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ABSTRACT 

Storage and management of mine waste are both needed in the mining industry. After mineral 
extraction of the ore, there are generally leftovers with insufficient economical value that need to 
be taken care of. The finest grained fractions are referred to as tailings. Since every mine site and 
every tailings impoundment is unique, there is unfortunately not an universal answer to proper 
management that can be applied everywhere. Even though local guidelines and regulations can be 
considered to give a best practice in terms of design, there is correspondingly a need for dam safety 
stewardship on an operational level. Without such stewardship, not even the best designed dams 
or facilities would be fully controlled in terms of safety. Conversely, even badly designed dams can 
be operated in safe manners with good stewardship and surveillance programs. The coupling 
between design and stewardship is therefore important in order to reach proper tailings 
management.  

In the design of tailings dams, a certain value of the factor of safety for slopes of the dams is 
normally striven for to secure stability. The value is generally based on national regulations and/or 
guidelines. In Sweden the factor of safety should not be lower than 1.5 under normal conditions. 
In the guidelines, recommendations are often given on dam surveillance and field measurements of 
e.g. pore water pressure, deformations and seepage. Field measurements are taken, but are 
generally assessed in terms of trends (change with time) and not by comparison to anticipated 
performance.  

In this study, numerical modeling has been used for stability analyses and dam performance, as 
predictions of deformations and pore water pressure levels. An upstream tailings dam located in 
northern Sweden has been used as a case. The granular materials being part of the model based 
were described based upon geotechnical investigations (field and lab). The tailings material was 
modeled, on a constitutive level, by the Hardening Soil model. Good agreement between 
simulated behavior and laboratory tests was achieved. Other dam materials were simulated by the 
Mohr-Coulomb model. 

The model was built as a staged construction model where historical events between 1992 and 
2013 were simulated. The historical events included dam raises, increased beach elevations, 
remedial works etc. The simulations of historical events were used for facilitating comparison with 
field measurements. By means of inclinometer data, horizontal deformations were measured and 
evaluated for a period of six years. These deformations were accurately simulated, which was 
considered to verify the numerical model. By this verification, the model is considered accurate 
enough to be used for simulating future events. Both stability and corresponding dam performance 
were computed, by simulating a period of 10 years. The stability analyses were used for the set-up 
of rockfill support plans, i.e. where and when remedial works are needed in order to maintain a 
certain safety level. The corresponding values in deformations and pore water pressures were used 
for the set-up of alert levels for each measuring unit. These alert levels will help the engineer in 
field with data interpretation, where the simulated values are compared with field measurements 
taken. The proposed methodology is recommended for tailings dams in general, which reduces 
the gap between design and stewardship. Hence, one step closer to proper tailings management is 
taken. 
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SAMMANFATTNING (SUMMARY IN SWEDISH) 

Lagring och management av gruvavfall är två nödvändiga aktiviteter inom gruvindustrin. I 
samband med att malmen bryts och förädlas, genereras det vanligen restprodukter med lågt 
ekonomiskt värde från utvinningsprocessen. Dessa behöver omhändertas. De finaste fraktionerna 
av restprodukterna går under namnet anrikningssand (eng. tailings), även då materialet kan 
innehålla höga andelar av både ler och silt. Anrikningssand lagras vanligen i s.k. sandmagasin, 
omgivna av gruvdammar. Ett gott management av lagring och hantering av anrikningssand är 
nödvändigt för att säkerställa god dammsäkerhet. Eftersom varje gruva och därmed varje 
sandmagasin är unik, finns det tyvärr inget generellt svar till hur ett fullgott management kan se ut. 
Även då nationella riktlinjer och krav kan anses ge en uppdaterad bild gällande dimensionering, 
finns det fortfarande ett behov av dammsäkerhetsarbete på en operativ nivå. Utan en sådan typ av 
förvaltning av gruvdammar, kan inte ens den bästa dimensionering försäkra att dammen har en 
fullgod säkerhet. På motsvarande sätt kan även mindre väl dimensionerade dammar vara säkra om 
dessa åtföljs av en god förvaltning och ett bra övervakningsprogram. Kopplingen mellan 
dimensionering (design) och förvaltning (stewardship) är därför viktig för att säkerställa ett gott 
management av gruvdammar. 

Vid dimensionering av gruvdammar eftersträvas vanligen ett värde på säkerhetsfaktorn på 
släntstabilitet som anges i nationella riktlinjer. I Sverige är rekommendationen att säkerhetsfaktorn 
för släntstabilitet minst är 1.5 under normala förhållanden. Från styrande dokument rörande 
förvaltning, finns det oftast riktlinjer över hur övervakning och fältmätning ska skötas. Detta gäller 
t.ex. storheter som porvattentryck, deformationer och läckage. Mätningar sker i eller på 
dammarna, och resultaten utvärderas vanligen i form av trender (förändringar med tid). Mycket 
sällan görs jämförelser med vilka värden man kan förvänta sig i tid och rum. Författarens åsikt är 
därför att det idag saknas en naturlig koppling mellan beräknad stabilitet (säkerhetsfaktorn) och 
faktiska resultat från fältmätningar. 

I detta arbete har numerisk modellering genomförts gällande stabilitetsanalyser. Vidare har 
simulering av en gruvdamms beteende i form av deformationer och porvattentryck genomförts. I 
studien har en uppströmsbyggd gruvdamm i norra Sverige använts som fallstudie. Jordmaterialen i 
dammen har beskrivits med hjälp geotekniska undersökningar, både från fält- och i 
laboratoriemiljö. Anrikningssanden simulerades på en konstitutiv nivå (samband mellan spänningar 
och töjningar) via jordmodellen Hardening Soil. God överensstämmelse mellan simulerat beteende 
och laboratorieförsök uppnåddes. Övriga material i dammkonstruktionen simulerades med hjälp av 
klassiska jordmodellen Mohr-Coulomb. 

Via finit elementmodellering, byggdes en modell upp där aktiviteter som utförts på dammen 
mellan 1992 och 2013 inkluderades. Detta innebar aktiviteter såsom dammhöjningar, höjda 
magasinsnivåer, förstärkningsåtgärder etc., alla simulerade utifrån den tidpunkt då de utfördes i fält. 
Simuleringen av dessa aktiviteter utfördes för att kunna jämföra simuleringsresultat med 
fältmätningar. Med hjälp av data från en inklinometer i dammen, kunde horisontella 
deformationer utvärderas för en sexårsperiod. Dessa deformationer kunde med god 
överensstämmelse simuleras, vilket verifierar modellens predikteringsförmåga. Simuleringar av 
framtida, planerade aktiviteter har därmed möjliggjorts.  

En tioårsperiod har simulerats med hänsyn till stabilitet och tillhörande beteende (performance) av 
gruvdammen. Utifrån stabilitetsanalyserna kunde en plan för framtida förstärkningsbehov av 
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nedströms stödbankar upprättas så att, den eftersträvade säkerhetsfaktorn kunde upprätthållas. De 
tillhörande resultaten från simuleringar av deformationer och porvattentryck användes för att 
upprätta larmnivåer av olika slag. Dessa kopplades till den geotekniska instrumenteringen i 
dammarna. Specifika larmnivåer och på förhand bestämda förväntade mätvärden underlättar vid 
framtida utvärdering av fältmätningar så att säkerhetsfaktorn kan säkerställas.  

Den föreslagna metodiken rekommenderas även att tillämpas för andra typer av dammar och 
infrastruktur där kopplingen mellan dimensionering (stabilitetsanalyser etc.) och förvaltning 
(fältmätningar etc.) direkt kan ses. Med denna koppling, kan ytterligare steg mot förbättrat 
management av gruvdammar tas. 
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1 INTRODUCTION 

1.1 Background 

Tailings are the most fine-grained, unwanted geological products that remain after mining and 
mineral extraction. While minerals such as gold, copper, iron, zinc or rare earth metals are of 
highest importance for mining companies, tailings are generally considered as a burden. Extraction 
of minerals is the main purpose for the mine and generates an economical income, while tailings 
and managing of such products normally results in costs. 

The grain size and mineral composition of tailings depends on numerous factors, such as host rock 
and mineral extraction processes (Vick 1990). General steps in these processes are blasting, 
crushing, grinding, mineral separation, and thickening. Though thickening, the process generally 
ends up in a slurry of tailings and water that needs to be taken care of in safe, economic and 
environmental manners. 

Tailings slurry is generally transported to impoundments, or storage facilities, where it is disposed 
and stored. The impoundments can be confined by terrain only (valleys), but are normally 
surrounded by embankment dams (ICOLD 1996). These embankments, so called tailings dams, 
can be constructed in various ways and are therefore, more or less, unique for every mine site in 
the world. 

Some tailings dams are built to final height at once, similar to many water retention dams. By 
time, the impoundment level will successively be raised and finally fill up the impoundment. The 
dam is here mainly built by burrow material.  

More common for tailings dams though, is the successive heightening by time of these dams. 
Instead of constructing a large dam at the beginning, the dam height is frequently increased in 
small steps by time with respect to the increased impoundment level. Compared to the final 
height-alternative, costs are postponed and less burrow material needs to be provided at the initial 
stage. 

Unfortunately, serious tailings dam failures around the world are reported with a relative high 
frequency. Examples of tailings dam failures in the past are Stava in Italy (1985), Merriespruit in 
South Africa (1994), Aznalcollar in Spain (1998), Aitik in Sweden (2000), and Kolontár in 
Hungary (2010). One of the most recent tailings dam failure happened at Mount Polley mine site 
in B.C, Canada in August 2014 (Morgenstern et al. 2015). Luckily there were no casualties, but 
still a catastrophe in terms of environment, economy, and publicity. 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”.  

In order to avoid such disasters, there is an obvious need for continuous and balanced dam safety 
management. Such dam safety management, should handle both state of the art design (including 
stability analyses) and control programs, with purpose to observe abnormalities within and adjacent 
to the dams. Many guidelines regarding safety management for tailings dams have their origin in 
hydropower industry where conventional water retention dams are in main focus. By time, these 
guidelines have been altered and applied into tailings facilities, e.g. SveMin (2012). Except for the 
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use of various dam types, or construction methods between conventional water retention dams 
and tailings dams, there is a key difference between them. That is the material being stored, i.e. 
water, and tailings respectively. For tailings dams, there are therefore additional geotechnical 
aspects that have to be considered in order to understand their performance. 

After disposal of tailings into the impoundments, the grains are subject to sedimentation processes, 
dewatered and drained by gravitation, and thus creating a soil. As previously mentioned, grain 
sizes, their distribution, and mineral composition are highly dependent on host rock and 
extraction processes. Hence, the soil behavior depends on such factors as well. 

After that the tailings have settled, additional slurry will be added on top and subsequently increase 
the surface elevation (impoundment level). By different deposition techniques, there are methods 
on how to alter the soil properties at the surface. Factors such as slurry velocity, lift thickness and 
drying periods (between deposition periods) can be altered and controlled in order to improve the 
settling tailings and correspondingly its mechanical behavior. These improvements can be very 
important, since todays tailings surface can be crucial parts of the structure in the future.  

When it comes to general stability assessment of tailings dams, and their continuous change in 
geometry and materials, there are guidelines how to manage such issues, e.g. SveMin (2012), 
ICOLD (1989, 2011). Computer software, with either limit equilibrium analyses or numerical 
modeling are normally used in order to determine the slope’s most critical slip surface and 
corresponding factor of safety (FoS). Strength parameters are the most important input to stability 
analyses, and the need for laboratory work to determine these parameters is obvious. 

What is also regulated in guidelines is instrumentation and dam surveillance. Deformations, pore 
water pressures and seepage are examples of physical properties that are measured in order to 
interpret dam behavior. The interpretation of measurement data can be more or less complex, 
depending on various factors. Site conditions such as hydraulic conditions, zonation in the dam, 
variations in soil properties and loading conditions (increased dam height, varied impoundment 
level and remedial works) will all have an influence on dam behavior. In addition to that, the 
influence of time and yearly cycles (for example climatic and precipitation) makes the situation 
even more complex. Unless there are good estimations on how the dam should perform in a 
normal manner, dam safety interpretation become a difficult task for engineers. 

Even though it is not analyzed as often as stability, deformation analyses are performed for some 
cases regarding dams and impoundments. Since more parameters are needed for such more 
advanced analyzes, more effort is needed both in terms of material properties and on the 
deformation analysis itself.  

An approach in field data assessment that can be found in the literature is to use field data as 
answers in back-analyses, see for example Oztoprak and Cinicioglu (2005), Marcato et al. (2012), 
Vahdati et al. (2013, 2014). In such analyses, the main purpose is to find soil properties by fitting 
measured response in situ, which then can be used for further modeling. Here, soil properties are 
altered in numerical simulations until the simulated structure performs similarly to what is shown 
from field measurements. Such methodology can be the only alternative to find, or validate, soil 
properties in structures where sampling (for laboratory purposes) is impracticable, not possible or 
prohibited. On the other hand, big effort is needed on the simulation procedure. 



Introduction 

   

 

3 

 

Another, and more straightforward, approach when it comes to material properties and their 
influence on dam performance is the conventional methodology of sampling on site and 
corresponding laboratory work. Samples are taken from different parts of the structure and 
brought to the laboratory. Geotechnical properties are determined, which then are used for 
simulations of the structure.  

Soil properties that are determined in lab, are not necessarily valid for simulations on a global level. 
One way of validation for such properties is to compare simulated results with field measurements. 
This can then act as a confirmation of chosen properties and modeling. Simulations that show 
good agreement with field measurements, indicates good material description and accurate 
modeling. 

Irrespective of how material properties are determined, there is an obvious need for good 
estimations of future dam behavior. This is needed in order to facilitate in dam safety management 
and future field data interpretation. Without anticipated values or trends from theoretical 
calculations, no abnormalities in field data will be recognized (Dunnicliff 1988). For this, good 
simulations are needed, where both tailings (on a constitutive level) and the dam needs to be 
described and simulated as close to reality as possible. 

The anticipated values from simulations can be used for alert level set-up. With parallel stability 
analyses, certain ranges among the physical properties measured at site can then be coupled to 
certain degrees of stability (i.e. the Factor of Safety).   

Today, there is lack of advanced simulations in tailings dams engineering where properties such as 
deformations are of interest. Such simulations demand a high degree of laboratory work, material 
description on a constitutive level, and big effort on simulations. But this is needed in order to 
couple design, such as stability analyses, to stewardship, such as dam performance and 
corresponding surveillance. An effective methodology for performing such simulations is needed 
in order to maintain sustainable tailings dams and should be implemented in their dam safety 
management. 

1.2 Aim and Objectives of the research 

The aim with the research presented in this thesis is to propose a methodology for estimating 
tailings dam safety and to couple it to the corresponding, anticipated dam performance.  

A first objective for reaching the aim is to study tailings properties. The importance for tailings 
dam performance and its corresponding stability will be examined, mainly for the operational 
phase, but also some notes regarding long term behavior will be given. For this, tailings material 
from a facility in northern Sweden was sampled and used for laboratory investigations. Different 
laboratory test methods were used, from which the obtained (different) results will be used 
separately throughout the work. 

A second objective is to apply findings in tailings behavior into numerical modeling, where 
simulated behavior and comparison to field measurements are of interest. For this a case study of a 
tailings dam will be presented (same facility as from where tailings material is studied). Advanced 
constitutive modeling will be used for the tailings material. Simulations of historical activities will 
be performed and the corresponding dam performance will be compared to field performance. 
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Agreement between these will act as model and parameter confirmation. The numerical model 
will also be used for stability purposes of future events, simulating a ten year period. 

A third objective is to propose a way to use results from numerical modeling for set-up of alert 
levels and anticipated values for geotechnical instrumentation. These levels should be coupled to 
the computed stability. 

Based on findings from my research, a methodology for predicting dam safety performance for 
tailings dams will be discussed. Such methodology is needed in order couple design and 
stewardship into an effective dam safety management system. By this discussion, together with 
ideas for future work, I strive to give ideas for improvement in dam safety management.  
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1.3 Structure of thesis 

This thesis consists of six papers, here opened by a main text that places the papers in a wider 
context and presents their main results. 

The first chapter (Introduction) gives a general background of tailings dams and presents the aim 
and objectives of the research work. 

In the second chapter (Tailings facilities and their management), an overall introduction to tailings 
facilities and general views of tailings management is given.  

In the third chapter (Tailings properties), basic geotechnical properties, mechanical properties, and 
some notes regarding long term behavior of tailings are presented. This chapter mainly 
corresponds to findings from Paper 3, 5 and 6. 

In the fourth chapter (Modeling of Aitik tailings and dams), findings from chapter 3 are used for 
simulation purposes. Information will be given regarding the modeling methodology, both on a 
global level and on a constitutive level. 

In the fifth chapter (Model confirmation), the usage of field measurements for validation of the 
numerical model is presented. This chapter mainly corresponds to findings from Paper 1. 

In the sixth chapter (Alert level set-up), the usage of the numerical modeling in order to set-up 
alert levels for instrumentation will be presented. This chapter mainly corresponds to findings from 
Paper 2. 

In the seventh chapter (Discussion), tailings properties, numerical modeling and their benefits in 
dam safety management are discussed. Examples are given on how modeling and dam surveillance 
can be coupled for dam safety improvements. 

In the eighth chapter (Conclusions), the main findings from the research work are presented 
together with ideas for future work. 
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2 TAILINGS FACILITIES AND THEIR MANAGEMENT 

Tailings facilities need to be managed in safe, environmental and economical manners. Such 
sustainable management is performed differently throughout the lifetime of the facilities. This 
includes phases such as planning, design, construction, operation, closure, rehabilitation and 
aftercare (Australian Gov. 2007).  

For the initial stages such as planning, design of starter dams, and construction, there are numbers 
of recommendations in the literature on how to think and design according to the best available 
technique (Vick 1990, ICOLD 1996, Australian Gov. 2007, Blight 2010, ICOLD 2011). For such 
planning and design, there are many factors that need to be considered and assessed before a new 
tailings facility is built. Mine plans (e.g. life of mine, production/extraction rates, and possible 
expansions), tailings characterization (geotechnical, geochemical), disposal method and site specific 
data (topography, geology, hydrology etc.) are examples that needs to be assessed in such planning. 
To the author’s believe, these factors are generally assessed in a good way and new facilities are 
constructed according to the best available technique. A difficult task though, is to plan for 
changes in mine production, or changes in disposal methods. In Sweden there are numbers of old, 
but still active, tailings dams that due to these changes and updated best available design 
techniques, have been needed to change their appearance (Jantzer et al. 2008). Remedial works 
for these dams are required, and more effort is needed in the operational surveillance. The Aitik 
tailings dam that is used for the case study in this research is one of them. 

The operational lifetime of a tailings facility, sometimes referred as the active phase, is the phase 
that differ the most compared to many other dams or infrastructure projects. Since tailings are 
continuously disposed, and the impoundment level is by that continuously increased, the dams 
need to be raised in a frequent manner. Increased dam height with time, and increased ground 
water levels are examples that tailings dams face during the operational phase. For hydropower 
dams and road embankments etc., such changes are normally not an issue. In these cases, the 
structures generally are built to final height at once. Another important difference between tailings 
dams and hydropower dams is the general view on their purpose and corresponding interest. In 
the hydropower industry, the dams are crucial for the company’s income. Without such dams, 
water storage and water head are lost which affect the generation of electricity. The dam owner 
therefore has an economical interest in good management of such dams. For tailings dams though, 
the tailings storage is just a necessary cost that must be taken care of. Instead of working with dam 
improvements that might generate an income, tailings dams can only be improved for cost 
effectiveness. But to keep up with sustainable mining where safety and environmental issues are 
crucial, interest should be spent on the tailings dam safety management. Proper management is a 
liability that the mining industry has to the community, where disasters such as those mentioned 
in the introduction should be avoided. 

Trends in the operational management of tailings facilities have changed over time. Bjelkevik 
(2005a) summarized historical trends in tailings management, from where it is clear that both 
economical aspects (for the mining company) and community’s interest on the mining industry 
have been driving forces behind upgrades and changing trends in tailings management. Such 
upgrades have arisen for either design purposes or factors such as stewardship and surveillance. An 
example of a trend growing popular due to economical aspects was the upstream dam construction 
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method (built with tailings). In Sweden, this was introduced in the mid-nineties, and led to 
cheaper dam constructions (raises) for the mining companies, where the need for burrow material 
was reduced. Similarly has the community’s interest on, for example, safe and non–leaching dams 
led to steering documents specifically applied for tailings dams. An example is the GruvRIDAS 
document (SveMin 2012), which are Swedish guidelines on tailings dam safety. These documents 
evolved in 2007 from similar documents focusing on hydropower dams (RIDAS). 

A current trend in tailings management is the paste and thickened tailings technology (Engels 
2015a). General concepts of this technology are, the reduced amounts of water for the tailings 
slurry and its transportation, and steeper beach slopes in the tailings impoundment (Australian 
Gov. 2007). By thickening the tailings slurry before it is further transported to be deposited, 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 is preferred. The solids 
content in the remaining slurry, which is delivered to the tailings impoundment, is therefore 
increased. When deposited, this can lead to less sorting of the material and do normally correspond 
to steeper beach slopes (Engels 2015b). The steeper beach slopes does generally increase the 
storage capacity of the tailings impoundment, which corresponds to reduced costs in dam 
construction. This technology seems to be an example of a trend evolving on both interest from 
the community (here by reducing the amount of water) and cost effectiveness for the company 
(less pumping of water). 

The thickened tailings technology is quite new in Sweden. The first and only example was 
installed in Svappavaara 2012 (Ekstedt 2015). There are therefore still lessons to be learnt regarding 
its reliability and appliance in different parts of the world. There is a growing interest for the 
technology, which can be noted from the high number of papers published in the conferences 
covering such topics, e.g The International seminar on Paste and Thickened Tailings. But there 
are also publications where uncertainties are highlighted, e.g. Blight (2003) and Alakangas et al. 
(2013). Even though a thickened tailings system seems tempting to adopt, relative merits between 
thickened and unthickened system should be compared and evaluated before choosing one or 
another technology (Blight 2003). Just because there are mines in parts of the world where the 
thickening technology is applied and works successfully, it does not automatically mean that the 
method is the best solution everywhere.  

It can be noted from the literature that there is room for improvements regarding current trends in 
tailings management. 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. Australian Gov. (2007) gave comprehensive 
information on tailings management and discussed future challenges for the management of tailings 
facilities. Martin and Davies (2000) discussed the term stewardship of tailings dams, where the 
tailings facility is maintained to expected behavior and safety level. In this thesis, the term 
stewardship is defined as the regular operations by the mining company, possibly with help from 
consultants, with focus on dam safety and environmental issues. Examples are dam surveillance 
programs and operation manuals, with purpose to steward tailings facilities according to both 
internal (the mining company itself) and external (e.g. community in terms of regulatory aspects) 
requests.  

Parallel to the stewardship, there is design. This can either be planning in early stages (such as site 
location and starter dams) or design of frequent dam raises in the operational phase. Here, different 
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aspects such as aesthetic, functional, safe and environmental dimensions are included in order to 
solve (or maintain) a certain issue. Increasing the storage capacity by construction of dam 
embankments is one example that might be solved by such design. 

In order to fulfill proper tailings management, both the design and stewardship should be 
implemented. Without the stewardship, not even the best designed dams or facilities would be 
fully controlled. No design is sufficiently robust for the most negligent stewardship. Conversely, 
even badly designed dams can be operated in good manners with proper stewardship (Martin and 
Davies 2000). 

Even though both of these aspects are highly site specific, good guidance can be found on a 
general level in many publications and guidelines (Dunnicliff 1988, ICOLD 1989, Vick 1990, Fell 
2005, Australian Gov. 2007, Blight 2010, ICOLD 2011, SveMin 2012). These guidelines, or 
regulations, are generally given for either design (e.g. design criteria) or stewardship (e.g. 
surveillance programs) separately. But also the coupling between these aspects is important as 
pointed out by Martin and Davies (2000). With proper stewardship, the assumptions taken in the 
design phase can be controlled and verified. Similarly, design of dam raises can be optimized with 
better understanding of the dam performance (i.e. stewardship). But in the literature there is lack 
of examples where practical coupling between these aspects are presented. No methodology has 
been found with practical means to relate design and stewardship. For example, in relating the 
slope stability (factor of safety) to dam surveillance and measurements from geotechnical 
instrumentation. In order to reach proper tailings management and correspondingly to maintain 
the striven safety level, there is room for improvements by such coupling.  Coupling between 
design and stewardship is schematically presented in Figure 1.  

 
Figure 1. Tailings management. Connection to design and stewardship. 

The operational phase of tailings facilities is followed by closure. Closure of tailings facilities can be 
due to different reasons. Either the storage capacity has reached its maximum, and no further dam 
heightening is considered as possible, or the life of mine has reached its economical end, and no 
more tailings will be generated. With closure, the facility is rehabilitated in order to prepare it for 
aftercare and finally leave it for future, i.e. the long term phase. In a philosophical sense is the long 
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term regarded as “forever”, but is for design purposes generally defined as 1000 years in 
Scandinavia (Bjelkevik 2005b). 

2.1 Aitik 

Aitik is an open pit copper mine, managed by company Boliden AB, located outside Gällivare in 
northern Sweden. The yearly production rate is 36 Mtonnes (2014), where more than 99% of the 
extracted ore is considered as waste and hydraulically transported into the tailings impoundment. 
The area of the tailings impoundment is approximately 13 km2, confined by six dams and natural 
ground, see Figure 2. West of dam E-F a clarification pond is located. 

The tailings facility has been in operation since 1968 (Andersson 2013). Starter dams were built 
with glacial till. 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. This led to settling 
of the most fine grained tailings particles, classified by fractions as silt, clayey silt and clay, close to 
the outlet and the western dams (dams E-F and G-H). The dams were mainly raised in the 
downstream direction with glacial till. 

Today the tailings deposition is maintained by the ‘spigot’ method (ICOLD 1996) from the dam 
crest. A tailings beach is created due to sorting of the grains. The most coarse grained particles 
settle close to the dams and finer particles are transported further out into the impoundment. The 
dams are annually raised with a height of approximately three meters in the upstream direction, 
built by coarse grained tailings (silty sand) taken from the beach. Maximum dam height is 
currently (2015) 61 m (Jonasson 2015). 

 
Figure 2. Aitik tailings dam facility overview. Elevations (in the impoundment) prevailed 2014. 

Parallel to the yearly dam raises, strengthening actions are performed for dam G-H and E-F 
according to a plan developed by Ormann et al. (2013). This is maintained by adding rockfill 
support on the downstream slope of the dams. The rockfill support plan has been improved and 
extended in time according to studies presented in this thesis. 
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Compared to the early years of the facility, the view on tailings management in Sweden has 
changed. The best available technique has changed in both stewardship and design, and is still 
under development. Since the dams in their early life were built in order to prevent drainage, 
while today are designed to drain (upstream dam construction), the dams are today very complex 
structures. More details on the geometry of the dams is given in chapter 4. Today the dams are 
subjected to surveillance programs (example of its stewardship), and are monitored with 
geotechnical instruments. Examples of such instruments are standpipes and piezometers for pore 
water pressure measurements, inclinometers for horizontal deformation measurements and weirs 
downstream the dams for seepage monitoring.  

Assessment of field data at Aitik, is performed similarly as for many Swedish dams, i.e. by 
tendencies with time. In general, no criteria exists for possible maximum values to be accepted in 
relation to a specific degree of safety of the structure. This is an example where there is room for 
improved coupling between design and stewardship. Instead of only assess the field data by 
tendencies with time, anticipated values by calculations can be used for comparison. The 
calculated stability can by that be confirmed, and abnormalities in field performance would be 
more easily detected. A methodology to couple these, and to improve the tailings management in 
Aitik, is presented in this thesis.  
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3 TAILINGS PROPERTIES 

In literature it is found a lot of information where different tailings origins (type of mine, host rock 
etc.) can be used for classification and property descriptions of deposited tailings, e.g. Vick (1990), 
Fell (2005) and Blight (2010). By knowing what to be mined (copper, gold, coal etc.), such 
references can be used for estimations of geotechnical properties of the tailings. Such databases are 
helpful in initial studies, but should be handled with caution when it comes to more detailed 
design phases and model verifications. The differences in material properties between what is 
given in handbooks etc. compared to in situ conditions locally can be large. Instead of using values 
according to handbooks in design phases, the deposited material should be studied in laboratory 
and field conditions should be determined in order to find material properties for the actual 
situation.  

In 2013, geotechnical field investigations were conducted at Aitik dams G-H and E-F. CPTu-
testing, sampling and installation of instruments such as piezometers and inclinometer casings were 
performed by the consultant company Sweco. Samples were taken to the laboratory at Luleå 
University of Technology, where basic properties such as grain size distribution, water content, 
densities (bulk-, dry- and particle density), porosity and void ratio were determined. Grain size 
distribution curves for sampled tailings are presented in Figure 3. The curves are here colored 
based on sample depth. A so called “Original” curve is presented as well, which represent tailings 
before deposition, i.e. the grain size distribution of tailings leaving the concentrator in Aitik. It is 
clear from Figure 3, that samples from large depths contain much finer grain sizes than what is 
seen for shallow depths. This is due to historical changes in deposition technique at site (Boliden 
2013). Deep layers (red and blue curves) correspond to tailings that have settled far away (numbers 
of kilometers) from the point of deposition (dam A-B at that time). The shallower layers (green 
and turquoise curves) correspond to tailings that have settled close to deposition points (0- 300 m) 
which today are located at the dam E-F and G-H. 

A summary of basic geotechnical properties is presented in Figure 4, taken from Bhanbhro (2014). 
The average particle density was determined to be 2.83 t/m3. More details about the basic 
geotechnical description of tailings from Aitik are presented in Paper 6. These results are in 
accordance with basic properties given by Vick (1990) and Fell (2005), representing copper tailings 
sand. 
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Figure 3. Grain size distribution curves for Aitik tailings sampled 2013. Colors according to sample depth. 

 

 
Figure 4. Basic properties for Aitik tailings sampled 2013. AfterBhanbhro (2014). 
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In the following section, results from laboratory (mechanical) testing is presented. This is followed 
by a section with some notes regarding tailings properties in the long term perspective.  

3.1 Mechanical properties 

Testing was performed on samples from Aitik in order to determine mechanical properties for the 
tailings. The specimens were taken as undisturbed with a thin-wall piston sampler (50mm 
diameter). Following tests were performed in the laboratory at Luleå University of Technology: 

• Triaxial testing, consolidated drained 
• Direct simple shear test, consolidated drained (with pore water pressure measurement) 
• Direct simple shear test, consolidated undrained (with pore water pressure measurement) 
• Standard oedometer testing (incremental loading) 

A test program was created. The test methods were chosen for the soil specimens in order to 
create tests series with specimens sampled at similar depths. The aim was to facilitate for model 
parameter evaluation, so that parameters can be assigned for regions with similar depth in 
numerical modeling. More details regarding parameter evaluation will be given in subchapter 4.2. 

Triaxial and direct simple shear tests are test methods where the material behavior during shearing 
is the main interest, but where the tests are performed differently. 

The triaxial tests were performed as strain controlled compression tests where the specimens where 
isotropically consolidated before shearing, generally referred to as CD-test (Das 2006). Cylindrical 
specimens with diameter 50 mm and height of 100 mm were used. Based on sample locations 
(plan and depth) were the triaxial tests performed in test series with different stresses during 
consolidation. By the different consolidation stresses, properties as stress dependent strength and 
deformation characteristics was evaluated from the results. During shearing, the minor principal 
stress ( ´3) was kept constant. The axial strain was increased (controlled) which corresponded to 
changes in the major principal stress ( ´1), which was measured. In the test, the principal stress 
directions are assumed to be constant throughout the test by neglecting shear stresses at the 
specimen boundaries, see schematic illustration in Figure 5a.  

For the direct simple shear tests, the tests were performed in series based on sample location (plan 
and depth). Cylindrical specimens with diameter 50 mm and height of 20 mm were used. But 
instead of isotropic consolidation, the specimens were consolidated for a certain vertical stress. 
During shearing the vertical stress is kept constant and the horizontal strain is increased 
(controlled). The corresponding horizontal force during shearing is used for calculation of shear 
stress where the shear plane is assumed as the horizontal cross-sectional area of the specimen. A 
schematic illustration of the stresses in the direct simple shear tests is illustrated in Figure 5b. 

The vertical stress in the direct shear test is during consolidation considered as the major principal 
stress. For the minor principal stress, theory of earth pressure at rest can be applied. During 
shearing, both major and minor principal stresses and their corresponding directions are changed. 
None of the principal stresses or corresponding directions are measured in the direct shear test. 
Pure shearing is assumed and the resulting shear stress is used for strength evaluation. 

The direct simple shear apparatus used in the laboratory at LTU is improved with equipment for 
pore water pressure measurements. Such measurements are not included in standardized 
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procedures of direct shear tests (SGF 2004). By taking the actual pore water pressure during the 
test into consideration, the effective stresses can be determined. By that are the test evaluations 
guaranteed to be performed in effective terms (with effective parameters), even though excess pore 
water pressure might have been generated. More details in the direct simple shear testing 
procedure are given in appended Paper 5. 

Triaxial testing is generally considered more sophisticated than direct shear tests, since more 
properties are controlled (or measured) during the test. But according to what was found in 
literature are both tests methods expected to give comparable results in strength (Skempton 1964, 
Casagrande and Poulus 1964, Thomson and Kjartanson 1985, Abdel-Ghaffar 1990, Castellanos 
and Brandon 2013). 

In oedometer testing, the compression characteristics of the material is the main interest. For the 
oedeometer tests performed, the normal (vertical) stress was stepwise increased. Correspondingly 
are compression (one-dimensional) strains generated. The normal stress corresponds to the major 
principal stress, which direction is therefore constant throughout the test.  

Schematic figures representing triaxial, direct simple shear, and oedometer tests are presented in 
Figure 5.  

 
Figure 5. Schematic illustration of triaxial test (a), direct simple shear test (b) and oedoemter test (c). Red lines 
correspond to shear planes. 
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Typical results from a series of triaxial test performed at specimens from Aitik are presented in 
Figure 6. In Figure 7 a test series of direct simple shear tests is presented in and Figure 8 results 
from an oedometer test is presented. 

Results from both triaxial and direct simple shear tests indicated strain hardening behavior. But the 
evaluated strength indicated large differences between the two tests, according to Mohr-Coulomb 
failure criteria. The evaluated friction angle for all tests series, both triaxial and direct simple shear 
tests (drained and undrained tests) are presented in Figure 9 (Bhanbhro 2014). The friction angles 
are here plotted against the depth from where the studied tailings were sampled. From the figure it 
is clear that there is nearly no variation with depth for any of the evaluated friction angles from the 
same type of test. But the evaluated friction angles from triaxial tests (red curve) were much higher 
than evaluated from direct shear tests (both drained and undrained tests, blue curves).  

The evaluated friction angle, both regarding direct shear tests and triaxial tests, differs compared to 
what is presented in Vick (1990) and Fell (2005). According to what is presented in those 
publications, a friction angle of 34° is typical for copper tailings. For natural soils, classified by 
fraction as silt or silty sands, a friction angle in a range of 30°-35° can be expected for angular 
particles (Das 2006), which therefore differs from the Aitik tailings as well. Data from triaxial tests 
show higher friction angles (range of 39-41°) compared to both typical tailings and natural formed 
soils. Similarly, data from direct simple shear tests show lower friction angles (range of 13-21°) 
than for typical copper tailings and natural formed soils. 

 

 
Figure 6. Typical results from triaxial tests. Deviator stress vs. axial strain. 
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Figure 7. Typical results from direct simple shear tests. Shear stress vs. shear strain. 

 

Figure 8. Typical results from oedometer tests. Axial strain vs. normal stress. 
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Figure 9. Evaluated friction angles from triaxial tests and direct simple shear tests (here denoted as DST). After 
Bhanbhro (2014) 

3.2 Long term behavior 

Tailings is a man-made material, i.e. the result of mineral extraction processes, transportation and 
sedimentation, and is after deposition normally considered and treated as a soil. After settling in the 
impoundment the tailings particles form a grain skeleton with pores filled with air and/or water. 
The formation of tailings can be compared to the origin of natural soil deposits. On the northern 
hemisphere many natural soils were formed during, or at least due to, the latest ice age. Different 
amounts of crushing, grinding, transportation, sorting and settling have resulted in different natural 
deposits.  

But instead of processes lasting for thousands of years which is the case for many natural soils, the 
formation of tailings is instead as low as hours or days. This difference might have effects on the 
behavior of tailings, where possible effects such as particle degradation, weathering or cementing 
can alter the soil properties (Rodriguez 2013). Such effects have probably already taken place in 
natural mineral soils due to the long and variety of processes. For example, weak minerals have 
probably already been crushed into smaller sizes, and minerals susceptible to weathering have 
probably been weathered, leading to a material with no further changes. Such alterations might be 
expected in tailings impoundments though. If not during the operational lifetime, they can be 
expected in the long term perspective. 

From the direct simple shear tests performed on Aitik tailings, unexpected deformations were 
noticed during shearing. Contractant tendencies were initially observed, but where then followed 
by a remarkable compression after that maximum shear stress was reached. This is presented in 
Paper 5. Whether the noticed deformations in laboratory have high impact on the long term 
behavior of tailings the corresponding dams is not known today. But if similar behavior would go 
on for long times, the pore pressure might reach a level at which the effective stresses are too low 
to provide enough strength to maintain the stable structure. Such issues are discussed in Paper 3. 
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4 MODELING OF AITIK TAILINGS AND DAMS 

Safety of dams, in terms of slope stability, can be estimated by either limit equilibrium methods or 
by numerical modeling (Duncan 1996). Limit equilibrium methods are generally easier to 
perform, where less input data are needed than for numerical models. On the other hand, 
numerical models, for example finite element models, can in addition to stability be used for the 
analysis of stresses and strains. This is not possible with limit equilibrium methods (Duncan 1996). 

For stability purposes, examples of studies where numerical modeling have been used for tailings 
dams are given by Priscu et al. (1998), Gens and Alonso (2006), Psarropoulus and Tsompanikis 
(2008), Saad and Mitri (2010) and Ormann et al. (2013). Even though it is not analyzed as often as 
stability, deformation analyses are performed for some dams and impoundments. Examples of such 
studies, where simulated deformations are compared to field observations are given by Morsy et al. 
(1995), Wedage et al. (1998), and Jamiolkowski (2014). For these studies though, comparisons to 
field data have mainly focused on underground deformations, such as shear planes or creep 
behavior in the foundation. However, no information in the literature can be found on case 
studies of tailings dams where focus has been on the comparison between simulated tailings 
behavior and field measurements. Such comparison is performed in this study in order to confirm 
a numerical model used for both design and anticipated dam performance. The model is used for 
stability analyses and the design of strengthening works. Simulations are then used for anticipation 
of physical properties that can be measured by geotechnical instrumentation. The anticipated 
values can by that be related to the corresponding safety in terms of stability. 

Numerical modeling has, for this study, been 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). A summary of the modeling procedure 
for the Aitik dam E-F is presented in the following sections. More details can be found in Paper 1 
and Paper 2. 

4.1 Global level (FEM) 

A model in PLAXIS was created, corresponding to a cross-section representing Aitik tailings dam, 
see location in Figure 10. The chosen cross-section corresponds to the location where the dam is 
the highest and therefore considered to be most critical section in terms of stability and design. At 
this cross-section an inclinometer casing is located as well, from which deformations will be used 
for comparison with simulation results. Plane strain condition was assumed. Even though the 
studied cross-section is located close to a vertex in the dam alignment, plane strain assumption is 
here considered as valid since inclinometer readings indicate deformations in the same direction as 
the studied cross-section. More details about the inclinometer and corresponding field 
measurements are presented in chapter 5. 

A staged construction model was created based on activities at site that have taken place at site 
since September 1992. Such activities include dam raises, tailings deposition, and remedial works 
according to the time when they occurred. These activities were imported in the model in order 
to cover loading situations that the tailings have faced since then. The geometry of dam 
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embankments was imported to the model based on as-built drawings and changes in 
impoundment levels were based on airborne surveys. 

 
Figure 10. Plan with location of inclinometer in dam E-F. 

1992 was the first year where an airborne survey was performed and the results gave the 
impoundment levels at that time. Surveys have then been performed every second year thereafter. 
Information obtained have been used for the model build up. The rate of dam raise at 1992 was 
low, less than 0.5 meter per year, which is by the author considered as sufficiently low for a valid 
assumption with no occurrence of excess pore water pressure in the construction. 

In Figure 11a the cross-section in 1992 (initial phase in the staged construction model) is shown. 
In Figure 11b the cross-section in 2007 (installation of inclinometer casing) is shown, and in 
Figure 11c the cross-section in 2013 is shown. The inclinometer shown in Figure 11b was used 
for model confirmation. The idea of simulating the dam for time periods before the inclinometer 
was installed, is to cover the loading history as much as possible before comparison is made to field 
observations. More details regarding the history of dam activities at Aitik are described in Paper 1. 

The CPTu-tests performed in the Aitik dams 2013, indicated that the deposited tailings are 
stratified in nearly horizontal layers with both “loose” and “dense” properties (Jonasson 2013). 
The results were used to assign tailings properties into regions with similar constitutive behavior. 
The soil properties were evaluated from laboratory data, see chapter 4.2. The assigned regions, 
both for tailings and other materials, are presented in Figure 12. 
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Figure 11. Staged constructions in a) 1992, b) 2007 and c) 2013. Lines in the impoundment represent elevations for 
staged constructions in the model. 

For simulations representing 2013 and onwards, dam raises, beach constructions (increased 
impoundment level) and resting phases were simulated by using a “standard year”, based on 
planned events at the dams (Marthin 2013). The construction of the embankment is assumed to be 
performed in 15 days, starting at the 15th of August. This is followed by a resting phase of 15 days 
in order represent 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, 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 and corresponding stability of the dam. An illustration of the activities during the year is 
presented in Figure 13.  

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). For 
deposited tailings, future properties were assumed to be similar as what are noticed in upper parts 
of the impoundment today.  
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Figure 12. Tailings stratigraphy with assigned regions. 

 
 
Figure 13. Simulated activities during a “standard year”. 

Future events were simulated for a ten year period (2014-2024). For every simulated event, 
stresses and strains were computed. In addition, the global factor of safety was computed for every 
simulated event.  

The model 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 Figure 11), the number of elements was automatically high. Total number of elements was 
34 264, which led to time consuming computations. A trial simulation with denser mesh was 
performed, but showed no significant difference in the results compared to the initial mesh 
density. The chosen mesh density (34 264 elements) was therefore considered as sufficient.  

4.2 Constitutive level 

Tailings in the Aitik dam and impoundment were simulated with a constitutive model called 
Hardening Soil (Brinkgreve et al. 2014). This is a soil model that encounters for hardening effects 
in soil behavior, 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 
modeled. A schematic presentation of the expansion of the yield surface is illustrated in Figure 14. 
By compression hardening, or expansion of the cap, plastic strains due to primary compression 
(isotropic loading) are modeled. 
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Figure 14. Schematic illustration of successive change in yield surface due to shear hardening. Outer limit is the 
critical state line (CSL), defined by Mohr-Coulomb failure criteria. 

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 ( ’ and c’). The cap yield surface 
is controlled by volumetric strains.  

Compared to 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 accurate in primary loading (Schanz et al. 1999). For this, 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), and the stress dependency is controlled by a power law with a power exponent m. 
More details about the stress dependency in soil stiffness are presented in Paper 1. 

Based on results from laboratory tests from 2007 and 2013 (Pousette 2007, Knutsson 2013, 
Bhanbhro 2013, Bhanbhro et al. 2014), 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. 
More details about the calibration to laboratory data is presented in Paper 1. 

Since results from triaxial and direct simple shear tests indicated differences in shear behavior, 
Hardenings Soil 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 direct simple shear results. The set of parameters based on direct 
shear data is presented in Table 1, and the set of parameters based on triaxial data is presented in 
Table 2. Except for abovementioned parameters, these tables include Poisson’s ratio for unloading-
reloading state ( ’ur), angle of dilatancy ( ) and failure ratio (Rf). More details regarding the 
Hardening Soil parameters are described in Paper 1. 
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Typical results with best fit calibrations are presented in Figure 15-17. Figure 15 corresponds to a 
series of direct simple shear tests, Figure 16 corresponds to a test series of triaxial tests, and Figure 
17 corresponds to an oedometer test. 

For other materials such as filters, till and rockfill support, the same degree of investigation 
regarding soil properties have not been carried out. For these materials, the Mohr-Coulomb 
model is used where the soil properties are based on earlier geotechnical investigations (Sweco 
2008). The soil parameters for these materials are presented in Paper 1 and 2. 

All simulations were performed as “consolidation analyses” in PLAXIS, where undrained behavior 
was taken into consideration but where input parameters are given in term of effective stresses 
(Brinkgreve et al. 2014). In the simulations, excess pore water pressure is allowed to be generated 
or dissipated with loading or time respectively. 

 
Table 1 - Hardening Soil parameters based on Direct Simple Shear tests 

 
Material Names 

A B C D E F G H I J 
refE50  kPa  7500 7500 4200 4000 3800 3800 2700 3700 3800 3800 
ref
oedE  kPa  8200 8200 3000 4200 5200 5200 2600 4800 5000 5000 
ref
urE  kPa  48 000 48 000 20 000 20 000 20 000 20 000 17 000 20 000 17 000 17 000 

m  - 0.5 0.5 0.6 0.5 0.7 0.7 0.5 0.9 0.6 0.6 

refp  kPa  250 250 100 100 100 100 100 100 100 100 

urν ′  - 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

c′  kPa  15 15 13.7 25 14 21 4 15 10 10 

ϕ ′   17.5 17.5 26.7 16.3 17 14 19.4 16.9 26 26 
ψ   0 0 0 0 0 0 0 0 0 0 

fR  - 0.48 0.48 0.6 0.58 0.68 0.68 0.8 0.75 0.9 0.9 
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Table 2 - Hardening Soil parameters based on Triaxial tests 

 
Material Names 

A B C D E F G H I J 
refE50  kPa  8 254 8 254 10 520 6 032 5 500 5 500 12 090 6 900 12 250 12 250 
ref
oedE  kPa  6 000 6 000 5 000 3 500 3 950 3 950 7 239 4 000 8 500 8 500 

ref
urE  kPa  40 000 40 000 30 000 32 600 22 000 22 000 31 820 20 000 25 000 25 000 

m  - 0.5 0.5 0.5 0.6 0.57 0.57 0.467 0.7 0.45 0.45 

refp  kPa  100 100 140 100 100 100 100 100 100 100 

urν ′  - 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 

ϕ ′   38.7 38.7 40.7 40.16 40 40 38.5 39.5 38 38 
ψ   1 1 12 2.5 2.5 2.5 16 2 2 2 

fR  - 0.9 0.9 0.8 0.9 0.9 0.9 0.9 0.8 0.8 0.8 

 

 

 

Figure 15. Shear stress vs. shear strain for lab-data and simulations for a series of direct simple shear tests. 
Continuous lines represent lab-data and dashed lines represent SoilTest-simulations. 
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Figure 16. Deviator stress vs. axial strain for lab-data and simulations for a series of triaxial tests. Continuous lines 
represent lab-data and dashed lines represent SoilTest-simulations. 

 

Figure 17. Axial strain vs. normal stress for lab-data and simulations for an oedometer test. Continuous line 
represents lab-data and dashed line represents SoilTest-simulation. 
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5 MODEL CONFIRMATION 

Before any results from the 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 modeling for any prediction is doubtful and easily questioned.  

The computed slope stability, which is described as the factor of safety, is a theoretical value. It 
indicates the safety margin as the ratio of how much shear resistance the slope can withstand and 
how much of that is believed to have been mobilized already. The factor of safety cannot by any 
geotechnical instrumentation be directly measured in the field. Instead, the agreement to 
observations needs to be performed in terms of measurable units. Such units should be available 
both by geotechnical instrumentation and computed in the numerical model. While the pore 
water pressures in a dam can be seen as the cause behind possible stability problems, deformations 
can instead be regarded as the effect of possible stability problems (Dunnicliff 1988). Both of these 
properties are measured at site by geotechnical instruments placed in the dam. Since the water 
conditions in the simulations were given as input to the model (based on field conditions), the 
deformations measured at site are here considered to be the best field observations to compare the 
simulations with.  

In the cross-section used for modeling, there is an inclinometer casing that has been used for 
readings since 2007, see location in Figure 18. The bottom of the casing is fixed (by grouting) 0.5 
m into the bedrock beneath the tailings impoundment. The casing penetrates 5.5 m of glacial till 
(natural ground), 27 m of tailings, 7 m of compacted till and 1 m of rockfill support on top, see 
Figure 18. 

 
Figure 18. Cross-section of Aitik dam E-F (section 62+15, year 2014) with location of inclinometer.  

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 each reading, 
inclinations have been measured in two perpendicular directions (A- and B-direction). The 
directions of the grooves for the A-axis (A0) and the B-axis (B0) are N68°W and N22°E, 
respectively, see Figure 10. Due to the tilt in both A-axis and B-axis, a resultant cumulative 
displacement curve is calculated and presented, according to the methodology by Dunnicliff 
(1988), see Figure 19. The curves presented in Figure 19 represent the cumulative displacements 
at different times.  
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Figure 19. Cumulative displacement measured by an inclinometer. 

The readings from both A- and B-directions were used for calculation of the direction of 
movement (by trigonometry), and are presented in Figure 20. The curves presented in Figure 20 
represent the direction of movement at different times, and the circular isochrones represent depth 
of the inclinometer casing. The measurements indicate that the direction of movements in the 
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dam coincides with the direction of the studied cross-section (red dashed line). The assumption of 
plane strain condition in the model is therefore considered as valid. 

 
Figure 20. Direction of movement in relation to the studied cross-section. 

Figure 21 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 for the 
figure to the right it is restricted to 40 mm in order to facilitate comparison to field observations. 
The red curve represents the simulations where the set of tailings parameters were based on direct 
shear data, and the blue curve represents the set of parameters based on triaxial data. Black line 
corresponds to field data. The figures represent the deformations for the period November 2007 
(installation of inclinometer casing) to November 2013.  
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Figure 21. Horizontal deformations measured by inclinometer (black line) and numerical results (blue and red lines 
corresponds to simulations with triaxial and direct simple shear data respectively). 

In Figure 21, it is clear that the set of parameters based on direct shear tests largely overestimate 
the horizontal deformations (red curve in Figure 21). The simulations seem to capture a 
“rotational” behavior in the tailings where larger deformations are generated close to the middle of 
the tailings layer. Less deformations are generated at higher and lower elevations. Since the 
simulated deformations based on direct shear tests are largely overestimated compared to field 
measurements, it is concluded that this set of tailings parameters are not valid for further use in 
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deformation predictions. But due to the low strength this set of parameters was further used for 
stability purposes (to compute the factor of safety).  

With the set of tailings parameters based on triaxial data (blue curve in Figure 21), the simulations 
show very good agreement to field data. The rotational behavior is captured with this set of 
parameters as well. The simulated deformations are slightly underestimated compared to field data. 
The average difference between the simulated deformations and field data was 2.3 mm (7.3%), but 
are for the author close enough to field observations in order to confirm the model parameters 
based on triaxial tests. The set of tailings parameters based on triaxial tests, are therefore considered 
as appropriate for deformation predictions for this case study. 
 
  



Tailings dam performance – Modeling and safety analysis of a tailings dam 

 

 

34 

 

 
  



Alert level set-up 

   

 

35 

 

6 ALERT LEVEL SET-UP 

For the ten year period (2014-2024), stresses, strains and the corresponding factor of safety were 
computed for every activity according to the “standard year” (see Figure 13). These simulations 
were performed with the set of tailings parameters based on direct simple shear tests. 

The factors of safety for these activities, with respect to time, are presented in Figure 22. These 
values correspond to the cross-section of dam E-F. In Figure 22, the repetitious, local minimums 
are the factors of safety corresponding to the times when the new dam embankment is 
constructed. At those times, excess pore water pressure is generated below the newly added dam 
embankment. The pore water pressures reduce the effective stresses and correspondingly the factor 
of safety. With time, the excess pore water pressure dissipates, and the safety is again increased. 

In Figure 23, simulated excess pore water pressures and the most probable slip surface are 
presented for a situation just before embankment construction 2015. Comparison can be made 
with Figure 24, where the embankment construction 2015 just has been finalized. Excess pore 
water pressure is generated below the added embankment and affects the most probable slip 
surface and the corresponding factor of safety, which is reduced from 1.58 to 1.49. 

 
Figure 22. Computed Factor of Safety for simulated future activities for the period 2014-2025. 

According to Swedish dam safety guidelines (SveMin 2012), the factor of safety in terms of slope 
stability should be at least 1.5 under normal conditions. In order to prevent the factor of safety to 
be lower than 1.5, strengthening actions are needed for the dam. Here, rockfill berms are added at 
the downstream slope. In order to optimize the amount of rockfill, a support plan was established 
according to the methodology presented by Ormann et al. (2013). By following this rockfill 
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support plan at site, the calculated stability of the dam is maintained for the period of the present 
study.  

 

 
Figure 23. Before embankment construction 2015. Upper: Simulated excess pore water pressure. Lower: Most 
probable slip surface (factor of safety 1.58). 

 
Figure 24. After embankment construction 2015. Upper: Simulated excess pore water pressure. Lower: Most 
probable slip surface (factor of safety 1.49). 

In the following sections, recommendations for alert level set-up for geotechnical instrumentation 
in the tailings dams are given. Using such levels, or expectation of an anticipated dam 
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performance, is important in order to relate the field measurements to dam safety. They allow for 
better coupling between the design and stewardship of the dams.  

6.1 Pore water pressure 

Since the safety of the dam is maintained even though excess pore water pressures exist, a 
proposed alert level is therefore the limit where hydrostatic pore water pressure is exceeded. The 
hydrostatic pressure is here based on a phreatic line at the tailings surface. If the pore water 
pressure measured at site is lower than this alert level, the measurement is said to be in the green 
stage. The factor of safety is higher than 1.5 in the green stage, which is schematically shown in 
Figure 25. 

Next alert level is defined as the total pore water pressure (static plus excess) computed by the 
numerical model that represents the factor of safety value 1.5. Measured pore water pressure values 
that exceed this level are said to be in the red alert stage. 

Pore water pressure between the two proposed alert levels, is referred to as the yellow alert stage. 
In this stage, excess pore water pressure prevails, but do correspond to a factor of safety higher 
than 1.5. The yellow stage can be regarded as a stage where the excess pore water pressure is 
generated (as planned) but where extra concern should be given the instrumentation. With time, 
the excess pressure should dissipate and by that go back to the green stage.  

The yellow alert stage might not be used for some instruments at certain locations. Those 
correspond to locations where no excess pore water pressure can be tolerated without affecting the 
safety to values lower than striven for, for example close to starter dams, drainage layers etc. For 
these instruments, only green and red alert stages are therefore used. 

The three alert stages, green, yellow and red, are schematically presented in Figure 25. 

 
Figure 25. Schematic presentation of alert levels for pore water pressure. 
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6.2 Horizontal deformations 

As already been discussed, the pore water pressure can be regarded as the cause of possible stability 
problems, while the deformations instead can be regarded as the effect of possible stability problems. 
The usage of numerical simulations for the set-up of alert levels in terms of deformations is 
therefore not as straightforward as for pore water pressure. 

From what could be seen in chapter 5, the model was able to capture behavior similar to field 
conditions, at least with parameters from triaxial data. The same model can therefore be used for 
predictions of future deformations in the dam. But such predictions would just simulate the 
expected behavior, and the set-up of alert levels becomes a more complex task than for pore water 
pressures. 

Simulation of expected deformations falls back to the choice of stiffness parameters. With 
underestimated stiffness (compared to “real” values in the soil), the simulated deformations will by 
that be exaggerated compared to field conditions. Conversely, overestimated stiffness would 
underestimate the simulated deformations compared to field conditions. This is schematically 
presented in Figure 26, where linear-elasticity, perfect plasticity is used for simplicity reasons.  

For design purposes, small (underestimated) values in terms of stiffness are probably the best 
alternative in order to simulate maximum, or at least exaggerated, deformations that might occur. 
Such information is perhaps important in initial planning and design, before construction. On the 
other hand, on the operational level the chosen stiffness should preferably be set to underestimate 
the simulated deformations, by an overestimated stiffness. A small safety margin would by this be 
added. When then comparing to field conditions, deviation from anticipated behavior would then 
be indicated on the “safe” side. The problem with such methodology is that the safety on a global 
level would be harder to quantify, and the set-up of alert levels would be difficult.  

One alternative could be to separately simulate deformations for alert levels, where the stiffness is 
chosen to simulate smaller strains (deformations) than what is expected as “true”. Here, a certain 
safety value can be added in the choice of stiffness. A drawback with this method is, except for the 
extra simulation time, that a “cry wolf” situation is created. When field data is assessed, and the 
deformations would follow the anticipated behavior, there would be a constant alert since the low 
stiffness simulations have simulated wrong deformations by purpose. This is schematically 
presented in Figure 26, where the green line at the horizontal axis represent a simulated 
deformation with exaggerated stiffness. At failure, according to the simulation, there is still twice 
the amount of deformations left until failure is reached in the “real” material. With constant alerts 
that can be neglected, there is no meaning of having alert levels.  
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Figure 26. Schematic illustration of stiffness (E) and corresponding results in deformations. Green line represents 
simulations with exaggerated stiffness (than “true” stiffness), black line represent behavior with “true” stiffness, and 
red line represent simulations with underestimated stiffness. 

Even though the set-up of alert levels for horizontal deformations have not been solved, the 
simulation of expected behavior is still considered as important. Without such anticipated 
behavior, it is impossible to indicate any abnormalities in field performance. 
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7 DISCUSSION 

The methodology presented in this thesis, based on geotechnical sampling and laboratory work, 
effort spent on constitutive modeling, and with FE-simulations with effort spent on describing the 
loading situations, was proven to be successful in order to simulate deformations with good 
agreement to field observations in Aitik. But all of these steps need to be fully understood before 
any numerical results can be applied into any design, stewardship and correspondingly dam safety 
management. Some of these aspects will be discussed here. 

Based on the laboratory work regarding mechanical properties, the studied tailings indicated 
behavior different to what is expected for natural, geological soils with similar grain sizes (Das 
2006). Such differences have been noticed before (Jantzer et al. 2008). But also compared to 
general properties for copper tailings (Vick 1990), differences were seen. None of these 
differences, neither compared to natural soils nor general values in handbooks, are for the author a 
significant concern for short term behavior (operational phase). Tailings are man-made, new 
materials with properties that are expected to differ from natural soils. Since every mine site is 
relatively unique, and where the trends in tailings management in Aitik have changed over the 
years, even the differences to handbooks are tolerated without special remarks. Results from 
advanced laboratory test on the actual material are considered as more accurate than adopting 
general values from handbooks. 

What is more of a concern though, are the observed differences in mechanical properties that are 
evaluated from two different types of laboratory tests. In direct simple shear tests, the evaluated 
strength is much lower than what was evaluated from triaxial tests, for the same material. From 
what is found in the literature, there are no publications where such differences have been noticed 
before. The reasons behind the observed differences are still unknown, and should be further 
investigated. The same physical properties are not measured for the two laboratory test methods, 
but both are generally considered appropriate for evaluation of mechanical properties such as 
strength (Skempton 1964, Casagrande and Poulus 1964, Thomson and Kjartanson 1985, Abdel-
Ghaffar 1990, Castellanos and Brandon 2013). In triaxial tests, more properties are controlled 
during the test compared to direct shear tests, and is generally considered as the most sophisticated 
laboratory test of the two. One of the laboratory tests may indicate “wrong” results. But as long as 
both of these set of material properties are considered as trustful, the fact of having a low strength 
set of parameters cannot be neglected. Therefore both sets of parameters, based on triaxial and 
direct shear tests respectively, were used for modeling in this study.  

One aspect that should be kept in mind regarding the differences compared to natural soil, is 
tailings behavior in the long term perspective. Whether the tailings properties that are observed 
today, can be considered as valid in the long term perspective is highly uncertain. Factors such as 
particle degradation, weathering or cementing can alter the soil properties (Rodriguez 2013). Such 
effects should be further looked into, before the facilities are designed for rehabilitation and left for 
the long term perspective. 

Much effort was spent on the constitutive modeling of the tailings, i.e. the relationship between 
stresses and strains. For this, Hardening Soil was used and was by that able to accurately capture 
the strain hardening behavior that was seen from laboratory tests. From what can be found in the 
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literature, no studies with such advanced constitute modeling of tailings have earlier been 
published. Two sets of tailings parameters were determined according to results from direct shear 
tests and triaxial tests respectively. In the finite element model that was used in this study, 
historical events that have taken place at the dams between 1992 and 2013 were simulated. The 
inclinometer that was used for comparison and model confirmations was installed 2007. The six 
year period between 2007 and 2013 were therefore used for comparison of simulations and field 
observations. Simulations with the set of parameters based on triaxial data showed very good 
agreement to field data. The simulations with parameters based on direct shear data largely 
overestimated the deformations though. Rotational behavior, i.e. largest deformations in the 
middle of the tailings layer and lower deformations at higher and lower elevations, was captured 
by the simulations. Such behavior is in agreement with field behavior, which have been observed 
similarly in tailings by Jamiolkowski (2014). 

With the results from two simulations, with different sets of tailings properties, a question arose on 
which model should be further used for this case study. Which model can be confirmed and 
further used for stability and setting alert levels? Logically, since the good agreement was reached 
for the simulation with parameters based on triaxial data, that model should be further used and 
where its results can be applied into dam safety management. On the other hand, the model with 
parameters from direct shear tests do result in lower safety (lower strength of the simulated 
material), and is perhaps the best model for design purposes.  

From these results it was concluded that the parameters based on triaxial data should preferably be 
used for estimations of future deformations. Since the data from direct shear tests indicated very 
low strength, these parameters were determined to be used for safety analyses and corresponding 
alert levels in terms of pore water pressure. This methodology, with different parameters for 
different purposes is a bit vague. With more studies on finding the reasons behind differences in 
triaxial and direct shear results, the methodology could be improved. Preferably, only one of the 
simulations should be used for both stability and dam performance.  

Since the simulations with triaxial parameters indicate good agreement to field observations, there 
are of course doubts regarding the low strength simulations with direct shear data. There is a risk, 
that the design of rockfill support is based on a model where too low strength is used, generating 
larger rockfill berms than needed. But the possible consequences that might occur if too high 
strength is simulated, e.g. a serious dam failure, motivates the choice of using the low strength 
model. Until the low strength simulations have been proved to be wrong, they should be used for 
design and stability purposes. 

In this study, a proposed methodology was presented for alert level set-up in terms of pore water 
pressure. The alert levels are according to Dunnicliff (1988) where three stages are used, i.e. green, 
yellow and red. Even though alert levels for pore water pressure are well used in tailings 
management in Sweden, there is to the author lack of sophisticated methods for the set-up of such 
alert levels. This holds even for hydropower industry and infrastructure projects. The 
methodology presented in this thesis, can therefore be recommended to be used for the set-up of 
alert levels in various geotechnical projects. 

For horizontal deformations, simulations (based on triaxial data) were confirmed for usage of 
predicting future deformations. Such predictions are important in order to get anticipated values 
for the geotechnical instrumentation. Without anticipated values, no abnormalities can be 
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recognized (Dunnicliff 1988). Here, set-up of alert levels is not as straightforward as for pore water 
pressures. Since the deformations depend on the soil stiffness, it is probably in the choice of 
stiffness parameters where possible safety can be added in order to establish alert levels. One 
approach of such alert level set-up, might be in separate simulations where the stiffness is altered. 
A drawback with such methodology though, is that “wrong” stiffness (too high) is used by 
purpose, which might indicate irrelevant alerts in field data assessment. This is not yet performed, 
and for the set-up of alert levels for horizontal deformations more research in the subject is 
recommended. 

The methodology presented, is according the author a new approach, where tailings dam 
performance have been implemented into design and safety management. With detailed attempts 
to understand the material’s constitutive behavior, and where such information is applied into 
numerical modeling, the simulation can be used for other purposes than only stability analyses. 
With modeling presented in this thesis, anticipated dam performance can be simulated which 
facilitate in the assessment of field data from surveillance programs. The anticipated behavior, 
which then is related to a certain degree of safety from the stability analysis, is by that the link 
between design and stewardship. The design, with stability analyses and design of remedial works, 
gets confirmed with the mentioned methodology, and the stewardship gets improved by 
anticipated behavior and alert levels for the surveillance programs. These factors improve the 
management of tailings and the corresponding dams. 
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8 CONCLUSIONS 

Based on the work presented in this thesis, the research aim and objectives are reached and are 
summarized in following conclusions: 

• Tailings properties from Aitik have been studied, both in terms of basic geotechnical 
properties and mechanical properties. Large differences in mechanical properties were 
indicated from direct simple shear tests and triaxial tests, where direct shear tests indicated 
much lower strength than what was observed from triaxial tests.  

• The tailings properties evaluated from laboratory tests were used for modeling purposes. 
Two sets of tailings parameters were used for simulations, one set was based on direct 
simple shear tests and one set was based on triaxial tests. The simulations with the set of 
parameters based on triaxial data indicate good agreement to field observations. Such 
agreement could not be seen for the simulations with parameters based on direct simple 
shear tests. By the good agreement to field observations, the numerical model was 
considered validated. 

• Stability analyses for future dam activities were performed with tailings properties based on 
direct simple shear tests. In order to maintain the Factor of Safety of 1.5, an improved 
rockfill support plan was established where rockfill berms are added on the downstream 
slope of the dams. 

• A methodology was presented in this study, where alert levels for pore water pressure, and 
anticipated horizontal deformations were determined. These are coupled to the computed 
Factor of Safety. Three stages of alert stages for pore water pressure were proposed, i.e. 
green, yellow and red stages. 

• The general methodology presented in this study, couples the design and stewardship of 
tailings dams. By this, a step toward improved management of tailings is taken. 

8.1 Ideas for future work 

Due to differences in evaluated results between direct simple shear tests and triaxial tests, more 
work is recommended in order to understand these differences for testing tailings. The set of 
parameters from direct shear tests are today used in modeling, only because they indicate low 
strength. However, they do not simulate the same agreement to field observations as the 
parameters based on triaxial tests do. If the differences can be understood, which possibly can 
reject one or the other laboratory test or evaluation method, the modeling methodology gets 
clearer. Two sets of parameters, used for different purposes, would not be needed. In addition to 
that, if the set of parameters based on triaxial tests possibly can be used for stability analyses, the 
resulting cost for strengthening actions would probably be lower. 

Another interesting aspect that should be subject to further work, is the set-up of alert levels for 
horizontal deformations. With the modeling procedure presented in this thesis, anticipated values 
for horizontal deformations can be simulated. But in order to set alert levels for the geotechnical 
instruments, an approach with safety levels in the stiffness parameters are probably needed. This is 
not fully investigated, and need more work. 
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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 need 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 in this paper 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 management, and can lead 
to a better understanding among dam owners when evaluating the dams’ factor of safety.  

Key words: tailings, field measurements, FE-model, inclinometer, Hardening Soil model, dam safety 
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Introduction 
Due to mining industry, large amounts of waste materials are generated, and a sustainable strategy 
of managing such products is essential. Methods on how to handle and manage the most fine-
grained residues and their surrounding dams/embankments, normally referred as tailings and tailings 
dams respectively, are described in guidelines, e.g. ICOLD (1996), ICOLD (2011) and SveMin (2012). In 
order to maintain a certain degree of safety for these dams, they are normally subjected to slope 
stability analyses with corresponding strengthening actions if needed.  

Parallel to strengthening actions for dams, field measurements are taken in order to control the 
behavior of the structure. The usage of field measurements varies, but a general approach in 
geotechnical situations is to evaluate deformation measurements in terms of trends. Safety risks 
(Corsini et al. 2005, Scott et al. 2007) or warning criteria (Yin et al. 2010) can then be established 
based on known history. Another approach is to use field measurements for back-analyses with the 
aim to find soil parameters that correspond to field behavior. Examples of the latter are studies 
presented in Vahdati et al. (2014) & (2013), Marcato et al. (2012) and Oztoprak and Cinicioglu (2005). 

Since dam surveillance and field monitoring are regular elements in dam safety management, e.g. 
ICOLD (1996) and SveMin (2012), prediction of soil and structure behavior are needed in order to 
compare with field data. Without anticipated values, no abnormalities will be recognized from the 
field data (Dunnicliff 1988). Hunter and Fell (2003) described methods on how to estimate 
deformations in embankments dams, and Duncan (1996) summarized an extensive list of 
embankment dams where finite element modeling have been used for stability purposes and/or 
estimation of deformations. Kovacevic et al. (2008) and Pramthawee et al. (2011) emphasized 
advanced constitutive modeling for materials in embankments dams, in order to obtain good 
prediction of deformations. 

For tailings dams though, the number of published case studies regarding numerical modeling is very 
limited compared to regular embankment dams. For stability purposes, examples of studies are given 
by Desai and Shao (1998), Gens and Alonso (2006), Ormann et al. (2013), Priscu et al. (1998), Priscu 
(1999), Psarropoulus and Tsompanakis (2008), Saad and Mitri (2010), Zandarin et al. (2009) and 
Zardari et al. (2012). Regarding deformation analyses where comparison is made to field 
measurements, examples are given by Jamiolkowski (2014), Morsy et al. (1995) and Wedage et al. 
(1998) where good agreement were obtained. For these studies though, comparisons to field data 
have mainly focused on underground deformations, such as shear planes or creep behavior in the 
foundation beneath the tailings dams. Jamiolkowski (2014) noted “rotational movements” in a 
tailings dam (measured by inclinometers) where displacements at the surface were less than the 
displacements measured along the depth. However, to the authors’ knowledge 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. There is a need for a methodology in order to 
set up an advanced model that can simulate deformations in tailings by time. With such modeling, 
predictions for future dam behavior can be made. These predictions are needed in order to observe 
abnormalities in field data, and correspondingly to relate field data to anticipated behavior. This is 
important in dam safety operations, where both modeling and its comparison to field measurements 
are needed to fully control the dam safety. By establishing alarm levels for field instruments, based 
on modeling, such control can be achieved. This is desirable, especially for tailings and their 
dams/embankments, with questions such as upstream dam construction, continuous dam raise, rate 
of raise, and design of remedial works.  

This paper presents a simulation procedure of a case where horizontal deformations in a tailings dam 
are estimated by advanced constitutive modeling. Simulated behavior is then compared to field 
measurements from a slope inclinometer, covering a six-year period.  
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Site description 
Aitik is an open pit copper mine, managed by company Boliden AB, located outside Gällivare in 
northern Sweden, see Figure 1. The yearly production rate is 36 Mtonnes (2014), where more than 
99 % of the extracted ore is considered as mine waste, and hydraulically transported into the tailings 
impoundment. 

 

Figure 1. Map of Scandinavian Peninsula and location of Aitik mine. 

The tailings impoundment is confined by 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), and a slightly sloped hill to the south as well as a 
hill between the dams C-D and G-H, see Figure 2. West of dam E-F a clarification pond is located.  The 
purpose of the pond is to buffer water during summer, in order to have water available during winter 
when large amounts of water freeze in the tailings impoundment. Further purpose is to clear the 
water by letting fine particles settle before the water is pumped back to the extraction plant. The 
area of the tailings impoundment is approximately 13 km2, where the deposition of tailings slurry is 
maintained by the ‘spigot’ method (ICOLD 1996) from the dams. The dams are raised annually with a 
height of approximately three meters in the upstream direction, founded on the beach, i.e. on the 
previously deposited tailings. Maximum dam height is currently (2014) 59 m.  

 

Figure 2. Aitik tailings dam facility overview. 
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The tailings facility has been in operation since 1968 (Andersson 2013). 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. This led to settling of the most fine grained tailings particles, 
classified by fractions as silt, clayey silt and clay, close to the outlet and the western dams (dams E-F 
and G-H). 

During the first decades of operation, the dam raises were performed in the downstream direction. 
By time, both deposition and dam raising methods have changed into today’s methods. Therefore, 
the grain sizes in the deposited tailings are decreasing with depth close to the western dams 
(Bhanbhro et al. 2013), indicating regions of extra concern in terms of strength and stiffness, and 
correspondingly stability of the dams. According to geotechnical description of tailings from Aitik 
(Bhanbhro 2014) , the water content was found to be in the range of 15.2-44.0 % (average 37.5 %). 
The bulk density and dry density was in the range of 1.66-2.12 t/m3 (average 1.89 t/m3) and 1.18-1.65 
t/m3 (average 1.38 t/m3) respectively. Porosity and void ratio was in the range of 41.9-58.5 % 
(average 51.2 %) and 0.72-1.41 (average 1.05) respectively, where the average particle density was 
2.83 t/m3. These properties were determined from samples taken at different depths, and are 
summarized in Figure 3. 

 

Figure 3. Summary of basic properties of tailings. Taken from Bhanbhro (2014). 

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. The regularity of measurements basically depends on the consequence class according 
to Swedish dam safety guidelines (dams are classified into four consequence classes, i.e. 1+, 1, 2 and 
3). Class 1+ represent dams with most serious consequences and 3 the least serious consequences 
(SveMin 2012).This study is focused on horizontal deformations in dam E-F, which is classified as 
consequence class 1.   
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The studied cross-section is located where the dam is highest and a slope inclinometer is used for 
horizontal deformation monitoring, see Figure 4. 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 for comparison with simulations (installed 2013). The bottom of the casing is fixed (by 
grouting) 0.5 m into the bedrock beneath the tailings impoundment, where it is anticipated that no 
dam deformations occur. The casing penetrates (from bottom up) 5.5 m of glacial till (natural 
ground), 27 m of tailings, 7 m of compacted till and 1 m of rockfill support on top, see cross-section in 
Figure 5. 

 

Figure 4. Plan with location of inclinometer in dam E-F. 

 

Figure 5. Cross-section (2014) with location of inclinometer. 

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, which has been 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-axis (B0) are N68°W and N22°E respectively, 
see Figure 4.  
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Based on the inclination of the casing, conversion is made to horizontal displacement where the first 
reading (after installation in 2007) 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 Dunnicliff (1988), see Figure 6. The different curves in Figure 6 represent the 
cumulative displacement at different times. 

 

Figure 6. Cumulative displacement versus depth. 
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In Figure 6 “rotational movements” can be seen, where the maximum displacement is not located at 
the top, but a bit down the casing. 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. On higher elevations, the displacements then decreases with 
increased elevation.  

The resultant direction of movement is calculated by trigonometry from A- and B-direction readings, 
and presented in Figure 7. The different curves represent the direction of movement at different 
times. The circular isochrones represent depth of the inclinometer casing.  In the figure, the direction 
perpendicular to the dam is also presented (direction of cross-section), showing that the direction of 
movement in the dam coincides with the direction of the studied cross-section (downstream 
direction).  

 

Figure 7. Direction of movement. 

 

The cumulative displacements at certain depths in the dam are illustrated in Figure 8. The different 
curves represent different elevations in the inclinometer casing, with their cumulative displacements 
plotted against time. With the dashed help-lines representing constant displacement rates, the 
cumulative displacement rate can be read to 4-6 mm/year in general for the tailings. There is also a 
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nearly constant rate of deformation of 2 mm/year in the upper part of the natural glacial till 
(elevation +340.5). 

 

Figure 8. Cumulative displacement versus time for different elevations. 

Assessment of field data regarding deformations at Aitik, the same principles as for many dams with 
inclinometers have been used until today, i.e. control of tendencies of the deformations with time 
(Figure 8). In general no explicit criteria exist for maximum displacements possible to be accepted in 
relation to a specific degree of safety of the entire structure. No further safety improvements of the 
dams are considered needed as long as they follow the same displacement trends (or slower) as 
before. At least, this is the general principle used in Sweden. There is a risk though, that even if the 
displacement trend is constant by time, the dam safety striven for is not fulfilled. The rate of 
displacement just might be too large. In order to make it possible to use field data to check the level 
of dam safety, sophisticated predictions of future deformations are needed. 

Finite Element Modeling 
The cross-section of dam E-F, where the inclinometer is installed, was modeled in 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). Plane strain condition is 
assumed. Even though the studied cross-section is located close to a vertex in the dam alignment 
(see Figure 4), plane strain assumption is here considered as valid since the inclinometer readings 
indicate deformations in the same direction as the studied cross-section according to Figure 6. 

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 into PLAXIS based on as-built drawings (history of dam constructions) 
and data from airborne surveys (giving history of impoundment level). 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 
which is considered as sufficiently low for a valid assumption with no occurrence of excess pore 
water pressure in the construction.  
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According to documented history of dam activities between 1992 and 2013, these stages were 
modeled. In total, 65 staged constructions were added and computed in order to simulate stresses 
and deformations in the dam/impoundment for the time period 1992-2013. Elevations for the 
simulated dam crests (embankments) and impoundment levels for the time period 2007-2013 are 
presented in Figure 9. In the figure, sudden changes in dam crest elevation and impoundment level 
correspond to dam buildings and tailings deposition respectively.  (1)-(3) represent time periods 
where rockfill embankments on the downstream slope was built. Geometries for the rockfill 
embankment can be seen in Figure 10.  In Figure 10a the cross-section at 1992 (initial phase) is 
shown, in Figure 10b the cross-section at 2007 (installation of inclinometer casing) is shown, and in 
Figure 10c the cross-section at 2013 is shown. 

 

Figure 9. Elevation vs. time for staged constructions, 2007-2013. (1)-(3) represent times when rockfill embankments were 
built (for geometry, see Figure 10c). 
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Figure 10. Staged constructions at a) 1992, b) 2007 and c) 2013. Lines in the impoundment represent elevations for 
staged constructions in the model. 

CPTu-tests were used to capture the tailings stratigraphy in the impoundment. The regions of tailings 
are nearly horizontal layers, due to the historically changes in the deposition technique at site. The 
CPTu-results were used to assign tailings properties into regions with similar constitutive behavior, 
and not for evaluation of soil parameters. The soil properties were evaluated from laboratory data, 
see chapter Constitutive Modeling. Assigned materials, both for tailings and other material in the 
dam, is presented in Figure 11.  

 

Figure 11. Tailings stratigraphy with regions used for simulations. 

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 Figure 10), the number of elements is automatically high. Total number of 
elements was 15 747, which led to time consuming computations. A trial simulation with denser 
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mesh was performed, but showed no significant changes in the results. The chosen mesh density is 
therefore considered as sufficient.  

Constitutive modeling  
Based on results from laboratory tests on Aitik tailings from 2007 and 2013 (Pousette 2007, Knutsson 
2013, Bhanbhro 2013) parameters for the Hardening Soil model were evaluated. Indications of 
hardening behavior was observed in results from 2007 (Pousette 2007), and according to literature, 
the Hardening Soil model is good for deformation analyses of soil structures, e.g. Brinkgreve et al. 
(2014) and Schanz et al. (1999). The laboratory tests used in this study were performed as 
consolidated drained triaxial compression tests and standard oedometer tests. The samples tested, 
were taken as undisturbed samples by a thin-wall piston sampler. Samples were taken at different 
depths in the impoundment (ranging from 7 to 47 meters), upstream the centerline of the dam.  

The chosen constitutive model (Hardening Soil) is a soil model that encounters for hardening effects 
in soil behavior, meaning decreasing stiffness and irreversible plastic strains when subject to primary 
loading (Brinkgreve et al. 2014). It is a cone-cap model, with yield surface not fixed in principal stress 
space with possible expansion due to plastic straining (Schanz et al. 1999). 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 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 (Brinkgreve et al. 2014). The cap 
yield surface is controlled by the volumetric plastic strain. Compared to stiffness parameters used in 
the Mohr-Coulomb model (as Young’s modulus, E and Poisson’s ratio ν), the Hardening Soil model 
simulates the soil stiffness with hyperbolic stress-strain relationship (primary loading) more accurate 
(Schanz et al. 1999). For triaxial loading, relation between axial strain (ε1) and deviatoric stress (q) is 
described with: 

 f
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Where Ei is the initial tangent stiffness, related to the parameter E50 (triaxial loading stiffness, which 
is used as input parameter in the model): 
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Rf is the failure ratio describing the relation between the failure stress qf (described with the Mohr-
Coulomb failure criteria) and the stress qa representing the asymptote for the hyperbola: 
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In the unloading-reloading state, a stress-strain relationship is controlled with Eur (Young’s modulus 
for unloading-reloading) and νur (Poisson’s ratio for unloading-reloading). A graphical presentation of 
the stress-strain relationship for a triaxial simulation is presented in Figure 12. Another feature in the 
Hardening Soil model is the stress dependency of soil stiffness. Input parameters are given for a 
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reference confining pressure (pref), and the stress dependency is controlled by a power law with the 
power exponent m, see equation 4. (Brinkgreve et al. 2014) 
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Eα is the stiffness parameter where index α denotes 50 (triaxial loading stiffness), ur (triaxial 
unloading-reloading stiffness) and oed (oedometer loading stiffness) respectively. Eα

ref is the stiffness 
parameter at the reference confining pressure pref. c’ is the cohesion and ϕ’ is the friction angle (both 
assumed to be constant over the stress range of interest). K0

nc is the coefficient of earth pressure at 
rest, here considering primary loading. σ’3 and σ’1 are the minor and major principal effective stresses 
respectively (positive for compression).  

 

Figure 12. Schematic presentation of hyperbola in drained triaxial test. 

The strength parameters, c’ and ϕ’, used in equation 4 are defined according to Mohr-Coulomb 
failure criteria. These values are, derived from the same series of triaxial test as used for stiffness 
parameter evaluation. The reference confining pressure pref, and the power law exponent m, are 
chosen based on the change in stiffness for a series of triaxial tests. Preferably the reference 
confining stress is chosen as the radial effective stress in one of the triaxial tests. The power 
exponent is then chosen in order to simulate the stiffness for the other tests in the series.  The 
coefficient of earth pressure at rest K0

nc is obtained from: 

 'sin10
ncK  (5) 

The stress dependency of stiffness is schematically presented for an oedometer simulation in Figure 
13. Here, the effect of the power exponent m is presented as well, ranging from 0.5 to 1. According 
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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 (Brinkgreve et al. 2014).  

 

Figure 13. Schematic presentation of stress dependency in oedometer test. 

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). Triaxial and oedometer simulations 
were performed, similar to the tests performed at lab, so that comparison could be made between 
true lab-data and simulated behavior. As start values, parameters were evaluated by hand from the 
triaxial test at minor effective stress 100 kPa. Soil parameters were then manually altered in SoilTest, 
searching for a combination of parameters being able to simulate the same behavior as a series of 
triaxial test and an oedometer test.  

By simulating materials with too low stiffness (compared to “real” behavior) the simulations will 
overestimate the deformations. With such simulations in dam safety management, comparisons to 
field data will 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.   

A representative plot from a best fit calibration of a series in triaxial tests is presented in Figure 14 
and a calibration to an oedometer test is presented in Figure 15.  
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Figure 14. Lab-data vs. simulations for a series of triaxial tests. Continuous lines represent lab-data and dashed lines 
represent SoilTest simulations. 

 

Figure 15. Lab-data vs. simulations, oedometer test. 

As shown in Figure 14 and Figure 15, full agreement between simulations and lab data was not 
reached. Best agreement was reached for the oedometer tests, but for the triaxial simulations the 
varying stiffness was partly incorrect compared to lab-data. At small axial strains the stiffness was 
simulated too high, and for high axial strains the stiffness was simulated too low. This satisfies the 
abovementioned criterion at small strains, but not for large strains. For this simulation, the soil 
model and the corresponding parameters were considered acceptable in order to model the tailings’ 
deformation behavior on a constitutive level.  
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In the triaxial tests (at lab), unloading and reloading were performed for tests with minor effective 
stresses at 100 kPa (since this was chosen as the reference confining pressure). These are therefore 
the tests where stiffness in the triaxial unloading-reloading (Eur) state was evaluated. As verification 
of the evaluated parameter, unloading and reloading was also simulated for an oedometer test. The 
parameter evaluated from the triaxial data, indicated good agreement here as well, see Figure 15. 

For all soil regions in the model containing tailings, parameters for the Hardening Soil model were 
evaluated, which are presented in table 1. In total, the Hardening Soil parameters in table 1 are 
based on 22 laboratory tests (triaxial and oedometer tests). Values for density are according to 
Pousette (2007) and Bhanbhro et al. (2013), and values for hydraulic conductivity are based on 
SWECO (2008). The names (A, B, C etc.) are according to Figure 11. 

Table 1. Soil parameters for tailings when using Hardening Soil model. 

 
Material Names 

A B C D E F G H I J 
refE50

 
kPa  8 254 8 254 10 520 6 032 5 500 5 500 12 090 6 900 12 250 12 250 

ref
oedE

 
kPa  6 000 6 000 5 000 3 500 3 950 3 950 7 239 4 000 8 500 8 500 

ref
urE

 
kPa  40 000 40 000 30 000 32 600 22 000 22 000 31 820 20 000 25 000 25 000 

m  - 0,5 0,5 0,5 0,6 0,57 0,57 0,467 0,7 0,45 0,45 

refp  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 

fR  - 0,9 0,9 0,8 0,9 0,9 0,9 0,9 0,8 0,8 0,8 

unsat

 
3m

kN
 14,3 14,3 15,45 16,2 15,7 15,7 12,3 14,9 16 16 

sat  3m
kN

 19,3 19,3 20 20,5 20,1 20,1 18 19,5 19 19 

xk  
sm /

[10-8] 
10 55 100 55 55 55 100 55 550 100 

yk  
sm /

[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; xk , hydraulic 
conductivity in horizontal direction; yk , hydraulic conductivity in vertical direction 
 
The friction angles (ϕ’) presented in table 1, representing the different material types, are all 
determined to be in a narrow range (38-40,7°) indicating similar strength. But the stiffness in the 
material types varies largely. For example, 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 is mainly due 
to historical deposition techniques, and is stratified in terms of both grain size distribution and 
porosity (Bhanbhro 2014). 
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The SoilTest-simulations presented in Figure 14 and Figure 15, correspond to material type D in 
table 1. 

For other materials such as filters, till and rockfill support, there have not been the same degree of 
investigation regarding soil properties. For these materials, the Mohr-Coulomb model is used where 
the soil properties are based on earlier geotechnical investigations (SWECO 2008). The soil 
parameters are presented in table 2. 

Table 2. Soil parameters for other materials than tailings, using Mohr-Coulomb model. 
 Till (underground 

and initial dike) 
Till (compacted 
dikes) 

Filter Rockfill 

E  kPa  20 000 20 000 20 000 40 000 
 - 0,33 0,33 0,33 0,33 

c  kPa  1 1 1 1 

  37 35 32 42 
  0 0 0 0 

unsat  
3m

kN
 

20 20 18 18 

sat  

3m
kN

 
22 22 20 20 

xk  sm /  5x10-8 1x10-7 1x10-3 1x10-1 

yk  sm /  1x10-8 5x108 1x10-3 1x10-1 

Note: E , Young’s modulus; , Poisson’s ratio  
 
As a first modeling case, computations were performed with parameters according to table 1 and 
table 2, meaning that tailings were modeled with the Hardening Soil model and other materials with 
the Mohr-Coulomb model.  
Secondly, a comparison was made to a case where tailings were simulated with the Mohr-Coulomb 
model. The same strength parameters for c’, ϕ’ and  as in table 1 were used. For the Poisson’s 
ratio (ν), the same values as in table 1 (νur ) were here considered valid and therefore used. For 
Young’s modulus (E) in the Mohr-Coulomb case, the value for each soil layer was calculated as the 
triaxial loading stiffness E50 according to equation 4, and are presented in table 3. As input for 
equation 4, the minor effective stress (σ’3) in the middle of each soil region was used together with 
values from table 1.  

Table 3. Young’s modulus for tailings in the simulation using Mohr-Coulomb model. 
 A B C D E F G H I J 

E  kPa  10 109 9 228 88911/
84352 6 032 4 843 4 843 4 247 8 035 8 111 8 111 

Note: 1Stiffness in layer at elevation +359 (lower layer C), 2Stiffness in layer at elevation +365 (upper 
layer C). 

All simulations were performed as “consolidation analyses” in PLAXIS, where undrained behavior was 
taken into consideration but were input parameters are given in term of effective stresses 
(Brinkgreve et al. 2014). In the simulations, excess pore water pressure is allowed to be generated or 
dissipated with loading or time respectively. 
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Results 
Figure 16 presents a comparison in horizontal deformations between field measurements and results 
from the numerical simulations. Black line represents the field data, blue line the simulation with 
Hardening Soil parameters, and red line represents the simulation with Mohr-Coulomb parameters 
respectively. 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 the period 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 overestimates the deformations in the upper 
part of the tailings. Therefore, the same data as in Figure 16 are presented in Figure 17 as well, but 
here the scale of the horizontal axis is changed to facilitate comparison between the Hardening Soil-
simulation and the inclinometer field data.  
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Figure 16. Measured horizontal, cumulative displacements by inclinometer (black line) and numerical results (blue and 
red lines correspond to simulations with HS-model and MC-model respectively). 
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Figure 17. Measured horizontal, cumulative displacements by inclinometer (black line) and numerical results (blue and 
red lines correspond to simulations with HS-model and MC-model respectively). Different horizontal axis compared to 
Figure 16. 

 

In Figure 18 the stress paths, i.e. deviator stress vs. mean effective stress are presented for four 
points representing stresses during the period 2007-2013. The points are located at elevations +345, 
+350, +355 and +360 respectively. Higher stress levels were noticed for points at low elevations 
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(large depths) compared to points at high elevations, which was expected since stresses are 
increased with depth. The distance to the critical state line, which can be considered as a safety 
margin in terms of stability, is for all elevations increasing with time. The calculated deviator stresses 
are for all elevations less than two thirds of the maximum value (critical state). These stress states 
are considered to correspond to stresses where the stiffness is slightly overestimated (that was 
striven for according to Figure 14 in the previous chapter).  

 

Figure 18. Deviator stress vs. mean effective stress at four elevations along the inclinometer. 

The stress paths in Figure 18 indicate some unloading-reloading behavior (zigzag pattern), but in 
general the effective mean stress is increasing with relatively small changes in deviator stress. For the 
point located at +345 the deviator stress is increased for the period 2007-2013, but are for the points 
located at +355 and +360 decreased. For the point located at +350, the difference in deviator stress 
is close to zero. The major and minor principal effective stress vectors at 2007 and 2013 respectively, 
are presented in Figure 19. The dashed vectors represent the stresses at 2007, and the continuous 
vectors represent the stresses at 2013. The difference in principal stresses for the simulated period 
indicate that both major and minor principal stresses are increased for all depths, but are as for the 
difference in principal stress direction (Δα) not increasing linearly. These phenomena are presented 
in Figure 20 as well, where changes in major and minor principal effective stresses and changes in the 
principal stress directions are presented for elevations between +367 and +342 (corresponding to 
tailings along the inclinometer). The change in major principal effective stress (Δσ’1, red line) is 
linearly increasing with depth, but the change in minor principal effective stress (Δσ’3, blue line) 
indicates a maximum value close to elevation +351 and smaller values both at higher and lower 
elevations. At approx. elevation +350, the red and blue curve intersection indicates the same change 
in major and minor principal effective stress (for the simulated period). The resulting change in 
deviator stress is therefore zero at this elevation. Changes in deviator stresses, at both higher and 
lower elevations are explained by the non-linearity of the change in minor principal effective stress. 
At elevations higher than +350 the change in deviator stress is negative (decreasing) and for 
elevations lower than +350 the change in deviator stress is positive (increasing). The change in 
principal stress directions are as for the minor effective stress also indicating a maximum value, here 
located at elevation +354. 
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Figure 19. Changes in principal effective stresses for four elevations along the inclinometer. Dashed vectors represent 
2007, and continuous vectors represent 2013. 

 

Figure 20. Left: Stress changes for major (red line) and minor (blue line) principal effective stresses for the simulated 
period 2007-2013, plotted against elevation. Right: Simulated changes in principal stress directions for the simulated 
period 2007-2013, plotted against elevation. 

In Figure 21, the development of horizontal deformations with time is shown for numerical results 
and field measurements. Continuous lines represent measured field data and dotted lines represent 
numerical results. The dashed, grey lines are help-lines representing constant displacement rates. 
Here, the numerical results presented are representing the simulation with Hardening Soil 
parameters. The simulation indicates a zigzag behavior with altering displacements in both upstream 
and downstream directions. Major displacement steps in the downstream direction are occurring 
when dam crests are raised (see Figure 9). Displacements are then decreased (moving in the 
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upstream direction), until the impoundment and dam crests again are raised. Here the displacements 
again are increased (downstream direction). During the simulated time, there is a trend of increasing 
displacements in the downstream direction which is what could be expected. 

 

Figure 21. Comparison horizontal (cumulative) displacements with time. Continuous lines represent measured field data 
(inclinometer) and dotted lines represent numerical results. Different colors represent different elevations, see legend. 

Discussion 
Results from numerical simulations based upon the advanced constitutive model Hardening Soil, 
indicate very good agreement with field data. For the simulation representing the time span 
November 2013 (see Figure 17) an average difference of 2.3 mm (7,3%) compared to field data was 
observed. In addition, the simulated deformations show the same rotational behavior as the field 
deformations, with the largest deformations close the middle of the tailings height.  Similar behavior 
in tailings have been reported by Jamiolkowski (2014), but have to the authors knowledge not been 
simulated like this before. 

The largest deviation between numerical results (Hardening Soil model) and field observations can be 
found for the natural glacial till. The till is modeled with a linear elastic, perfectly plastic model and 
this is the reason to the linear behavior in the simulated deformations. For the simulation results in 
general, this difference compared to field measurements is considered as negligible. Considering the 
upper boundary of the glacial till, the results show very good agreement.    

The deviator stress at the different elevations is for the studied time period indicates relatively small 
changes with increased mean effective stress, and with some altering states of unloading and 
reloading (zigzag behavior), see Figure 18. The distance to the critical state line is increasing for the 
studied time period and the magnitude of the deviator stress is here considered as sufficiently low in 
order to slightly overestimate the stiffness in the material. The slightly overestimated stiffness is here 
desirable (when perfect match is not reached, see Figure 14) in order to slightly underestimate the 
deformations by simulation. This gives an extra margin of safety when assessing field data and their 
development with time.  
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The changes in deviator stress at the different elevations and for the studied time period was shown 
to be explained by the non-linearity of change in minor principal effective stress. At elevation +351 
the change in minor principal effective stress was the highest, and where smaller stress changes 
were simulated at both higher and lower elevations. Together with linear increase (with depth) of 
the major principal effective stress change, the resulting deviator stress change is negative for 
elevations higher than +350 and positive for deeper elevations. 

The change in minor principal effective stress and corresponding stress directions were shown to 
have the same tendencies as what is shown from simulated deformations and the rotational 
behavior seen in Figure 17. Changes in minor principal effective stresses, stress directions and 
horizontal deformations indicate maximum values between elevation +350 and +360. Even though 
the minor principal effective stresses are slightly inclined, and not equal as horizontal stresses, 
similarities can be made. The observed rotational behavior among the deformations can therefore be 
explained by the non-linearity in stress change of minor principal effective stresses.  

In general the computations indicated a direction of movement in the downstream direction, mainly 
due to increased load upstream the inclinometer such as building of dam crests and increased 
impoundment level. The simulated deformations have an obvious zigzag look in Figure 21, which not 
can be seen from field data. Lack of details in historical events can be a reason behind the 
differences. Exact dates of when the different activities were performed at site are missing. The 
different activities being modeled as staged constructions linked separately after each other, might 
at site have been built simultaneously, or by overlapping each other in time. This would have 
resulted in smoother curves in Figure 21. Another reason for the differences in Figure 21 might be 
the choice of hydraulic properties, which affects the generation and dissipation of excess pore water 
pressure. If the effective stresses in the soil are changed in another rate due to excess pore water 
pressure, the deformations are developed correspondingly. Higher hydraulic conductivity would 
result in faster rate of generated deformations, and lower hydraulic conductivity correspondingly a 
slower rate of generated deformations.  

The rotational movements that was simulated by the Hardening Soil model, was not obtained by the 
simulation with Mohr-Coulomb model. This can be seen in Figure 16. Here, the deformations 
simulated with Mohr-Coulomb model are increasing at shallower depth and deviates largely to field 
observations. Compared to the results obtained by the Hardening Soil parameters, it is concluded 
that the linear elasticity that is used in Mohr-Coulomb approach is not applicative for estimating 
deformations in a structure like this. Instead, more advanced constitutive modeling is needed. For 
this study, the Hardening Soil model was applicable in order to simulate both the magnitude and 
rotational deformations as obtained in the field measurements. This was reached with features such 
as hardening behavior, stress dependency in stiffness, and different stiffness in primary loading 
compared to unloading-reloading. 

By using the abovementioned procedure, both regarding detailed time schedule of construction 
activities and an advanced constitutive model, good predictions can be made for future 
deformations. The need for sampling and corresponding laboratory work is obvious since more 
qualitative geotechnical parameters are needed compared to simpler models, but generates on the 
other hand better results. If the possibilities to perform laboratory work are restricted (for example 
in structures where sampling is restricted), Vahdati et al. (2014) presented an alternative approach to 
simulate and predict future deformations based on inverse parameter optimization. Irrespective of 
methodology, such predictions are important in dam safety management when it comes to 
evaluation of deformation monitoring, but have still not been applied into many dam projects. 
Deformation monitoring gives an answer to the dam behavior. Predictions of future deformations 
can be used for determining alarm levels for instruments such as inclinometers if the historical 
behavior is fully covered. For the same numerical model, stability analyses can be performed where 
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predicted deformations corresponds to a certain degree of safety. Field data can then, by 
comparison, be related to the stability of the dam according to the alarm levels (Knutsson et al. 
2015). 
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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) 
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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. 

 



Q.98 – R. 

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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Importance of tailings properties for closure 

Roger Knutsson, Luleå University of Technology, Sweden 

Annika Bjelkevik, Tailings Consultants Scandinavia, Sweden 

Sven Knutsson, Luleå University of Technology, Sweden 

Abstract 

Managing tailings facilities often includes stability and deformation analyses from both short- and long-

term perspectives. Behind these analyses, geotechnical theories are applied on the studied material.  

Design for closure is often considered to cover a period of 1,000 years, during which time the closed 

tailings facility should be stable, both physically and environmentally. Since the use of tailings facilities 

only covers about 100 years back in time, there are still no data on how tailings behave in the long term. 

In Sweden, correlations to natural formations have been used to predict the long-term stability of tailings 

dams. Natural formations that have been stable since the latest ice age (approximately 10,000 years ago) 

are considered good examples of long-term stability. These are mainly formed by glacial till, a natural 

material that has been subject to erosion, transportation, and sedimentation processes. Tailings material, 

however, is artificially created and differs in some respects from natural soils.   

Recent laboratory work on tailings from one mine in Sweden indicates unexpected behavior during 

shearing. In direct (simple) shear tests, contractant tendencies were initially observed, but these were 

followed by a remarkable compression after maximum shear stress was reached. Pore-water pressures 

were measured correspondingly and indicated an increase parallel to the decreased sample volume. The 

reasons behind the unexpected deformations after reaching maximum shear stress are not fully 

understood and explained, but they are assumed to be attributable to particle breakage and rearrangement 

in the soil skeleton. The geotechnical theories normally used for tailings might therefore need an upgrade 

to cover the phenomena recent laboratory tests indicate. 

This paper discusses possible effects of the observed change of tailings properties with regard to 

closure of tailings management facilities. 

Introduction 

Mining operations generate mine waste. Fine-grained mine waste, that is, tailings, have been managed 

in tailings management facilities (TMFs) for about 100 years. As the long-term perspective considers 
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design for closure over a period of 1,000 years, there is lack of experience regarding the long-term 

behavior of tailings.  

TMFs are generally surrounded by dams, to which classical geotechnical theories are applied. 

Bjelkevik (2005) discussed factors for long-term stability of tailings dams. Jantzer (2009) studied natural 

analogies to dam construction:  Naturally formed structures, formed by glacial till during the last ice age, 

were compared with tailings dams. In Sweden, naturally formed structures have been used to predict 

long-term stability. It has been concluded that it is basically possible for an embankment dam to 

withstand a certain hydraulic gradient over long times.  

The same conclusions cannot be made for mechanical properties, as the natural formations differ 

from tailings in terms of particle type, shape, mineralogy, and so on. The mineral extracting processes, 

that is, mainly crushing and grinding, leaves tailings particles more angular than particles in natural soils 

(Rodriguez and Edeskär, 2013). This phenomenon is known to influence mechanical properties (Cho et 

al., 2006). Other differences, like different types of chemicals and additives in the tailings, are also 

present. 

Recent laboratory work on seven samples with a total of 28 direct shear tests on tailings from one 

site in Sweden indicates unexpected deformations of the soil skeleton during shearing. In the direct shear 

tests, a constant vertical compression rate was observed after the point of maximum mobilized shear 

stress. It was also observed that this influenced measured pore water pressure in the samples. If these 

phenomena are caused by particle breakdown or collapse of the soil skeleton, this could affect dam 

stability in the long term. 

After closure, tailings might be exposed to creep behavior, that is, deformation at constant load. 

These deformations lead to shearing and deformations in the soil skeleton. Creep is an important factor 

for securing the long-term stability of tailings facilities, and should therefore be considered. 

This paper presents a discussion regarding tailings properties and their potential effects on TMFs 

after closure.  

Important factors for soil behavior 

Behavior during shearing 

When shearing soils, two types of deformation are expected, depending on whether the soil skeleton is 

densely or loosely arranged. For dense soils, dilatancy is probable; that is, after an initial compaction, 

the volume increases as the shearing progresses. The increased volume results in a looser state of the soil 

with an increased void space. 

Alternatively, for loose soils, contractancy is probable; that is, the volume of the soil decreases as 

the shearing progresses. For a contractant soil, the volume normally reaches a stable value after initial 
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compaction with no further volume change. The decrease in volume results in a denser state with reduced 

void space.  

For saturated fine-grained soils, the change in void space has a major influence on the strength of 

the soil. For contractant material, a reduction of void space results in increased pressure in the water. If 

the pore water pressure increases, the effective stress decreases accordingly, resulting in reduced shear 

strength. The phenomenon is opposite in dilatant soils, as the void space increases and suction might be 

developed in pore water with correspondingly increased strength. 

Particle shape 

Particle shape, size, and angularity all affect the roughness of a shear plane in a soil (Knappett and Craig, 

2012). Large and angular particles generally create a rougher shear plane (i.e., higher strength) than small 

and rounded particles.  

The angularity of a soil mainly depends on the erosion and transportation processes to which it has 

been subjected. Natural soils in Sweden have been exposed to erosion and transportation by glaciers 

since the last ice age, resulting in relatively rounded particles. Tailings, on the other hand, are man-made 

materials that re crushed and ground during production processes. This results in highly angular 

materials. (See Rodriguez and Edeskär, 2013 for image analyses of tailings particle shapes.) 

Laboratory work 

Methods and materials 

A comprehensive geotechnical investigation was performed in 2013 at a TMF in Sweden. During the 

investigation, shear tests were performed on undisturbed samples from deposited tailings materials. 

Seven samples from different positions and depths were used for shear tests in the laboratory. In total, 

28 direct shear tests were carried out. The main purpose of these tests was to determine the relevant 

parameters for the numerical modeling of the dam and its behavior during deposition, drainage, 

consolidation, and so on. The sampling positions were based on initial CPT test results carried out with 

the goal of determining the stratigraphy of the deposited material and potentially soft layers, which might 

influence the stability of the dam bodies. Depths for undisturbed sampling were chosen based on the 

CPT results. The undisturbed sampling was performed using a thin-wall piston sampler, giving 

undisturbed samples in cylindrical tubes with a diameter of 50 mm and a length of 170 mm. The chosen 

sampling locations were regarded to represent different layers in the deposit and especially the loose 

layers identified by the CPT tests. These layers were regarded to be of central interest for the study. The 

identified loose layers had a thickness of several meters.  
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The deposition took place decades ago, and therefore particle size distribution curves were 

determined for all samples taken. The results are shown in Figure 1, with the border lines for all curves 

determined. The material is classified as clayey silt with low plasticity according to the Swedish Standard 

Institute (SIS) (Larsson, 2008). 

Direct shear tests were performed on the samples, either as consolidated drained or consolidated 

undrained tests with a Geonor Direct Shear apparatus. The specimens, being cylindrical with a diameter 

of 50 mm and a height of 20 mm, were mounted in a steel reinforced rubber membrane with porous filter 

stones at the lower and upper flat ends of the sample. The filter stones enable drainage during 

consolidation and drained shearing. After consolidation (for stresses close to in situ effective stresses), 

the specimens were sheared with a constant rate until a predefined shear displacement was achieved. 

During the tests, vertical and horizontal stresses, pore water pressure, and sample heights were recorded. 

 

 

Figure 1: Border curves for obtained grain size distribution curves of studied material  

All samples were water saturated from the time of sampling until the laboratory testing. Samples 

had water content in the range of 15–44%. The bulk density was 1.66 to 2.12 t/m3. Porosity and void 

ratio were calculated based on particle density and found to be 41.9–58.5% and 0.72–1.41, respectively. 

Results from laboratory work 

All shear tests were performed with a constant deformation rate of 3.1 10-4 mm/sec. During the tests, 

unexpected deformations were observed. At the initial stage, the material indicated a hardening behavior 

(see Figure 2) with a corresponding compaction. During shearing, the sample volume thus decreased, 
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which was all expected for this loose material. The observed behavior thus indicated a contractant 

material in line with what was expected. 

When the shear stress reached its maximum (and more or less perfect plasticity occurred), the 

vertical deformations started to increase with a corresponding sample volume reduction. Because of 

volume reduction, the void space decreased and load was transferred to the pore water with a 

corresponding increase of pore water pressure even in the drained tests. Results showing these behaviors 

(from drained tests) are presented in Figures 2 and 3 and are typical for the test series. Clogging of the 

material and filters probably explains why any pore water pressure at all was observed in the drained 

tests. Even though the pore water pressure increment is small, the same type of curve was indicated for 

all drained test. Similar behavior was observed for undrained tests, but in these cases, the pore water 

pressure rise was larger than that in the drained tests.  

 

Figure 2: Shear stress and sample height vs. shear strain 

 
Figure 3: Pore water pressure and sample height vs. shear strain 
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Discussion 

The presented laboratory results indicate unexpected deformations during shearing of the samples tested. 

When shearing a soil with a loosely arranged skeleton, contractancy is expected, where the particles 

arrange into a denser state and the volume correspondingly decreases. This can be expected for tailings 

because of their normally loose state. In the presented results, initial compaction was observed as 

expected in the direct shear tests, but a remarkable volume decrease was initiated at the moment when 

maximum shear stress was reached. This behavior was unexpected and requires explanation. The authors 

have long experience with tailings materials but have never observed this phenomenon with tailings from 

other sites or the same site, even though several similar tests have been carried out. 

Hamidi et al. (2011) conducted direct shear tests on natural material with the same grain size as the 

tailings in this study. They showed the expected behavior during shearing, with approximately the same 

shear stress behavior as in this study, but the change in vertical deformation took the form of contractant 

behavior without a sudden change in deformation as in the presented study. 

As additional sample volume decrease takes place (after maximum shear stress is reached), the void 

volume has to decrease. The consequence is that the pore water pressure increases. This phenomenon is 

confirmed by the increase in pore water pressure as shown in Figure 3. The reasons for this unexpected 

behavior are not fully understood. Possible reasons might be 

 particle breakage; 

 re-arrangement of the skeleton due to irregular particle shapes; 

 re-arrangement of the skeleton due to particle breakage (combination of the bullets above). 

Particle breakage of tailings might be due to micro-joints in the grains, which could be logical, as 

the material is crushed and ground during the extraction process. A small study, performed in laboratory 

and based on image analysis of the particles, shows that the tailings particles are very angular as expected. 

With angular particles, there is risk of breakage due to high contact forces between particles; this is 

amplified, as the particles in this case are full of micro-joints. Another reason might be brittle rock types 

that easily crush. It is assumed that brittle rock type is not the only reason for the observed behavior but 

might be a part of the explanation.  

Several processes with erosion, transportation, and sedimentation have taken place in natural 

geological materials formed during and after the latest ice age. Rounded particles have therefore been 

formed, and possible micro-joints have already resulted in breakage. This is probably why natural soils 

reaches a critical state during shearing with no further change in material properties, as in the study by 

Hamidi et al. (2011). Additional processes such as weathering might also be of importance, but this will 

not be discussed further here. 
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Since no critical state was reached during the performed tests, there are still unanswered questions 

regarding further potential deformations and corresponding further increase in pore water pressures. If 

the presented behavior were to go on for a long time, the pore water pressure might reach a level at which 

the effective stresses are too low to provide enough strength to maintain the stable structure. This 

phenomenon can then be regarded as a type of static liquefaction. 

Even though there is no additional loading on the tailings after closure, creep behavior might occur 

with time. Creep results in shear stresses, and therefore the behavior observed in the performed direct 

shear tests could show up in the TMF. If drainage conditions are low, and the pore pressure increases, 

there will therefore be a risk of reaching static liquefaction. In order to understand how tailings behave 

in the long term, this phenomenon has to be studied in more detail. 

If a degradation process of the skeleton prevails, but at a slow rate (long-term perspective), there is 

a chance that excess pore water pressure could generate at a rate slow enough for dissipation to take 

place. In this case, the risk of failure due to excess pore pressure is reduced but will still lead to 

continuous deformations. Settlements or horizontal deformations can, for example, affect the closure of 

a TMF by affecting the TMF cover, or the drainage layers or filter layers designed to maintain low pore 

pressures in the embankment. The change of tailings material properties in the long term needs to be 

considered in the design phase of the TMF.  

Conclusion  

Indications of unexpected deformations during shearing of tailings have been observed in laboratory 

tests. The observed behavior differs from what would be expected from natural soils. As the study is 

based on a limited number of tests from one site, further investigations are needed to verify the observed 

behavior. If the behavior can be shown to be valid for tailings in general, changes to the constitutive 

relationships used today will have to be implemented in the design of TMFs, including TMF closure, in 

order to secure their long-term stability.  
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Abstract 
Tailings management facilities (TMFs) will after closure of the mine have to stable in a long term 
perspective (e.g. 1,000 years or more). In many cases, due to the characteristics of the tailings, a high 
phreatic surface is required to keep the tailings saturated in order to prevent, or minimize, the process 
of oxidation. Due to this the slope stability of the embankment, or the land form slope, is critical as 
any material exposed to a hydraulic gradient is exposed to a load. So, the question is;  

Is the embankment, or land fill slope, exposed to a hydraulic gradient, safe in a long term perspective 
with respect to the actual design and material properties? 

In order to answer that question an understanding of the structure, its stability and level of actual 
safety during operation is necessary. This paper will therefore discuss slope stability for embankments 
during operation and the long term perspective and how the factor of safety (FS) can be verified. 
Praxis today for dam stability is that a certain FS is required, i.e. a safety margin (in Sweden FS>1.5), 
and for that condition we design the embankment. The design includes the geometry of the structure, 
material properties, water management/water levels and requirements for compatibility between 
different materials as well as for construction and operation. The factor of safety can, however, not 
be measured on, or in, the actual embankment. What can be measured is seepage, pore pressures 
and movements (vertical and horizontal displacements). But how can the readings be used to verify 
the actual FS? In order to illustrate this, an example from a TMF in northern Sweden is presented 
where it has been done through numerical modelling (PLAXIS), comprehensive geotechnical 
investigations and lab testing and inclinometer readings. 

In order to predict how an embankment, or landform slope, will behave in the long term phase and 
what the actual FS will be the authors believe it is necessary to understand the behaviour of the 
structure during operation. The method used for the example illustrated in this paper shows a method 
to gain an understanding for a structure, which is absolutely crucial to know the actual FS and for the 
possibility to predict the level of safety in a long term perspective. 

1 Introduction 
Tailings management facilities (TMFs) are used extensively in mining industry and have been in use 
for more than 100 years. The facilities are normally located to benefit from the landscape, e.g. in 
valleys, close to heights etc. Very often substantial parts of the TMFs are embankments used to 
enclose the tailings in order to manage it in a safe, environmentally and economically manner. 

The design of these embankments differs from water retaining embankments as tailings and water is 
stored together. In addition, they are normally constructed in stages in relation to mining operations. 



The construction time may thus be very long, sometimes several decades, leading to non-static 
conditions.  

During the last decades the importance of closure of the TMFs have been highlighted and 
correspondingly the interest how this should be done in a safe and reliable way. This interest is not 
only from mining industry, but also society, authorities and research organizations show an increased 
interest. Closure is in this context the phase after the mine has closed down, or after the TMF has 
reached its full capacity. It is often generalized to be periods of interest in the range of 1,000 years or 
more. 

Dam safety is a crucial aspect, especially after closure, if a high phreatic surface is required in the 
TMF for “perpetuity”. This might be the case if the characteristics of the deposited tailings should be 
kept water saturated in order to prevent, or minimize, oxidation with corresponding acidification.  

Traditionally dam stability is requested as a factor of safety (FS) obtained by limit equilibrium 
methods. In Sweden the requirement is FS > 1.5 for normal conditions. It is based on geometry, 
material properties obtained from field investigations and/or laboratory tests, water levels and 
phreatic surface etc. 

In addition, embankment surveillance and monitoring of embankment behaviour are for safety 
aspects proposed in many guidelines (GruvRIDAS 2012; ICOLD 2011, 1996). Benefits of using 
instrumentation in the geotechnical field are described by Dunnicliff (1988). 

When analyses are performed with limit equilibrium method, it should be emphasized that a failure 
mode is analysed. The method cannot be used to understand how close, or far, the current state of 
the structure is from failure. It gives a theoretical value of the FS. The limit equilibrium method 
cannot either visualize the behaviour of the structure, i.e. the embankment, or give values of 
deformation etc. that can be compared with in-situ measured data. Thus, it is not possible to 
understand, verify or visualize the current or the long term mechanical behaviour of the structure. 

To verify the performance of the embankment it is therefore important to use surveillance and 
monitoring measurements and compare measured results with calculated. Abnormalities will then be 
recognized. Based on deformation records, warning criteria can be established in different ways, e.g. 
by deformation rates (Yin et al. 2010). Another approach is to use instrumentation data for soil 
parameter determination (back-analyses) c.f. (Marcato et al. 2012; Ostoprak & Cinicioglu 2005; 
Vahdati et al. 2013). This can be used in observational methods (Ostoprak & Cinicioglu 2005) or in 
cases where future deformations are to be estimated (Marcato et al. 2012). 

In order to verify if an embankment, or in a long term perspective a land fill slope, has the intended 
degree of safety with respect to the actual design and material properties, numerical modelling (e.g. 
finite element modelling) is suggested.  

This paper will discuss slope stability for embankments during operation and closure, the long term 
perspective and how the actual FS can be verified through field measurements. 

A case is presented where numerical modelling (finite element method) has been used in order 
estimate deformations and pore water pressures that can prevail in an embankment for a certain 
degree of safety. A method for determining early warning (alert) levels for measured parameters 
from instruments is proposed and described. The methodology is in accordance with Dunnicliff 
(1988) who used the three colours green, yellow and red warning levels.  

The method can be extended to cover the behaviour of an embankment in a long term perspective 
and actions to maintain the required FS can then be planned for, e.g. for the case study the actions 
are placement of support fill on the downstream side of the embankment, which is also described. 



2 Case study 
For this study, an operating mine in northern Sweden was used. The mine has been in operation for 
nearly five decades and life of mine (LOM) is currently estimated for at least another three decades. 
Tailings generated from the extraction processes are hydraulically transported and deposited into 
the TMF using spigots at the crest of the embankment. The management of the TMF has changed 
with time as well as the design of the surrounding embankments. Originally, deposition of tailings 
was by single point discharge from one of the perimeter embankments. This led to settling of fine 
grained tailings in the pond close to the opposite, downstream, embankment. The downstream 
embankment was at this time raised as a downstream till embankment, with a rate of rise less than 
one metre per year. This methodology would then change, as tailings today are spigotted from this 
embankment and the construction method is changed to the upstream method using tailings and 
waste rock, compare a) and b) in Figure 1. The rate of rise is today about three metres per year due 
to increased production rate at the mine. 

The TMF and its associated embankments have been studied regarding stability and performance by 
numerical modelling. Performance of the embankments is studied in terms of measurable properties 
such as pore water pressure and deformations. 

By setting up a numerical model that corresponds to actual field conditions, the actual stability can 
be verified. This methodology is also valuable for the engineer to interpret field data. But the 
methodology also forms a basis for long term planning (after closure) of the TMF. Such modelling 
would help in estimations of future stability and embankment performance. Without a model that 
can estimate today’s embankment performance, estimation of the long term would be unreliable. 

In the following chapters, a description will be given regarding the methodology behind the 
modelling and its usage for estimation of future embankment performance. 

 

 
Figure 1  a) The investigated embankment with original deposition of tailings towards the 

embankment and downstream raises using till.  
b) The investigated embankment with the current situation, with tailings deposited from 
the embankment and upstream raises using tailings and waste rock. 



2.1 Numerical modelling 
In order to model the embankment’s behaviour and corresponding stability, the embankment and its 
soil properties together with actual loading conditions should first be determined. By geotechnical 
surveys performed at the actual TMF and its associated embankments, soil properties and it 
mechanical behaviour were evaluated. In 2013, field investigations such as Cone Penetrations Tests 
(CPTu) indicated that deposited tailings are stratified in nearly horizontal layers with altering 
properties (Jonasson 2013). Samples of tailings, both sampled as disturbed and undisturbed, were 
brought to the laboratory at Luleå University of Technology for testing. 

Disturbed samples indicated tailings ranging from silty clay to silty sand, classified by fraction 
(Bhanbhro et al. 2013). Due to the changes in deposition methods, the fin grained tailings were 
found at the bottom of the impoundment in the area of the embankment studied, with increased 
gran sizes at higher elevations. 

Undisturbed samples were mainly used for mechanical tests such as drained triaxial tests and 
standard oedometer tests (Bhanbhro 2013; Knutsson 2013). Based on the results from these tests, 
parameters were evaluated for the constitutive model “Hardening Soil”. This model has the same 
failure criteria as the Mohr-Coulomb model (with strength parameters such as cohesion and friction 
angle), but is more accurate in simulation of soil deformations than Mohr-Coulomb due to additional 
stiffness parameters (Brinkgreve et al. 2014; Schanz 1999). It encounters for hardening effects and 
stress-dependent stiffness.  

More effort is needed in the laboratory and corresponding evaluation when more advanced models 
are used, but is in this case considered to be required for better estimations of deformations in the 
embankment. In Figure 2 a triaxial tests series (from laboratory) is presented together with 
corresponding triaxial simulations. Even though full agreement is not reached, the hyperbolic 
relations and increased stiffness with increased radial stresses can be seen. These effects would not 
be able to simulate with a linear elastic, perfectly plastic constitutive model such as Mohr-Coulomb. 

 
Figure 2  Example of a triaxial test series, laboratory data (continuous lines) vs. simulation with 

Hardening Soil (dashed lines) 

The geometry of the embankment’s cross-section was imported to PLAXIS 2D where a model was 
built. PLAXIS is a finite element program, developed for the analysis of deformation, stability and 
groundwater flow in geotechnical engineering (Brinkgreve et al. 2014).  



In order to fully simulate the embankment and today’s behaviour of the soil, historical events should 
be included in a model to cover all loading conditions (loading history) that have taken place at site. 
This would theoretically have covered all stress situations in the structure, which depend on factors 
such as rate of rise and water (pore water pressure) conditions. Due to lack of data of such events, 
this study was limited to cover events from 1992 and onwards, which is 24 years after the starter 
embankment was constructed. 1992 is the first year where airborne data surveys were performed 
from which data of TMF pond levels can be drawn. Such data, together with as-built drawings 
(history of embankment construction) and CPTu-results (tailings stratigraphy) were used to describe 
historical events in the model. 

For modelling of future behaviour, embankment raises, beach constructions (increased 
impoundment level) and “resting phases” (where no deposition/spigotting of tailings takes place) 
were modelled according to a “standard year”. Such year, includes all planned events that take place 
at the embankment over a year (Marthin, pers. comm., 5 September 2012), see Figure 3. Here, 
embankment raise is assumed to take 15 days starting August 15th. This phase is then followed by a 
15 day resting phase (representing the time when the embankment is raised but deposition have still 
not started). Then one month of deposition takes place before winter when no deposition takes 
place from this embankment due to the risk of freezing in the slurry pipelines. From May 1st three 
months of deposition is assumed, followed by 15 days of rest before the cycle starts all over again. 
The rate of rise for future raises is assumed to be three metres per year. 

 

 
Figure 3 “Standard year” for planned events at the embankment 

A schematic cross section of the embankment used in the model is presented in Figure 4. Here, 
future raises are presented as well.  

 

 
Figure 4 Cross section of the modelled embankment including subsequent raises after 2013 in 

dashed line 

The soil parameters evaluated from laboratory results were imported to PLAXIS. For future events, 
soil properties were assumed to be the same as today’s properties of embankment raises and 

INCLINOMETER 



deposited tailings. For other materials such as filters, till and waste rock there has not been the same 
degree of investigation during the 2013 “investigation campaign” regarding soil properties as the 
experience of general properties of these materials are larger. For these materials, the Mohr-
Coulomb model is used where the soil properties are based on earlier geotechnical investigations 
(Sweco VBB 2008).  

For all loading conditions in PLAXIS, the phreatic surface was assumed to be located at the ground 
surface in the impoundment. From the crest of the embankment, the surface was assumed to be 
more or less linear to the homogenous downstream till embankment. This assumption corresponds 
to an average phreatic line according to field measurements (Jonasson 2013). 

Simulations were performed where the loading conditions were modelled as staged constructions. 
The initial stage corresponds to the geometry that prevailed in 1992. For all stages, stresses and 
strains were analysed. In addition to that, the global FS was calculated. For future loading conditions, 
a plan for increasing stability was created by adding waste rock on the downstream slope of the 
embankment in order to maintain the required FS >1.5. In other words, simulations of future loading 
conditions were performed by adding waste rock support fill until the FS was reached. Results from 
simulations covering a ten year period are presented in Figure 5. By following the  plan for waste rock 
support fill at the site, the calculated stability of the embankment maintain a FS>1.5. 

 
Figure 5 Calculated factor of safety (FS) for future events, here covering a ten year period 

In Figure 5, the effects from the “standard year” can be seen. Every time the embankment is raised, 
the FS is reduced to a value of 1.5. The reduction in safety is here due to generation of excess pore 
water pressure below the newly placed lift of the embankment. During the following events of the 
“standard year” the safety is again increased, which represent the time where consolidation takes 
place and the waste rock support fill is added on the downstream slope. When a new period of 
deposition and embankment raise takes place, the safety is again decreased. The waste rock support 
fill is here optimised so that the sought FS (>1.5) is maintained for the construction phases.  



2.2 Field data and model validation 
In dam safety operations, monitoring of embankments and their physical behaviour with time is a 
general approach. Properties such as pore water pressure, deformations and seepage are measured 
and continuously evaluated. The number and frequency of measurements varies between sites. 
Large and complex embankments are normally surveyed to a higher extent compared to small 
embankments.  

There are different guidelines on embankment surveillance helping mine owners and engineers in 
setting up monitoring programs. What to be measured, type of equipment, and when to measure are 
examples of what are normally presented in such guidelines. When it comes to data interpretation 
and evaluation the procedures are not that standardized. An often used approach is to evaluate 
instrument readings in terms of trends, i.e. to identify changes over time. This is a good method in 
order to register sudden changes. These changes may indicate a risk and extra concern may be taken. 
This is, however, not as appropriate for tailings embankments as for water retention dams, mainly 
due to the non-static situation of tailings embankments since they are subsequently raised. If both 
the loading condition and water conditions are changed, which is the case when embankments and 
impoundment levels are raised, then changes in instrument readings are expected. But whether the 
changes are in the serviceability stage or not, cannot easily be interpreted. 

In order to more easily interpret field data, there should be anticipated values for each instrument 
used. This was highlighted by Dunnicliff (1988) saying that without anticipated values, no 
abnormalities will possibly be recognized from field data. For complex structures such as tailings 
embankments, simulation is probably the best way to anticipate its behavior. For example, each 
instrument in the embankment measuring pore water pressure should have values corresponding to 
the calculated stability. If the measured values are higher than expected according to the simulation, 
then the modeling input differs from reality and the stability might be of concern. In Figure 6 three 
alert stages are presented to be used for standpipes or piezometers. The pore water pressure 
corresponding to the minimum FS (here 1.5) represents the borderline to red alert stages. Higher 
pore water pressure would imply too low safety. Pore water pressure lower would fall into green or 
yellow stages, both of which mean enough safety. Yellow alert stage imply excess pore water 
pressure that might prevail in fine grained tailings, but are expected and considered, i.e. in this case 
the plan for waste rock support fill compensate for that increase in pore pressure. Lower pressure, 
i.e. hydrostatic pressure, would fall into the green stage. 

Obviously, this methodology requires a good model that can simulate future behavior. For this case 
study, the numerical model is validated by comparing the simulation of historical events (from 1992 
up until today) with records of field data measurements. If the model is considered to simulate the 
behavior of the embankment in a good manner, the same model can then be used for future 
predictions. Future predictions can also be used in order to relate future field measurements to the 
calculated stability.  

While pore water pressure in an embankment can be considered as the cause behind possible 
stability problems, deformations can instead be regarded as the effect of possible stability problems 
(Dunnicliff 1988). Measurements of deformations in the embankment can therefore be regarded as 
the result of changes in stress. For this study, numerical results of deformations are compared with 
results evaluated from inclinometer at the site. The inclinometer casing was installed in November 
2007, and have since then been measured twice a year. The bottom of the casing is fixed 0.5 m into 
the bedrock beneath the embankment, where no deformations occur. The casing penetrates (from 
bottom up) 5.5 m of glacial till (natural ground), 27 m of tailings, 7 m of compacted till and 1 m of 
support rock fill on top. The location of the inclinometer casing is presented in Figure 4. 



 
Figure 6 Schematic presentations of alert stages for pore water pressure instruments 

Figure 7 presents the comparison in horizontal displacements between the field measurements and 
the results from the numerical model. The curves here represent data in November 2013 (latest 
reading available for the authors when the numerical modelling took place), which therefore indicate 
cumulative displacements over a 6-year period. The black line represents field measurements, and 
the blue line represents results from the numerical simulation.  

The results from the numerical simulations indicate good agreement with field data. In general, the 
field data indicate slightly larger displacements in the tailings than was modeled. Both curves have 
similar shapes though, with the largest displacements in the middle of the tailings layer. Largest 
deviation between the two curves is in the underground till layer, which might be due to the fact that 
the simulation of this layer was performed with the linear elastic-perfectly plastic Mohr-Coulomb 
model.  

 



 
Figure 7 Measured horizontal, cumulative displacements by inclinometer (black line) and 

numerical results (blue line). Time period: Nov. 2007 – Nov. 2013 

 



3 Discussion 
With the agreement between numerical results and field data in mind, the numerical model is 
considered to simulate the behavior of the embankment in a good manner. With respect to different 
loading conditions over time, the model has captured the behavior of the tailings and 
correspondingly the displacements at the location of the inclinometer at site. Since the deformations 
can be regarded as the result of stress changes, the agreement in displacements indicates that the 
model simulates the in situ stresses in a good manner. The stability analysis that was performed in 
addition to stresses and strains is therefore considered reliable as well.  

In order to verify a certain FS for tailings embankments in the long term, i.e. landfill design post 
closure, a reliable model is proposed to be used in order to give as good result as possible. Such 
model should capture the different loading conditions and corresponding tailings behavior. The 
methodology proposed in this paper is recommended for the buildup of such a model. By setting up 
a valid model that can be verified in operational aspects during operation of the TMF, the time of the 
simulation can then be extended, either to LOM in order to set alert levels or further to post closure 
in order to estimate a safe long term design. Of course detailed plans, or estimations, of activities at 
site should be included in such model in order to capture the specific loading conditions at the 
specific site. 

From the methodology presented, the importance of embankment surveillance is obvious. Field 
measurements should not only be used for evaluation of trends, or to observe sudden changes, as 
often the custom. As presented here, the measurements can be used for validation of numerical 
models. If the numerical model is validated in terms of deformations, the corresponding stability is 
considered verified as well. Without such validations, the calculated safety is mainly a theoretical 
value that cannot be measured at site. Instead physical, measurable, properties should be used for 
these comparisons. For measurements taken after the modeling, there will correspondingly be 
anticipated values for the instruments which help in field data evaluation. 

When it comes to advanced modeling of, for example deformations, there is an obvious need for an 
increased effort in laboratory testing and applying the results into advanced constitutive models. 
Here, Hardening Soil was used for tailings, which simulate the stress-strain relations more accurate 
than linear-elastic perfectly plastic models (for example Mohr-Coulomb model). In addition to this, 
the loading conditions should be captured in the model. This can, for example be performed with 
staged construction models where historical events are taken into consideration. Even though more 
effort is needed for the model set up, the simulation gets more accurate and reliable.  

A well-used method in stability analyses is the limit equilibrium method (LE) which analyses a failure 
mode without describing the behavior of the structure, embankment, before failure. For such 
computations, there is only need for parameters describing strength (e.g. cohesion and friction 
angle) which leads to “easier” modeling. On the other hand, such models can never be used for 
comparisons with field behavior and the calculated stability is therefore not able to be verified in that 
sense.  

It should, however, be noted that in this study, no consideration have been taken to possible changes 
of the material properties with time. Changes in the used materials, as particle breakage, weathering 
of minerals, or possibly cementing and bonding effects, might result in different mechanical behavior 
than those observed in today’s laboratory testing. Another effect having possible impact on the 
resulting stability is Climate Change. These effects are important and still not well understood needs 
further research in order to fully understand the behavior of tailings material and tailings 
embankments in a long term perspective. For models where today’s behavior and stability is the 
main focus, these effects are probably of minor concern. But for long term modeling such possible 
effects should be implemented in the constitutive models used.  



4 Conclusions 
Based on the results from this study, following conclusions can be made: 

 In order to verify the stability of an embankment, or landfill slope, during operation and/or 
closure, numerical modelling can efficiently be used.  

 For verification of numerical models, comparison of measurable properties should be 
made, mainly between in-situ measured data and corresponding simulated values obtained 
from the modelling. Without such verification, calculated stability and corresponding factor 
of safety (FS) is mainly theoretical as it cannot be measured directly. Deformations, which 
can be regarded as the result of stress changes, were here used for comparison with 
numerical results.  

 A method to set alert levels for dam safety based upon simulated and measured data is 
proposed. 

 The proposed methodology, where numerical models are verified by field measurements, 
can be applied for dam safety operations in general. The actual factor of safety (FS) is 
verified and field data interpretation is easier due to the possible comparison with 
simulated values. 
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ABSTRACT 
The shear strength of tailings can vary depending upon the type of ore and method of construction. 
Tailings dams may possess loose layers in subsequent layers, which may have low shear strength. 
Since the tailings dams are made-up to last for longer times, the strength parameters and material 
behaviors are essential to understand, especially potential for static liquefaction in loose layers. 
This article presents the results from direct shear tests performed on samples from loose layer of a 
tailings dam. Both drained and undrained tests are carried out. The results indicated the strain 
hardening behavior in tailings material which indicates loose condition. The shear strength was 
found to be relatively low as compared to typical values of tailings in literature. A contractant 
volume behavior was observed for all the tests. During shear tests the vertical height reductions in 
samples were observed. These changes were significantly increased after peak shear followed by 
slight increment in pore pressure along shearing angle. The reasons for these height changes are 
not fully known, but may be a rearrangement in skeleton or breakage of particles during shear 
which needs further investigative studies. 

KEYWORDS: Shear Strength, Direct Shear Tests, Tailings Dams, Particle Breakage, 
mechanical properties of tailings. 
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INTRODUCTION 
Tailings are mine waste, which are crushed, milled and stored after extraction of material of 

interest. Tailings are generally stored as impoundments with surrounding dams, constructed either 
by burrow material or by tailings itself (Jantzer, Bjelkevik & Pousette 2001). Tailings dams are 
raised with time (Vanden Berghe et al. 2011) depending upon production rate of mining. Since 
tailings dams are supposed to withstand for long times i.e. more than 1000 years, the behavior of 
tailings upon loading is important towards designing and modeling of dams. In relation to natural 
soil of equivalent gradation in general, the properties of tailings such as shear strength, 
permeability (Vanden Berghe et al. 2009) and particle shapes (Bhanbhro et al. 2013, Rodriguez, 
Edeskär 2013) are different. Tailings particles are more angular as compared to natural soils 
(Rodriguez, Edeskär 2013) and it is likely to influence the mechanical properties (Cho, Dodds & 
Santamarina 2006).  Some preliminary studies on tailings from one ore shows that smaller 
tailings particles are very angular and bigger particles are less angular (Bhanbhro et al. 2013).   

Tailings dams and deposits may consist of loose layers depending upon method of 
construction, deposition, climate, mining processes etc. Loose layers can be stable under drained 
conditions but may be subject to fail in undrained conditions (Lade 1993, Kramer 1996). 
Furthermore static liquefaction can occur in very loose sands at low pressures and at higher 
pressures it can show as normal soil behavior (Yamamuro, Lade 1997). Loosely deposited 
tailings might have very low strength and they contract during shear (Davies, McRoberts & 
Martin 2002).  It is highly uncertain to predict in-situ properties e.g. undrained strength for 
tailings materials because of its fabric of field state and verities of initial void ratios (Davies, 
McRoberts & Martin 2002).  Previous studies on mechanical properties of tailings as reported in 
literature, e.g. (Blight, Bentel 1983, Mittal, Morgenstern 1975, Qiu, Sego 2001, Guo, Su 2007, 
Shamsai et al. 2007, Volpe 1979, Chen, Van Zyl 1988), provided bulk average strength of tailings 
without assuming the variations related to depth. However, strength values suggested by 
(Dimitrova, Yanful 2012, Dimitrova, Yanful 2011) provided the strength of mine tailings 
corresponding to depth, Whereas, they assumed remolded tailings samples in laboratory.  The 
purpose of this paper is to study the mechanical behavior of tailings material collected from 
various depths of a tailings dam and to determine strength parameters of this material. 

The tailings material is collected as undisturbed and from loose deposited layers. This paper 
presents results from direct shear tests on the collected material. The drained and undrained 
behaviors during shearing are presented and discussed. The effective strength parameters 
(cohesion c' and friction angle ϕ') are evaluated for both the drained and undrained condition. 
Evaluation of strength parameters is done according to Mohr-Coulomb failure criterion. The 
shear strength parameters were found to be low as expected, since the samples were collected 
from loose layers. Vertical height changes in the test specimens during shearing were observed 
with slight increment of pore pressure. The strength parameters, material behavior and vertical 
height reductions are discussed in this article. 

MATERIALS  
The tailings material tested in this research were collected from loose layers (determined 

during Cone Penetration Test) of a Swedish tailings dam. Preliminary study on collected tailings 
material was conducted by (Bhanbhro et al. 2013) and found that; it had average water content in 
range of 15 to 44% and most of samples were completely water saturated. It possessed the void 
ratio of 0.72-1.41 and average particle density of 2.833 t/m3. The bulk density was calculated as 



Vol. 19 [2014], Bund. Z 9025 
 
in range of 1.66-2.12 t/m3.  The particle size distribution curves were determined for all the 
collected samples. The range of particle distributions curves studied materials is shown in Figure 
1. And Figure 2 shows the images of tailings particles from finding of this study. 

 
Figure 1: Outer border range of particle size distribution curves for studied material 

It was also observed that materials from larger depths were finer than materials of less depth 
from surface of dam. The materials are classified as clayey silt and silty sand with low plasticity 
according to Swedish standard, SIS (Larsson 2008).  

  
Figure 2: Tailings Particles from this study 

TESTING PROCEDURE 
Undisturbed samples were used for determination of strength parameters by direct shear tests. 

Tests were carried out for consolidated drained and consolidated undrained cases. Fifteen tests 
were carried out for the drained conditions and twelve tests were performed for undrained 
conditions. NGI (Norwegian Geotechnical Institute) Direct simple shear apparatus was used for 
this study (Figure 3).  The apparatus has been rebuilt and modified with electronic sensors which 
enable to record applied load, specimen height and pore pressure continuously during shearing. 
The logged data is then transferred to computer program which helps with the monitoring of 
stresses and deformations during the test.  
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Figure 3: The Direct shear apparatus (NGI) 

The sensors and transducers are attached to read normal force, effective sample height, and 
shear loads. The pore pressure transducer, which is connected to lower filter inlet to sample 
(Figure 4), makes it possible to measure the pore pressures during consolidation and during 
shearing. Normal loads are applied by putting dead weights over lever arm (10:1 load ratio) 
whereas shearing deformations were applied by strain controlled gear driven motor.  

 
Figure 4: The Sample installed in direct shear apparatus mould. 

According to ASTM D 6528 the confinement of specimen in direct shear tests is generally 
done by wire-reinforced rubber membrane or stacked rigid rings. In this study Geonor’s wire-
reinforced rubber membranes for the NGI apparatus were used. The membranes were of same 
size of 50 mm diameter as specimens. The specimen is placed within this reinforced membrane 
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that prevents lateral deformations. These membranes should provide lateral resistance to resist 
change in cross sectional area during consolidation and shear (ASTM D 6528). The space 
between winding of wires allows the membrane and sample to strain vertically during 
consolidation (Dyvik, Zimmie & Floess 1981). Variation schematic of wire-reinforced membrane 
is shown in Figure 5. 

 
Figure 5: wire-reinforced membrane concept, after (Baxter et al. 2010) 

The samples from tube were extruded carefully and then were mounted with porous stones on 
top and bottom and surrounded by reinforced membrane. In order to avoid possible slip between 
porous stones and specimen, the porous stones with spikes of 2.5 mm depth were used. To avoid 
leakage during the test, the rubber tape was used on top and bottom of membrane edges. 
Schematic view of sample placed in mould is shown in figure 6 along with filters and spikes 
surrounded by membrane. 

 

Figure 6: Sample mounting; (i) membrane (ii) filters with spikes, (iii) sample and         
(iv) rubber taped sample 

Prior to consolidation, the sample were allowed to saturate completely. This was done by 
introducing water from bottom inlet. Top cap/Drainage valve (see in figure 4) was opened to 
allow water flow out. Once it reached to condition where inflow was equal to out flow then 
bottom inlet was closed and it was further proceed to consolidation. The normal loads during 
consolidation were applied with rate of 20-50 kPa and in some cases 100 kPa in steps per hour or 
by monitoring dissipation of pore pressure for all tests.  

The shear deformations were applied to all tests was with shearing rate of 0.0182 mm/min; 
this was controlled by geared driven motor. The shear loads were continuously monitored during 
application of shearing deformations. All samples were sheared up to 5 mm in horizontal 
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direction.  Both horizontal and vertical displacements were recorded continuously during the 
tests. 

RESULTS 
The curves of shear stress versus the shearing angle are plotted for the tests conducted at 

effective normal stresses of 100 kPa are shown in Figure 7. Figure 7 (a) shows the drained shear 
stress behavior and (b) shows undrained shear stress behavior. Drained tests, performed at 
effective normal stresses of 100 kPa (Figure 7-a) and 250 kPa, showed strain hardening behavior 
till peak with no further changes in shear stress (perfectly plastic) along shearing angle. 
Undrained tests under effective normal stresses of 100 kPa (Figure 7-b) and 250 kPa showed 
strain hardening behavior throughout the shearing angle.  

(a)  

 (b)  

Figure 7: (a) Drained Stress behavior at normal stresses of 100kPa (b) Undrained Stress 
behavior at normal stresses of 100kPa 
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Those drained and undrained tests which were performed at higher stress i.e. effective normal 
stresses of 450 kPa, showed strain hardening peak followed by slight softening along shearing 
angle. More or less similar strain hardening behavior was observed up to shearing angle of 0.2 
radians for all the tested samples. A contractant volume behavior was observed in all tests.  

Vertical Height Compression during Shearing 
All the samples showed sample vertical height reductions during the shearing phase. Figure 8 

shows the vertical strains and shear stress plotted versus shear angle (radians). The percentage of 
decrease in vertical height after peak shear stress was slightly higher as compared to prior to the 
peak shear phase.  

 
Figure 8: Typical shear stress and vertical strains vs. shearing angle  

The decrease in volume was possibly caused due to reduction in voids which shifted some of 
grain supported load to pore water as shown in figure 9. After slight increase in pore pressure at 
start of test, decrease in pore pressures was observed till maximum shear stress. After maximum 
shear stress, the pore pressure increased again with decrease in vertical sample height Figure 9.  

 
Figure 9: Vertical strain and pore pressure vs. shearing angle for drained condition  
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Figure 10 shows the undrained pore pressure behavior and vertical sample strains along 
shearing angle. It was seen in undrained condition that pore pressure reduced once it was reached 
to its peak. It was observed that vertical strains during shear tests depended upon normal loads. 
Higher the normal loads, higher the vertical sample strains were observed. Figure 11 shows the 
typical curves of vertical strains observed at different normal loads. It was also observed that 
vertical strains were indicated in in undrained tests as well. The deformations were similar to 
those indicated in drained tests, whereas the strains were slightly smaller.  

        
Figure 10: Vertical strain and pore pressure vs. shearing angle for undrained condition 

 
Figure 11: Typical vertical strain behavior during shear against shearing angle at 

different normal loads 
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450 kPa. Similarly these values for undrained tests were found to be 2.2-5.5%, 2.9-10.5% and 
7.4-12.0%. The values of vertical strains at the maximum shear stress and at the end of test are 
presented in Table 1 and 2 for drained and undrained respectively.  

Table 1: Reduced strains at peak shear strength and at the end of shear for the drained 
conditions 

Sample and 
Depth 146 (10m) AAB2089 (20m) GEOB29 (47m) SJ187 (22m) VFT349 (38m) 

Normal 
Load 
(kPa) 

Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % 

at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test 

100 2.23 2.68 1.39 2.88 2.11 4.15 1.57 5.42 2.82 5.48 
250 4.38 6.10 2.84 7.48 2.59 5.33 3.35 8.91 2.47 6.83 
450 4.00 5.77 5.92 10.67 3.83 8.55 5.73 12.46 5.74 10.86 

 

Table 2: Reduced strains at peak shear strength and at the end of shear for the undrained 
conditions 

Sample and 
Depth AAB2089 (20m) BBK93 (22m) GEOB29 (47m) AIB VFT (38m) 

Effective 
Normal Loads 

(kPa) 

Vertical Strains % Vertical Strains % Vertical Strains % Vertical Strains % 

at Peak End of Test at Peak End of Test at Peak End of Test at Peak End of Test 

100 1.68 2.22 2.02 2.67 3.92 5.58 3.22 4.41 
250 2.14 2.92 3.33 6.70 4.57 10.53 1.85 5.48 
450 3.03 7.48 5.86 9.81 4.64 12.04 4.46 8.61 

 

Evaluation of Strength Parameters 
 
The failure shear strength parameters were evaluated by using Mohr-Coulomb failure 
criterion, equation 1, 
                                                     (1) 

where  is the ultimate shear strength (at particular point on Mohr-Coulomb failure line),  is the 
effective normal stress,  and  are cohesion and friction angle. The shear strength parameters 
are evaluated from the measured shear stresses and the corresponding effective normal stresses. 
From each test, the maximum shear stress was evaluated. Due to strain hardening behavior the 
maximum shear strength is not well defined. Therefore, if no obvious peak in shear stress was 
developed during the test, the shear stress used for strength evaluation, was read at a shearing 
angle at 0.15 radians, this is in accordance with standard practice by the Swedish Geotechnical 
Society (SGF 2004). Figure 12 shows the set of shear stress plotted against shearing angle for one 
sample and the strength parameters i.e. cohesion and friction angle are shown in Figure 13.   
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Figure 12: Typical Shear stress vs. shearing angle  

                      

 

Figure 13: Typical evaluated strength parameters  
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15.9-21.9 degree respectively; similar values at 0.15 radians were as 7.1-16.0kPa and 16.0-20.4 
degrees. It was observed that undrained shear strength was higher than drained tests as shown in 
Table 3 and Table 4.  

Table 3: The evaluated strength parameters according to Mohr-Coulomb failure criteria for 
drained tests at 0.15 rad and peak shear stress 

Sample and 
Depth 146 (10m) AAB2089 (20m) GEOB29 (47m) SJ187 (22m) VFT349 (38m) 

          
At 0.15 rad 9.7 17.01 33.72 13.37 17.12 18.30 26.49 12.54 14.91 17.22 

At Peak 13.52 18.42 27.71 15.87 14.52 20.69 23.13 13.93 17.74 17.53 

 

Table 4: The evaluated strength parameters according to Mohr-Coulomb failure criteria for 
undrained tests at 0.15 rad and peak shear stress 

Sample and 
Depth AAB2089 (20m) BBK93 (22m) GEOB29 (47m) AIB VFT (38m) 

        
At 0.15 rad 7.14 20.45 9.74 17.31 8.15 16.01 16.18 17.89 

At Peak 11.6 21.96 16.01 17.63 14.82 15.93 10.64 21.19 

 

The relationship of friction angle along with depth of dam section is shown in figure 14. It 
was observed that friction angle reduced along depth from 10m to depth of 22m in drained direct 
shear tests and it increased from depth of 22m and up to 47m. However, friction angle in 
undrained tests showed decrease from 22m to 47m of depth.  The friction angle values in 
undrained tests were slightly higher than of those in drained tests with a tendency in reduction 
beyond depth of 38m.  

 
Figure 14: The strength parameter along depth of dam section. 
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DISCUSSION 
Based on the direct shear results, it is evident that the skeleton of the tested material is loosely 

arranged with low shear strength. Strain hardening behavior was observed in all tests. This 
behavior is expected from tailings at loose condition. Shearing of soils with this loosely arranged 
skeleton, normally results in contractancy, i.e. volume decrease (Craig 2004). After initial 
decrease, the volume normally tends to a stable value along shearing path (Budhu 2008). That 
phenomenon could not be seen among the results in this study. Contractancy was indicated, but 
with a sudden decrease in sample height initiated at the moment when maximum shear stress was 
reached as seen in figure 8 from about 0.12 radians and above. As shearing progressed, the 
sample height decreased. The similar behavior was observed by (Hamidi, Habibagahi & Ajdari 
2011) during tests on natural material with similar grain sizes as in this study. However, the 
vertical deformations were in form of contractant behavior with no sudden change in that study 
by (Hamidi, Habibagahi & Ajdari 2011).  

The vertical sample height during shearing showed a sudden compression for all the tests at 
the moment where maximum shear was reached. These occasions have, for the different tests, 
taken place at different displacements and different stresses, which therefore implies a physical 
change in the soil sample.  Preliminary study on materials from this study (Bhanbhro et al. 2013, 
Rodriguez, Edeskär 2013) showed that particles (Figure 2) are classified as subangular to very 
angular according to (Powers 1953) scale. Angular particles can have high contact forces between 
particles, which can lead to crushing (Jantzer, Bjelkevik & Pousette 2001); this can also be a 
cause of vertical height reductions during shearing. The possible reason for the vertical height 
reduction can be the rearrangement of skeleton either due to irregular particle shapes or breakage 
of particles. The particle crushing (which may result in change in vertical height) can lead to 
increased pore pressures if the long term creep conditions prevail. The rise in pore pressures can 
transfer the grain-supported skeleton to fluid-grain slurry resulting loss of strength (Goren et al. 
2010).  This phenomenon can be considered as static liquefaction.  

The change in sample height was not only evident among the drained tests, but also in the 
undrained tests. Considering saturated soil in a membrane where lateral displacements are 
prevented, no change in sample height would be expected in ideal undrained tests since water 
could be considered to be incompressible and the sample is at saturated condition. Therefore, the 
one possible reason for vertical height reduction can be either leakage or radial expansion during 
shearing. The leakage of that amount of water during shearing according to authors was 
thoroughly performed and prevented. Similarly, the radial expansion should not either be the 
case, as radial expansion or radial strains as reported in literature (Baxter et al. 2010, Safdar, Kim 
2013, Kwan, El Mohtar 2014) are not supposed to take place in reinforced membranes. Another 
possible reason may be that wire-reinforced membrane might have been stretched due to reuse, 
gone over folded during shearing or particle rearrangements. However, this needs further 
investigation in order to make final conclusions. This might have been a reason why the authors 
(Baxter et al. 2010, Safdar, Kim 2013, Dyvik et al. 1987, Safdar, Kim & Mahmood 2013, 
McGuire 2011) preferred to use constant-volume testing procedure in undrained direct shear tests 
rather measuring pore pressure. According to Baxter et al. (2010) and Dyvik et al. (1987), the 
changes in pore pressure in a constant-volume undrained direct shear test can be inferred from 
change in vertical stress (due to constant height) during shearing. Dyvik et al. (1987) 
described that both type of tests (i.e. constant-volume direct shear test and direct shear test with 
measurement of pore pressure), are very much close in agreement. The studies discussed herein 
from literature on undrained tests were on natural material. Having said that, the authors believe 
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that, future studies of undrained direct shear tests on tailings material will help understanding the 
vertical height changes during shearing.  

The observed values of cohesion intercept and friction angle were slightly lower compared to 
previous conducted tests on similar material (Jantzer, Bjelkevik & Pousette 2001). These low 
values were expected as the samples were collected from weak zones of dam section determined 
in cone penetration tests (CPT). The strength parameters calculated at 0.15 radians of shearing 
angle were slightly lower as compared to values at peak failure. Shear failure at 0.15 is chosen 
usually because of no noticeable peak shear (SGF 2004). All the tests conducted showed cohesion 
value for the tailings. However, usually tailings have no cohesion properties (Vick 1990).  The 
cohesion values resulted from direct shear tests on tailings are also visible in literature; see e.g. 
(Jantzer, Bjelkevik & Pousette 2001). This might be as a result of strain rate during direct shear 
tests; however, the tests were performed at lowest fixed strain rate (0.0182 mm/min) of apparatus. 
Other possibility of having a cohesion value might be the stress range on which tests were 
performed. Vick (1990) defines the normal stress range as important factor for strength 
parameters of the tailings. Since the failure envelope is curved or nonlinear at low stresses range 
(Vick 1990), the extrapolation of Mohr-Coulomb failure line can result in a cohesion intercept. 
The normal stress range of interest of this study was from 100kPa to 450kPa (Figure 15).  

 
Figure 15: Stress range of interest in this study. 

Therefore values of cohesion intercept and friction angle can be considered as simply as 
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CONCLUDING REMARKS 

The drained and undrained direct shear tests were performed on tailings materials from loose 
layers of tailings dam from Sweden. Based upon tests conducted in laboratory the results the 
tested material showed strain hardening behavior in both i.e. drained and undrained tests.  The 
tested materials showed contractant volume behavior in both type of tests.  

During shearing of samples, significant vertical strains were observed after peak shear stress. 
These vertical strains caused slight increment in pore pressures during shear tests even in drained 
tests. Higher the normal stress was the higher the vertical strains were. Vertical strains observed 
in drained tests were slightly higher from those tested in undrained conditions.    

The shear strength observed in both the cases was relatively low comparing to literature on 
similar material. The tested material indicated a cohesion value which is considered as 
mathematical value of linear equation. The cohesion and friction angle, calculated at 0.15radian, 
in drained tests were found as in range of 9.7-33.7kPa and 12.5-18.3  respectively. The same 
parameters for undrained tests were found as 7.1-16.1kPa and 16.0-20.4  for cohesion and 
friction angle respectively. The friction angle in undrained tests was slightly higher than of that 
drained tests up to depth of 38m followed by a decrease up to depth 47m. The friction angle in 
undrained direct shear tests showed a decreasing trend along depth from 20m to 47m. However, 
the friction angle in drained direct shear tests showed a decrease from 10m to 22m and increasing 
tendency from 22m to 47m depth. The shear strength parameters in modeling perspective are thus 
important as these values can change with further raisings.  
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Abstract— Tailings are artificial granular materials that 
behave different as compared to natural soil of equal grain 
sizes. Tailings particle sizes, shapes, gradation and mechanical 
behavior may influence the performance of tailings dams. 
Hence it is essential to understand the tailings materials in 
depth. This article describes present studies being carried out 
on Aitik tailings. Basic tailings characteristics including 
specific gravity, phase relationships, particle sizes, particle 
shapes and direct shear behavior are presented in this article. 
The results showed that particles size decreases along depth 
from surface for collected sample locations. The angularity of 
the particles increases as the grain size decreases. Vertical 
height reduction was observed during shearing of samples by 
direct shear tests.   

Keywords—Mechanical Properties of tailings, Tailings 
Particles, Tailings, Mechanical behavior of tailings 

I. INTRODUCTION 
Tailings dams are geotechnical structures which are 

raised with time [1] as the impoundments are increased 
depending upon production rate of mining activity. 
Generally tailings itself are used in some extent for 
construction of tailings dams. Hence the mechanical 
properties of tailings material have important role in 
construction of tailings dams. Tailings are artificial 
granular materials and not like natural soils [1, 2]. Thus 
tailings might behave differently e.g. in anisotropic shear 
strength, permeability properties [3] and particle shapes 
which possibly might affect the performance of dam. 
Tailings dams are supposed to withstand for long times, i.e. 
in general as walk away solutions. For safe existence of the 
tailings dams it is important to know mechanical behavior 
of tailings being used in construction of dams.  

This paper presents the initial stage of laboratory work 
being carried out on Aitik tailings materials. Preliminary 
results from specific gravity test, phase relationships, 
particle size analysis, particle shapes analysis and vertical 
height behaviors during direct shear tests are discussed. 

 
 

II. EXPERIMENTAL WORK 
Samples were collected by the consulting company 

Sweco during spring 2013 at the depths 12-47m from the 
sections of dam E-F and G-H of the Aitik Tailings dam. 
Figure 1 shows the locations of samples A, B, C and D 
from the dam sections. The samples were taken from weak 
zones previously determined by CPT tests. Both disturbed 
and undisturbed samples were collected.  

 
Figure 1 Location of samples, DAM E-F and DAM G-H from Aitik 

Tailings Dam 

The laboratory work was carried out on the collected 
samples for determination of basic characterization; 
Particle size, hydrometer analysis, particle shapes, and 
strength parameters by direct shear. Undisturbed samples 
were used for determination of shear strength parameters 
by direct shear tests. Drained and undrained tests were 
performed from each sample tube for direct shear test. 

III. BASIC DESCRIPTION OF TAILINGS 
The body of tailings is composed of solid particles, 

water and air. Table 2 shows the summary of tests 
performed for basic geotechnical characterization on Aitik 
Tailings in this study. These tests were performed on the 
undisturbed samples. Water content (w) for the tested 
samples were in range of 15.2-47%. 
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The bulk density ( ) was determined to be in range of 
1.66 - 2.06 t/m3. Similarly the saturated density (ρsat) and 
dry density (ρd) were found to be in range of 1.76 – 2.065 
t/m3 and 1.18 – 1.65 t/m3 respectively. The average particle 
density ( for collected samples was 2.833 t/m3. The 
void ratio (e) and porosity (n) were calculated to be in 
range of 0.72 – 1.41 and 41.9 – 58.5% respectively.   

A. Particle Size 
Sieve analysis was conducted for undisturbed and 

disturbed samples. Similar grain size distribution curves 
were observed for disturbed and undisturbed samples. It 
was observed that the particle size decreases with depth 
from the surface of dam section for the locations under 
investigation. This decrease is might be due to breakage of 
particles because of higher stresses, particle decaying over 
time, chemical reactions or as a consequence of changes in 
ore quality or process technology. The other possibility of 
size reduction with depth is that the deposition methods and 
locations of depositions in earlier years were different.  

 

And may be because of the samples were taken from 
different distances from the dam. The particles size 
distribution curves are shown in figure 2 and the values of 
D30, D50, and D60 are read from particle distribution curves 
and presented in Table 1.  

TABLE 1  
SIEVE CURVE CHARACTERISTICS, D30, D50, AND D60 

Sample Depth 
(m) 

D30 

(mm) 

D50 

(mm) 

D60 

(mm) 

GH56+450 inkl  12-15 0.078 0.14 0.21 

DGH56+450E  12-15 0.11 0.16 0.2 

Temp62+315  18 0.025 0.05 0.062 

DEF62+315D  20 0.018 0.028 0.035 
VFT 349  

undisturbed 38 0.0032 0.006 0.0077 

Temp 56+450D  38 0.0032 0.006 0.008 

DEF62+315D  43 0.0035 0.007 0.0092 
GEO29B  

undisturbed 47 0.0039 0.008 0.011 

 

TABLE 2  
SUMMARY OF BASIC GEOTECHNICAL CHARACTERIZATION ON AITIK TAILINGS 

Sample Description Water 
content 

(%) 

Bulk 
Density 

( ) 
t/m3 

Saturated 
Density 

(ρsat)  
t/m3 

Dry 
Density 
(ρd) 
t/m3 

Void Ratio 
[e] 

Porosity 
[n] 
(%) Tube 

Elevation 
/Depth 

BKAB125 387.1/7.6 15.2 1.681 1.944 1.46 0.941 48.5 
ORRJE4786 384.6/10.1 23.9 1.787 1.933 1.44 0.964 49.1 

KK1822 365.0/18.6 37.22 1.915 1.903 1.40 1.030 50.7 
CTH546 365.0/18.6 43.7 1.997 1.899 1.39 1.039 51.0 
AIB839 363.6/20 39 1.950 1.908 1.40 1.020 50.5 
VFK438 363.6/20 37.2 1.856 1.875 1.35 1.094 52.2 

KLBF784 371.5/21.1 47.1 1.831 1.806 1.24 1.276 56.1 
GL41 371.5/21.1 45.7 1.859 1.826 1.28 1.220 55.0 

BBK93 370.4/22.2 43.3 2.03 1.92 1.42 1.0 50 
VPLANB150 370.4/22.2 43.9 1.887 1.848 1.31 1.161 53.7 

VFT349 343.16/38 41.4 1.66 1.76 1.18 1.411 58.5 
AIB852 343.16/38 39.5 1.914 1.887 1.37 1.066 51.6 

5580 344.7/47.4 28.6 2.06 2.065 1.65 0.721 41.9 
GEOB29 344.7/47.4 38.8 1.99 1.93 1.43 0.977 49.4 

HSRB1016 344.7/47.4 37.5 1.933 1.909 1.41 1.016 50.4 
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Surface Texture  
(Small Scale) 

Morphology  
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Figure 2: The particle size distribution curves at various depths relative to the surface level of Dam section 

B. Particle Shapes 
Particle shapes are known to affect various engineering 

properties of soils including friction angle and permeability 
[5]. One of the general differences between natural soils and 
tailings is that tailings are more angular compared to soil 
particles. As a step to understand the difference of 
mechanical behavior between soil and tailings it is of 
interest to quantify this difference. Particle analysis can be 
described as quantitative and qualitative; qualitative 
description is subject to shape of particles whereas 
quantitative refers to measuring of dimensions [6]. 

 

 

 

 

 

Figure 3: Particle shape scale factors illustrated on tailings from this 
study. After Mitchell & Soga (2005) [7] 

Particle shapes and properties are categorized in 
different scales, number of terms and their details. Mitchell 
& Soga (2005)[7], Rodriguez & Edeskär (2013)[11] and 
Rodriguez J,M.(2013)[12] described the particle shape in 
three terms; which are morphology, roundness and surface 
texture, presented in figure 3. Morphology is described as a 
particles’ diameter at large scale. At this scale terms are 
described as spherical, platy, elongated or elongation etc. 
The intermediate scale presents the explanation of 
irregularities i.e. corners, edges of different sizes.  

This scale is generally accepted as roundness or 
angularity; and smaller scale defines the roughness or 
smoothness and surface texture that can be whole particle 
surface including corners.  

 

 

 

 

Figure 4: Particle shapes of different sizes from Aitik Tailings 

Powers (1953) [8] introduced the roundness qualitative 
scale for particle shapes which depends upon shapes of 
particles. Using the Powers roundness qualitative scale 
(Intermediate scale, Roundness), it is initially concluded 
that particle shapes of larger to smaller sizes from Aitik’s 
samples varied from sub angular to very angular. The 
particles having bigger diameter (1 mm) are less angular as 
compared to smaller diameters (0.063 mm). Figure 4, 
shows images of particle shapes of different sizes, which 
were collected for analysis from Aitik Tailings. 

IV. VERTICAL HEIGHT REDUCTION DURING DIRECT 
SHEAR TESTS 

Direct shear tests (18 drained and 12 undrained) were 
performed on undisturbed samples. Samples were mounted 
with minimum disturbance surrounded by reinforced latex 
membrane and porous filter spikes were placed on top and 
bottom. Rubber tape at the end of membrane edges was 
used to avoid any leakage from membrane edges especially 
when test was performed as undrained. 

   1mm                             0.5mm                   0.125mm             0.063mm 
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Figure 5: Direct Shear apparatus and sample mounting 

Normal stresses were applied at rate of 20 kPa (in steps) 
per hour or by monitoring dissipation of pore pressures. 
Shearing rate was kept as 0.018 mm per minute. Samples 
were sheared up to 5mm horizontally with shearing angle 
up to 0.40 radians. Figure 5 shows the direct shear testing 
machine, membrane, filters, mounting of samples. 

 
Figure 6: Typical vertical height changes and shear stress behaviors 

during direct shear test 

During direct shear test, reduction in vertical height was 
observed for all the conducted tests i.e. drained and 
undrained. The reason for this behavior can be 
rearrangement of particles or breakage of particles. Figure 
6 shows the shear stress and vertical height changes along 
shearing angle. Slight increase in pore pressure was also 
observed with vertical height reduction while shearing 
(Figure 7); this indicates the decrease in voids. Stresses on 
particle edges may lead to additional crushing; creates 
particles that are very angular which might offer higher 
resistance to shear [9]. 

 

 
Figure 7: Typical vertical height changes and pore pressure behaviors 

during direct shear test 

V. DISCUSSIONS 
The results from this study shows that the grain sizes 

were reduced by depth relative to surface. The fine content 
in the samples increased from 5% in the upper layer (above 
20m) to about 20% in the subsequent layers 20-47m below 
ground surface. The increase in finer particles along depth 
might reduce the permeability and may lead to higher pore 
pressures. The void ratio of investigated tailings was found 
to be about 20% to 40% higher as compared to natural soils 
(silt)[4], which indicates loose condition. The observed 
vertical height reduction during shearing might lead to 
increased pore pressures because of reduction in voids. 
Increased pore pressure might transit the stress supporting 
grain system to fluid-grain slurry resulting loss of strength 
[10]. If the vertical height reduction is due to breaking of 
particles then bigger particles may break into smaller 
particles. From initial study on particles it was observed 
that smaller particles are very angular as compared to 
bigger particles. This means if there is breakage during 
shearing; the bigger particles get smaller and hence more 
angular, which may offer more resistance to shear. 
However, this needs to be investigated further. 
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VI. FUTURE WORK 
The height reduction during shearing indicates 

deformations and this is important in monitoring and 
modeling of tailings dams. The reasons for height changes 
(figure 6) should be studied in detail in order to investigate 
whether this change is due to breaking of particles or 
rearrangement of particles. This can be done by analyzing 
particle sizes and shapes before and after shear, then to 
develop certain empirical relationships by finding 
percentage and sizes of particles that are being broken 
during shearing process. Rearrangement of particles should 
also be taken into consideration and studied before and 
after shearing the samples. These are important steps 
towards deep understanding of typical tailings behaviors 
and different aspects towards constitutive behavior of 
tailings.  

VII. CONCLUSIONS 
The grain sizes reduced along with depth from surface of 

dam for the tested locations.  Initial particles analysis 
showed that smaller particles of size 0.063mm were very 
angular, whereas the larger particles of size 1 mm were sub 
angular. Water content (w) was in range of 15.2-47%. The 
average particle density (ρs) of collected tailings samples 
was 2.833 t/m3. The bulk density (ρ) was varying from 
1.66–2.06 t/m3. Similarly the saturated density  (ρsat) and 
dry density (ρd) were found to be in range of 1.76 – 2.065 
t/m3 and 1.18–1.65 t/m3 respectively. Void ratio (e) and 
porosity (n) were in range of 0.72–1.41 and 41.9–58.5%. 
Reductions in vertical height of samples were observed 
during direct shear tests with slight increase in pore 
pressures. Future studies should be carried out to 
understand tailings behavior more in detail. 
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