an oedometer test. 

The stress dependency of stiffness is presented for the oedometer simulation in Fig. 
9b. Here, the effect of the power exponent m, ranging from 0.5 to 1, is presented 
as well. According to data presented in literature, soils such as silt and sand are 
reported to have values close to 0.5, whilst soft clays tend to have logarithmic 
behavior with m-value equal to 1 [26]. 
In order to calibrate model parameters to laboratory results as function of stresses, 
the SoilTest application in PLAXIS was used. SoilTest simulates laboratory tests 
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of soils according to chosen constitutive model and soil parameters [26]. Triaxial 
and oedometer simulations were performed, similar to the tests performed at lab. 
Representative plots from a best fit calibration of a series in triaxial tests and an 
oedometer test is presented in Fig. 10 (results correspond to material type D in 
Table 1). As shown in Fig. 10, full agreement between simulations and lab data 
was not reached. Best agreement was reached for the oedometer test, but for the 
triaxial simulations the varying stiffness was partly incorrect compared to lab-data. 
At small axial strains the simulated stiffness was too high, and for high axial 
strains it was too low. 

behavior, simulations 
would overestimate the deformations. This is a common approach in design, 

management, comparisons to field data would overestimate the safety (it is then 
believed that field deformations can be larger than they should). Instead the 
stiffness used here is chosen to slightly underestimate the deformations in the 
tailings. When then comparing with field measurements, there will be a small 
safety margin when determining allowable deformations in terms of dam safety. 
For this simulation, the soil model and the corresponding parameters were 

behavior on a 
constitutive level. 

Figure 10: a) Lab-data vs. simulations for a series of triaxial tests. Solid lines represent lab-data 
and dashed lines represent SoilTest simulations. b) Lab-data vs. simulations, oedometer test. 

For the tailings regions in the model, parameters for the Hardening Soil model are 
presented in Table 1. In total, the Hardening Soil parameters given in Table 1 are 
based on 22 laboratory tests (triaxial and oedometer tests). Values for density are 
taken according to [24,27], and values for hydraulic conductivity are based on 
[31]. 

The friction angles ( ’) presented in Table 1, are found to be in a narrow range 
(38-
material D, E and F have triaxial stiffness values less than 50% of the stiffness in 
material I and J for the same reference pressure. The variation in stiffness is 
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mainly due to historical deposition techniques and its resulting stratigraphy in 
terms of both grain size distribution and porosity [25]. 

Table 1: Soil parameters for tailings when using Hardening Soil model.
Material names 

Parameter A B C D E F G H I J
E50

ref MPa 8.254 8.254 10.52 6.032 5.5 5.5 12.09 6.9 12.25 12.25
Eoed

ref MPa 6.0 6.0 5.0 3.5 3.95 3.95 7.239 4.0 8.5 8.5
Eur

ref MPa 40.0 40.0 30.0 32.6 22.0 22.0 31.82 20.0 25.0 25.0
m - 0.5 0.5 0.5 0.6 0.57 0.57 0.467 0.7 0.45 0.45

pref kPa 100 100 140 100 100 100 100 100 100 100
’ur - 0.3 0.3 0.3 0.15 0.15 0.15 0.3 0.3 0.3 0.3
c’ kPa 0 0 0 7.57 0 0 2.3 0 0 0
’ 38.66 38.66 40.7 40.16 40 40 38.5 39.5 38 38

1 1 12 2.5 2.5 2.5 16 2 2 2
Rf - 0.9 0.9 0.8 0.9 0.9 0.9 0.9 0.8 0.8 0,8
unsat kN/m3 14.3 14.3 15.45 16.2 15.7 15.7 12.3 14.9 16 16
sat kN/m3 19.3 19.3 20 20.5 20.1 20.1 18 19.5 19 19

kx
m/s 

[10-8] 10 55 100 55 55 55 100 55 550 100

ky
m/s 

[10-8] 1 5.5 10 5.5 5.5 5.5 10 5.5 55 10
Note: unsat, unit weight above phreatic level; sat, unit weight below phreatic level; kx, hydraulic 
conductivity in horizontal direction; ky, hydraulic conductivity in vertical direction 

A comparative simulation was made where the tailings were simulated with the 
Mohr-Coulomb model. Mohr-Coulomb is a well-known linear elastic, perfectly 
plastic model [26]. The same strength parameters for c’ and ’ as in Table 1 were 

), the same values as in Table 1 ( ur) were used. For 
E) in the Mohr-Coulomb case, the value for each soil layer was 

calculated as the triaxial secant stiffness (E50) from Table 1. For this the power 
law associated with Hardening Soil model was used [26]. For calculating the 
stiffness (E), the minor principle effective stress ( ’3) in the middle of the 
corresponding soil region was used. The minor principle effective stresses were 
evaluated from the Hardening Soil simulation. Although the stiffness in Hardening 
Soil model and Mohr-Coulomb model differ significantly, this methodology was 
chosen in order to reduce the effects from Mohr-Coulo
stress-dependent stiffness. Calculated stiffness values (E) are presented in Table 2. 
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Table 2: ailings in the simulation, Mohr-Coulomb model. 
Material names 

Parameter A B C D E F G H I J

E MPa 10.109 9.228 8.8911/
8.4352 6.032 4.843 4.843 4.247 8.035 8.111 8.111

Note: 1Stiffness in layer at elevation +359 (lower layer with material C), 2Stiffness in layer at 
elevation +365 (upper layer with material C). 

For materials such as filters, till and rockfill support, the Mohr-Coulomb model 
was used where the soil properties were based on earlier geotechnical 
investigations [31], see Table 3. 

Table 3: Soil parameters for other materials than tailings, Mohr-Coulomb model. 

Parameter Glacial till 
(underground) 

Till  
(compacted dykes) Filter Rockfill 

E MPa 20.0 20.0 20.0 40.0
- 0.33 0.33 0.33 0.33

c’ kPa 1 1 1 1
’ 37 35 32 42

0 0 0 0
unsat kN/m3 20 20 18 18

sat kN/m3 22 22 20 20
kx m/s 5x10-8 1x10-7 1x10-3 1x10-1

ky m/s 1x10-8 5x108 1x10-3 1x10-1

excess pore water pressure is allowed to be generated or dissipated. Input 
parameters are given in term of effective stresses [26]. 

5  Results 
Fig. 11 presents a comparison in horizontal deformations between results from the 
numerical simulations and field measurements. In the figure, comparison is made 
for field data representing November 2013. Since the inclinometer casing was 
installed in November 2007, the deformations computed in the numerical 
simulations are restricted to those developed during November 2007-November 
2013, assuming the deformations at November 2007 as the reference values. In the 
figure, it is clear that the results from the simulation with Mohr-Coulomb 
parameters, largely overestimate the deformations in the upper part of the tailings. 
The general agreement to the field data is weak, with a coefficient of 
determination of R2=0.29. The same data as in Fig. 11a are presented in Fig. 11b 
with a different scale for the horizontal axis to facilitate comparison between 
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Hardening Soil simulations and inclinometer field data. For the Hardening Soil 
model, much stronger agreement is seen (R2=0.94) to the field data. In addition, 
the Hardening Soil was able to capture the rotational behavior among in the 
displacements. 

A notable difference between numerical results and field data is seen for the 
natural glacial till (underground). Deformations simulated in the interface 
tailings-till show good agreement to the inclinometer, which deformations mainly 
are due to the relatively lower stiffness in the tailings compared to the till. In the 
bottom of the model, the fixed boundary condition results in no deformations. The 
till was modeled with a linear elastic, perfectly plastic model and is therefore the 
reason why deformations in the till are linear and overestimated compared to the 
inclinometer. 

Figure 11: a) Displacement 2013, inclinometer vs. numerical results. b) As figure a) but horizontal 
axis restricted to 40mm. 

In Fig. 12, the development of horizontal deformations with time is shown for 
numerical results and field measurements. Solid lines represent measured data and 
dotted lines numerical results. In Fig. 12a, results obtained by Hardening Soil are 
presented, whereas in Fig. 12b results correspond to Mohr-Coulomb. The 
simulations indicate zigzag behavior with altering displacements in both upstream 
and downstream directions, but with a clear trend of increased displacements in 
downstream direction with time. Major displacements in the downstream direction 
are occurring when dam crests are raised (see Fig. 7). Best agreement to field data 
is clearly obtained by the Hardening Soil model, where the magnitudes of 
displacements correspond to those obtained in field. This is not obtained with 
Mohr-Coulomb, where the displacements deviate largely from the field data. 
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Figure 12: Comparison of displacements with time. Solid lines represent field data (inclinometer) 
and dotted lines represent numerical results. Colors according to elevations, see legend. a) 

Hardening Soil simulation, b) Mohr-Coulomb simulation. 

6  Discussion 
The results presented in Figs. 11-12 show that simulations with the constitutive 
model Hardening Soil resulted in much stronger agreement to field observations 
compared to the results obtained by the Mohr-Coulomb model. For the six-year 
period used for comparison, the Hardening Soil model was able to model 
deformations in the right magnitude, whereas the Mohr-Coulomb model largely 
overestimates the deformations. 

In addition to the magnitude, the simulated deformations with Hardening Soil 
model show the same rotational behavior as the field deformations, with the 
largest deformations close to the middle of the tailings height. Similar behaviors in 
tailings have been reported by Jamiolkowski [7]. The rotational movements were 
not obtained by the simulation with Mohr-Coulomb. Here, the simulated 
deformations constantly increase towards the ground surface and deviate largely to 
field observations. 

In general the computations indicate a direction of movement in downstream 
direction, mainly due to increased load upstream the inclinometer caused by 
increased impoundment and dam levels. The simulated deformations have an 
obvious zigzag pattern as shown in Fig. 12, which cannot be seen in field data. 
This can be explained by a lack of details in documented historical events, e.g. 
exact dates of when the different activities were performed are missing. The 
different activities being modeled as staged constructions linked separately one 
after one might at site have been built simultaneously. If this had been taken into 
consideration it would have resulted in smoother curves in Fig. 12. 
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For the glacial till (underground), less emphasis was given on its constitutive 
modeling. The linear elastic, perfectly plastic relationship is therefore the reason 
behind the simulated linear deformations. Detailed constitutive modeling of till 
have been outside the scope of this study, and have therefore not been further 
analyzed. 

Although the Mohr-Coulomb model is simpler and demands less input parameters 
than Hardening Soil, it is concluded that a linear elastic model is not appropriate 
for estimating deformations in a tailings dam. Instead, more advanced constitutive 
models are needed. With the Hardening Soil model, strong agreement was found 
on both the magnitude and the rotational deformations. This was reached with 
features such as stress dependency in stiffness and strain hardening behavior. Even 
though perfect match was not reached to the laboratory tests (SoilTest 
simulations), the evaluated parameters implied simulations with strong agreement 
to field observations. 

By using the methodology presented in this study, i.e. advanced constitutive 
modeling and by simulating staged construction activities, accurate predictions 
can be made of future deformations. The need for sampling and corresponding 
laboratory work is obvious since more qualitative geotechnical parameters are 
needed compared to the use of simpler models, but generates on the other hand 
more accurate results. This is in agreement with Duncan [14] regarding simplicity 
versus accuracy in choosing constitutive models. Accurate predictions are 
important in dam safety management when it comes to evaluation of monitored 
deformations. Deformation monitoring gives good information of the dam 
behavior. By relating the dam behavior (e.g. horizontal deformations) to stability 

been outside the scope of this study, but can be done according to the 
methodology in [32]. 

7  Conclusions 
From this study, it is concluded that there are clear benefits of using advanced 
constitutive modeling when estimating deformations in a tailings dam. With the 
Hardening Soil model, strong agreement between simulations and inclinometer 
data is seen, both in terms of magnitude and rotational movements. With the 
Mohr-Coulomb model, the agreement is weak due to largely overestimated 
deformations, and not recommended for use when estimating deformations. 
Although more qualitative geotechnical parameters are needed for advanced 
models compared to simpler models, more accurate predictions of future 
deformations can be simulated. Such predictions are important in order to relate 
field data to anticipated dam behavior and correspondingly to its stability. This 
methodology is recommended for use in dam safety assessments and operations. 
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1. INTRODUCTION 
 
 
In mining industry, the most fine-grained residues normally referred as 

tailings, need to be managed in safe, environmentally and economically manner. 
This can be handled by impoundments, normally surrounded by tailings dams.  

 
Tailings dams can be constructed in various ways, all depending on the 

mining- and site conditions. They differ from traditional water retention dams as 
there is continuous deposition of material in the impoundment, leading to non-
static conditions. Since the impoundment level is raised, the dams need to be 
raised as well.  

                                                
* L'utilisation de la modélisation numérique pour la mise en place de niveaux d’alerte lors 
de l’instrumentation des digues de bassins de résidus miniers stériles 
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The safety of dams (in terms of slope stability), can be estimated either by 

limit equilibrium methods or by numerical modeling (for example finite element 
methods) [1]. In order to maintain stability for this type of constructions, there are 
numerous guidelines and literature dealing with the subject, c.f. [2], [3], [4]. 

 
Methods for dam surveillance and monitoring of dam behavior are for 

stability aspects proposed in many guidelines [2], [3], [5]. Benefits of using 
instrumentation in the geotechnical field are described by Dunnicliff [6], who 
highlights the need for prediction of soil behavior before installing instruments. 
Without anticipated values, no abnormalities will be recognized from the field 
data.  

 
There are different reasons for field monitoring. An often used approach is 

to evaluate measurements from instrumentation in terms of trends. 
Measurements can then be used to notice changes with time that may indicate 
dam safety risks [7]. Based on deformation records, warning criteria can be 
established in different ways, e.g. by deformation rates [8]. 

 
Another approach is to use instrumentation data for soil parameter 

determination (back-analyses) c.f. [9], [10], [11]. This can be used in 
observational methods [11] or in cases where future deformations are to be 
estimated [10]. 

 
Deformation monitoring in field, can be used for indication of large 

movements and strains, thus indicating near failure conditions (slip surfaces). 
These failure volumes can then be evaluated in terms of safety by e.g. limit 
equilibrium methods [12], [13]. A drawback with the limit equilibrium method is 
that there will be no information about the deformations at a certain degree of 
safety. 

 
Cases where numerical modeling are used in order to estimate 

deformations for geotechnical activities, such as retaining structures or 
consolidation settlements are presented in [14] and [15] respectively. This 
methodology is not applicable for embankment dams nor tailings dams, and the 
interpretation of field measurements are therefore hard since there are limited 
available reference values (predictions) for comparison. Neither can measured 
data be used to validate the dam’s stability. 

 
This paper presents a case where numerical modeling (finite element 

method) has been used in order estimate deformations and pore water pressures 
that can prevail in a dam for a certain degree of safety. A method for determining 
early warning (alert) levels for measured parameters from instruments is 
proposed. The methodology is in accordance with Dunnicliff [6] who used the 
three colors green, yellow and red warning levels. 
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2. AITIK TAILINGS DAM 

 
 
Aitik mine is an open pit copper mine owned by Boliden AB, and located 

outside Gällivare in northern Sweden. The annualy production rate is approx. 36 
Mtonnes, and after mineral extraction more than 99 percent of the material is 
considered as waste which is hydraulically transported to the tailings 
impoundment. The tailings impoundment has been in use since 1968 [16], and is 
surrounded by topography and four dams: dam A-B (with extension dam A-B2), 
dam C-D, dam G-H and dam E-F (with extension dam E-F2), see Fig. 1. The 
impoundment covers an area of approx. 13 km2, and the tailings are deposited by 
the spigot method [17] from the dam crests. The dams are raised in the upstream 
direction by 2.5-3 m/year [18]. A cross-section of dam E-F dam is presented in 
Fig. 2.  

 

 
Fig. 1 

Layout view of Aitik tailings impoundment and dams (red line indicates the 
cross-section presented in Fig. 2) 

Disposition des digues de stériles du bassin d’accumulation de résidus 
miniers de la mine d’Aitik (la ligne rouge indique la section transversale 

présentée dans la Fig. 2) 
 

 
Fig. 2 

Cross-section of dam E-F (year 2013) 



Q.98 – R. 

4 
 

Section transversale de la digue E-F (en 2013) 
 
In the Aitik dams, different instruments are used for dam surveillance, such 

as standpipes, piezometers and inclinometers. According to Swedish dam safety 
guidelines [2], the level of surveillance is basically dependent of the consequence 
class (dams are classified into four consequence classes, i.e. 1+, 1, 2 and 3). 
Class 1+ represents dams with most serious consequences and 3 the least 
serious consequences. The dam studied in this paper (dam E-F) is classified as 
consequence class 1. 

 
Up until today, monitoring data have mainly been evaluated in terms of 

changes with time, and is according to the authors the most common method 
when it comes to dam surveillance. Evaluating in terms of measured changes 
with time is a good method to get indications of sudden changes in the dam 
body. However, it cannot tell whether constant changes are in the serviceability 
state or not. Due to the continuous raise of the dam embankments and 
impoundment level, normal deformations in the serviceability state (that do not 
affect the stability negatively) are not easy to estimate. Predictions with the help 
of more sophistical methods by using numerical models are therefore needed. 

 
 
 

3. FINITE ELEMENT MODELING 
 
 
Previous stability analyses for the dams in Aitik, have been performed by 

both limit equilibrium analyses [19] and by finite element modeling [20], [21]. In 
[20] a method for dam strengthening by rockfill embankments on the downstream 
slope of upstream tailings dams was proposed. By using finite element modeling, 
the time aspect of the stability for continuous raised constructions can be taken 
into consideration with staged construction computations. Additionally, the effect 
of excess pore pressures that might develop during construction is considered in 
the proposed method in [20].  

 
In 2013, geotechnical investigations were performed in the Aitik tailings 

dams. Cone penetration tests (CPTu) showed that the tailings in the 
impoundment are stratified in nearly horizontal layers with both “loose” and 
“dense” properties [22]. Undisturbed samples of tailings were taken with a thin-
walled piston sampler (ø50 mm) and brought to the laboratory at Luleå University 
of Technology [23]. 

 
Based on laboratory results, parameters for the constitutive model 

“Hardening Soil” were evaluated for the tailings [24]. Hardening Soil has the 
Mohr-Coulomb failure criteria (described with strength parameters such as 
cohesion and friction angle), but utilizes additional stiffness parameters in order 
to simulate soil deformations more accurately than the linear-perfectly plastic 
Mohr-Coulomb model [25]. 
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A model of a cross-section (dam E-F) was built in PLAXIS 2D, with 

assumption of plane strain conditions. PLAXIS is a finite element program, 
developed for the analysis of deformation, stability and groundwater flow in 
geotechnical engineering [25]. The geometry was based on as-built drawings 
(history of dam constructions), airborne data surveys (performed every second 
year, giving history of the impoundment level) and CPTu-results (the tailings 
stratigraphy in the impoundment). Future dam raises by 3 m per year are planned 
in the upstream direction. These will be constructed with a downstream slope of 
1:6 (V:H) according to Fig. 3. 

 

 
Fig. 3 

Geometry (cross section dam E-F) 
Géometrie (section transversale de la digue E-F) 

 
Each geometry region (soil layer) was given material properties obtained in 

laboratory tests. Tailings materials were simulated with “Hardening Soil” model, 
and dam materials such as moraine, filters and rockfill support were simulated 
with Mohr-Coulomb model [26]. All materials were simulated with undrained 
behavior where computations were performed as effective stress analyses. For 
these settings effective parameters for stiffness and strength are used as input, 
which allow excess pore pressures to build up and dissipate during consolidation 
calculations. 

 
Computations were performed to model the staged constructions. The 

initial stage chosen was the geometry that prevailed 1992. This year was the first 
year from where airborne data is available (for the authors). The rate of raise at 
that time was also low, assuming no occurrence of excess pore pressure in the 
construction. According to documented history of dam activities between 1992 
and 2013, such as embankment constructions, increased impoundment levels 
and remedial works, stages for these events were created in PLAXIS.  

 
From 2013 and onwards, raisings, beach constructions (increased 

impoundment level) and resting phases were simulated by using a “standard 
year”, based on planned events at the dams [18]. The construction of the 
embankments is assumed to be performed in 15 days, starting at the 15th of 
August. This is followed by a resting phase of 15 days (representing the time 
were the embankment has been built but the spigot system still have not been 
rebuilt). From here a month of deposition (spigotting) is assumed, followed by a 
new resting phase until the 1st of May the following year. This resting phase 
represents the time with no spigotting due to risk of freezing. From the 1st of May, 
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three months of deposition is assumed (spigotting), followed by 15 days of rest 
and then, again, followed by construction of a new embankment. This “standard 
year” was used for ten years ahead in order to simulate future behavior of the 
dam. An illustration of the activities during the year is presented in Fig. 4. 

 

 
Fig. 4 

Simulated activities during a “standard year” 
Activités simulées au cours d'une «année normale" 

 
For all stages, the phreatic line was assumed to be located at the ground 

surface in the tailings impoundment. From the dam crest, the phreatic line was 
assumed more or less linear down to the starter dike, from which it is horizontal 
due to downstream water level (clarification pond).  

 
In addition to stresses and strains (deformations), the global factor of safety 

was computed for every stage of construction. According to Swedish dam safety 
guidelines [2], the factor of safety should be at least 1.5 under normal conditions. 
The proposed way of strengthening by [20] was used, where a plan for future 
need of support was created by adding rockfill berms on the downstream slope of 
the dams in order to maintain a global factor of safety at 1.5. 

 
By following this rockfill support plan at site, the calculated stability of the 

dam is maintained for the period of the present study. At the same time, the 
numerical modeling can, for each construction event, give information about the 
expected dam behavior. These data was used for determining alert levels for 
dam instrumentation. 

 
 
 

4. ESTIMATED BEHAVIOR AND ALERT LEVELS 
 
 
The output from the modeling, i.e. results from specific points in the dam 

where instrumentation is installed, is compared with observed field 
measurements. In this paper focus is directed to simulated and observed pore 
water pressures and horizontal deformations.  
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4.1. PORE WATER PRESSURE 
 
 
Pore water pressure has a major influence on the dam stability. In Fig. 5, 

excess pore water pressures and the calculated most probable failure 
mechanism are presented for a situation just before embankment construction 
2015. Comparison can be made with Fig. 6, where the embankment construction 
2015 just has been finalized. As can be seen in Fig. 6, excess pore pressure is 
developing under the added embankment and affects the failure mechanism and 
the global factor of safety. Before construction of the embankment, the failure 
mechanism covers the whole dam and has a calculated factor of safety at 1.58. 
After construction, failure mechanism is influenced by the excess pore pressures 
concentrated to the upper part of the slope, with a corresponding factor of safety 
at 1.49. After consolidation and corresponding dissipation of excess pore 
pressure, the effective stresses are increased and the safety is again increased. 

 
By adding rockfill support according to [20], the safety of the dam is 

maintained even though excess pore pressures exist. Field measurements of 
pore water pressure can therefore be used to control the dam’s stability.  

 
Excess pore water can be tolerated in the dam, but should be kept under 

further surveillance. A proposed alert level is therefore the limit between 
hydrostatic pore water pressure, based upon the phreatic line at the ground 
surface, and total water pressure exceeding hydrostatic pressure. Measurement 
values that exceed this level are said to be in the yellow stage since excess pore 
water pressures prevail. Values that are lower than this level are said to be in the 
green stage. 

 
The proposed third alert level is defined as the total pore water pressure 

computed by the numerical modeling that represents a global factor of safety of 
1.5. Measured values that exceed this level are said to be in the red stage as the 
factor of safety then is below 1.5. A schematic presentation of the alert levels 
used in Aitik is presented in Fig. 7. 

 
Piezometers that are used for pore pressure monitoring in the studied 

cross-section are presented in Fig. 8. Simulated pore water pressures at the 
same locations obtained by the numerical modeling are presented in Fig. 9. The 
dashed lines represent the yellow alert levels for the instruments, and the 
continuous lines represent the red alert levels. For the dashed lines, changes are 
due to changed groundwater level (static) when the impoundment level is raised. 
Even though the phreatic line in the impoundment is raised for every beach 
construction stage, there are fluctuations along the slope of the dam. This can be 
seen in Fig. 9. For the first beach construction stage (15th of September to 15th of 
October), there is a small decrease, and for the second beach construction stage 
(1st of May to 31st of July) there is an increase. A graphical explanation for these 
occurrences is presented in Fig. 10. The continuous lines include excess pore 
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pressures, which develops during dam construction, and then dissipates with 
time. 
 

 
Fig. 5 

Before embankment construction 2015. Upper; Excess pore water 
pressure. Lower; Most probable failure mechanism (factor of safety 1.58) 

Avant la construction du remblai 2015. Figure supérieure; Pression de l'eau 
interstitielle excessive. Figure inférieure; Le mécanisme de rupture le plus 

probable (facteur de sécurité de 1,58) 
 

 
Fig. 6 

After embankment construction 2015. Upper; Excess pore water pressure. 
Lower; Most probable failure mechanism (factor of safety 1.49) 

Après la construction du remblai 2015. Figure supérieure; Pression de l'eau 
interstitielle excessive. Figure inférieure; Le mécanisme de rupture le plus 

probable (facteur de sécurité de 1,49) 
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Fig. 7 

Schematic presentation of alert levels for pore water pressure 
Représentation schématique de niveaux d'alerte de pression d'eau 

interstitielle 
 

 
Fig. 8 

Cross section with piezometers (names are according to Boliden AB) 
Section transversale avec piézomètres (dénommés par Boliden AB) 
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Fig. 9 

Simulated pore water pressure for the used “standard year”, season 13/14 
(locations of instruments are presented in Fig.8)  

Pression de l'eau interstitielle simulée pour «l'année normale" utilisé, la 
saison 13/14 (les emplacements des instruments sont présentés sur la Fig. 8) 

 
Fig. 10 

Changes of the phreatic line at different stages. Upper; Before 
embankment construction. Middle; After beach construction. Lower; Before 

embankment construction (following year). 
Les changements de la ligne phréatique à différents stades. Figure 

supérieure; Avant la construction du remblai. Figure centrale; Après la 
construction de la plage. Figure inférieure; Avant la construction du remblai 
(l'année suivante). 
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4.2. HORIZONTAL DEFORMATIONS 

 
 
While the pore water pressures in the dam can be seen as the cause 

behind possible stability problems, deformations can instead be regarded as the 
effect of possible stability problems [6]. The deformations that are evaluated from 
inclinometers can therefore be regarded as the result of stress changes in the 
dam. By monitoring, and comparing with predicted deformations, the 
measurements give a good indication on how the dam behaves in relation to 
what have been simulated by changed loading and time. Based on this, 
conclusions can be drawn regarding the “in situ” dam stability. 

 
The inclinometer used in this study was installed in November 2007. The 

location is presented in Fig. 11. The bottom of the inclinometer casing is installed 
0,5 m below the  bedrock surface beneath the tailings impoundment. The casing 
penetrates 5.5 m of glacial till (underground), 27 m of tailings, 7 m of compacted 
till and lastly by 1 m of rockfill support. The inclination of the casing with respect 
to the vertical, have been measured twice a year since the installation. The 
rockfill support has recently been placed here, meaning no measurements at this 
elevation to compare the simulations with. From the inclinations along the depth, 
deformations are evaluated (assuming a fixed position in the bottom). Details 
about inclinometer evaluation is given in [6]. 

 
 

 
Fig. 11 

Cross section with location of inclinometer casing 
Section transversale avec l'emplacement de boitier d’inclinomètre 

 
Comparison between evaluated field data (dashed) and simulated 

deformations for the inclinometer in dam E-F is presented in Fig. 12 (left). From 
the numerical results obtained by PLAXIS, it is clear that the simulated 
deformations in the underground is too large, and is most probably due to 
underestimation of its stiffness (which is described with the Mohr-Coulomb 
model). By focusing on the tailings only, the underground deformations can be 
neglected and fitted to the field data-curve just above the underground, see Fig 
12 (right). Here, the agreement between field data and numerical results is better 
but it still overestimates the deformations in the upper part. 
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According to this principle where underground deformations are neglected, 
future deformations can be predicted. In Fig. 13, deformations for a year ahead 
are presented. These are the predictions that field data should be compared with 
in order to validate the stability of the dam. 

 

 
Fig. 12 

Horizontal deformations. Left; field data (dashed) and results from PLAXIS 
(continuous). Right; field data (dashed) and results from PLAXIS where 

deformations in the underground are neglected (compensated for installation 
depth) 
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Déformations horizontales. À gauche; données de terrain (en pointillés) et 
les résultats de PLAXIS (continu). A droite; données de terrain (en pointillés) et 

les résultats de PLAXIS où les déformations souterraines sont négligées 
(compensées pour la profondeur de montage) 

 

 
Fig. 13 

Predictions of horizontal deformations 
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Prévisions des déformations horizontales 
 
 
 

5. DISCUSSION 
 
 
This paper presents a case study where finite element modeling has been 

performed for estimation of pore water pressures and horizontal deformations in 
a tailings dam. The estimated values represent a state of the dam behavior, 
where the stability is described by a global factor of safety at 1.5 calculated by 
PLAXIS. 

 
Good agreement between field data and numerical results in terms of 

horizontal deformations has been reached, but it should be noticed that only one 
inclinometer has been used for the comparison here. Other inclinometers in the 
dams nearby are recently installed, and do not have any results to compare with. 
The numerical model seems reliable on describing the dam behavior at this 
location, and is considered to be used for prediction of future deformations. For 
better understanding of the dam behavior in situ, and to validate the model used, 
similar comparisons for other inclinometers in the dams is desirable. 

 
Pore water pressure has a major influence on the dam stability as it affects 

the effective stresses. It has been shown how the excess pore water pressure 
effect the stability, which indicates the need of good field monitoring. Monitoring 
and corresponding evaluation helps the dam owner to relate field behavior to 
dam stability. From the numerical modeling, alert levels for pore water pressure 
instruments (piezometers) have been proposed. This is performed by using three 
levels (green, yellow and red). 

 
The proposed methodology, where finite element modeling is used to relate 

pore water pressure and deformations to a certain degree of safety, can be used 
in dam safety operations in general. A benefit with this methodology is that dams 
can be evaluated in terms of how they should behave, and not only how the 
normally do behave. Evaluating measurements in terms of changes with time is a 
good method to indicate sudden changes in dam behavior, but it cannot tell 
whether constant changes are in the serviceability state or not. According to the 
authors, there is a lack of methods where field measurements not only are 
evaluated in terms of changes with time. For some cases constant rate of 
deformations may be in the serviceability state, not affecting the stability. For 
other cases, constant rate of change may seem non-problematic, as it may 
constantly reduce the stability. A better safety evaluation method is to do 
theoretical simulations first, and then use field measurements to evaluate how 
the specific in situ value is related to the computed value. With the proposed 
method, predictions on “normal” behavior can be estimated.  
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In numerical modeling the results are highly affected by the input. For this 
study, effort were spent on describing the constitutive behavior for the tailings 
(relations between stresses and strains), which facilitate the modeling of 
deformations in the dam. Making this effort for material description is of course 
desirable. But even for analyses where there is lack of laboratory data, numerical 
modeling with a less advanced constitutive model would still give hints about dam 
behavior, which helps evaluating field data. This is not at all possible with limit 
equilibrium methods. 
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SUMMARY 
 
 
In dam safety operations for tailings dams, surveillance has an important 

role as these dams are raised with time. Methods for stability analyses and how 
to set up monitoring programs are covered in many guidelines. But in order to 
relate the field data to the stability of dams, measured data need to be compared 
with expected dam behavior. 

 
Evaluation of field measurements is commonly performed by comparing 

values with previous data to see changes with time. This method is good for 
indication of sudden changes, but cannot be used to relate to the dam stability. 
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With the use of numerical modeling, expected behavior and stability of 
dams can be simulated and then in situ measurements can be compared and 
related to the theoretical values. In this paper, a case study is presented where 
finite element modeling has been used for estimation of pore water pressures 
and horizontal deformations in Aitik tailings dam in northern Sweden. Estimated 
values represent a certain degree of safety, so values can be used as alert-levels 
in monitoring programs. Proposed method can be used in dam safety operations 
in general. 

 
 
 

RESUME 
 
 
Pour les opérations de contrôle de sécurité des digues de bassins 

d’accumulation de résidus miniers, la surveillance a un rôle important du fait que 
ces digues sont élevées au fur et à mesure. Les méthodes pour les analyses de 
stabilité et les instructions pour la mise en place de programmes de surveillance 
sont définies dans de nombreuses directives. Mais afin de mettre en relations les 
données de terrain et la stabilité des digues, les données mesurées doivent être 
comparées avec les prévisions du comportement de la digue. 

 
L’évaluation des mesures de terrain est généralement effectuée en 

comparant les valeurs mesurées avec les données antérieures pour observer les 
changements avec le temps. Cette méthode est appropriée pour l'indication d'un 
changement soudain, mais ne peut pas être utilisée pour évaluer la stabilité des 
digues.  

 
Avec l'utilisation de la modélisation numérique, le comportement et la 

stabilité des digues peuvent être simulés et les mesures in situ peuvent être 
comparées et associées aux valeurs théoriques. Dans cet article, une étude de 
cas est présentée où la modélisation par éléments finis a été utilisée pour 
l'estimation des pressions interstitielles et des déformations horizontales dans les 
digues du bassin d’accumulation de résidus miniers de la mine d’Aitik dans le 
nord de la Suède. Les valeurs estimées représentent un certain degré de 
sécurité, de sorte que les valeurs peuvent être utilisées comme niveaux d’alerte 
dans les programmes de surveillance. La méthode proposée est générale et peut 
être utilisée dans les opérations de sécurité des barrages. 
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