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Abstract

Stability analysis on a planned Mexican tailings dam

Amanda Lindquist and Sofie Törnqvist

If mine waste materials are stored in dams, the dams are referred to as tailings 
dams. Tailings dam failures can lead to massive destruction in nearby areas 
because of the large amount of water and slurry tailings stored in the dams. 
Tailings dams are large constructions which therefore endure great stresses. If 
the stresses become higher than what the materials of the dam can tolerate there 
is a risk that the embankment will collapse.
 
This master thesis is the result of a collaboration between Vattenfall, Elforsk, 
Uppsala University and Tsinghua University. The purpose has been to evaluate a 
design suggestion for a tailings dam located in Mexico, and this was done from a 
strain stress perspective which also included a seepage and displacement analysis.
 
The results indicated that the maximum stresses that occurred in the dam were 
within the stability region for the fine tailings, but adjustments have to be made 
regarding the coarse tailings. These results also need to be supplemented with an 
additional earthquake simulation before a final evaluation can be made. 
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Sammanfattning 
Detta examensarbete har utförts i samarbete mellan Uppsala universitet, 
Vattenfall, Elforsk och Tsinghua universitet i Peking, Kina. Arbetet har 
bedrivits vid Tsinghua universitet under månaderna mars till juni år 2015. 
Syftet har varit att utvärdera den tänkta designen hos en planerad 
fyllningsdamm i Mexiko, utifrån det genomflöde och de spänningar som 
kan förväntas uppstå i dammen. Med fyllningsdamm menas här en dam 
som används för att lagra gruvavfall.  

Den mexikanska fyllningsdammen är fortfarande i planeringsstadiet och 
har varit det sedan 2008. Förhoppningen är att dammen ska kunna tas i 
drift inom några år från 2015. Den planerade designen är av typen 
uppåtmetoden, men fler analyser måste genomföras för att kunna fastställa 
den slutgiltiga designen av dammen.  

För att undersöka dammens beteende genom simuleringar behövdes 
materialparametrar för gruvavfallet, d.v.s. fyllnadsmaterialet. Dessa 
parametervärden framtogs på experimentell väg för dammens två olika 
avfallstyper; det finkorniga och det grovkorniga avfallet. 

Simuleringarna genomfördes i COMSOL Multiphysics 3.5 och dammen 
simulerades för tre olika faser; en initial fas, en mellanfas och en slutgiltig 
fas där dammen antas ha nått sin slutgiltiga höjd. Alla faserna simulerades 
med samma längd på den torrlagda stranden, vilket motsvarade den 
maximalt tillåtna vattennivån.  

Genomströmningssimuleringen genomfördes för att identifiera hur stor 
vattenströmning som skulle komma uppstå genom dammen. Denna 
simulering genomfördes med den fördefinierade Darcymodellen i 
COMSOL Multiphysics.  

En deformationsanalys genomfördes vilken visade på både de 
förskjutningar och de spänningar som kan komma att uppstå i dammen. 
Denna analys var baserad på resultaten från genomströmningsanalysen 
och syftade till att se om de maximala påfrestningarna skulle ligga inom 
stabilitetsregionen för vad fyllnadsmaterialet klarar av. Denna 
stabilitetsregion erhölls på experimentell väg genom att ta fram Mohrs 
intensitetsenvelopp för de två olika avfallsmaterialen.  

Resultaten visade att utifrån en deformationsanalys klarar den planerade 
designen av de påfrestningar som kan uppstå utan att överstiga den 
säkerhetsgräns som det finkorniga gruvavfallet i dammen har. Det 
grovkorniga materialet i dammen ligger dock på gränsen för de 
påfrestningar det klarar av, därför kan vissa justeringar komma att behöva 
genomföras. Denna analys måste även kompletteras med en 
jordbävningsanalys där en jordbävningsliknande last läggs på. Detta 
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eftersom den undersökta dammen kommer ligga i ett område där 
jordbävningar är förekommande.   
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Executive summary 
A seepage and strain-stress analysis were conducted for a planned tailings 
dam, located in Mexico. Experimental testing on the tailings were 
performed in order to find material parameters and to be able to construct 
the Mohr circles used when evaluating the stability of the dam.  

A model of the dam was built in COMSOL Multiphysics 3.5 and the dam 
was simulated for three different stages; one initial stage, one midway stage 
and one final stage. All these stages were simulated to find the seepage 
amount, and the deformation and stresses occurring in the dam.  

The seepage result showed that the seepage amount in the dam toe 
decreased with each stage, but because of the simplified model used the 
seepage results need to be further investigated. The stress results were 
evaluated using the experimentally obtained Mohr’s strength envelope and 
they indicated that the stresses in the fine tailings would lay within the 
safety region, whilst the coarse tailings possibly need to be adapted in 
order to reach the stability criterion.  

Since simplified models have been used in this analysis further studies are 
needed in order to finalize the design.  
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Nomenclature 

Denomination    Character Unit 

Greek 

Angle of shearing resistance  𝜙 - 
Deformation   𝛿 m 
Density of fluid   𝜌  kg/m3 
Dynamic viscosity   𝜇 Pa·s 
Permeability of porous media  𝜅 m2 

Poisson’s ratio   𝜈 - 
Shear strength   𝜏  Pa 
Surrounding pressure + applied pressure  𝜎  Pa 
 from load 
Surrounding pressure   𝜎  Pa 
Weight of saturated soil  𝛾  N/m3 
Weight of water   𝛾  N/m3 

Strain, horizontal   𝜀  - 
Strain, vertical   𝜀  - 
Stress, normal   𝜎 Pa 
Stress, horizontal   𝜎  Pa 
Stress, vertical   𝜎  Pa  
 

Latin 

Cohesion intercept   𝑐  Pa 
Cross-sectional area   𝐴 m 
Darcy velocity vector   𝐮  m/s 
Difference in piezometric head  ℎ − ℎ  m 
Displacement, horizontal  𝑢  m  
Displacement, vertical  𝑤  m 
Elevation head     𝐷 m 
Gravity acceleration   𝑔 m/s2 

Hydraulic conductivity  𝐾 m/s 
Hydraulic head   𝐻 m 
Length    𝐿 m 
Rate of flow   𝑄 m3/s 
Pore water pressure   𝑢  Pa 
Pressure    𝑝 Pa 
Pressure head   𝐻  m 
Young’s modulus   𝐸 Pa 
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Glossary 
Dam crest – it is located at the top elevation of the 

embankment. 

Dam toe – this is the intersection point where the slope of 
the dam meets the natural ground. 

Darcy’s law  – this physical law describes the fluid flow through 
a porous media. 

Conductivity – describes how easily a fluid flows through pore 
spaces. 

Consolidation  – when the soil settles gradually at a variable rate, 
due to adaptation to a load. 

Elevation head – the elevation of a fluid above a reference 
elevation, a component of hydraulic head. 

Fill material – the material which the embankment is made of, 
is often taken from close to the dam location.  

Hydraulic head  – it is composed of the pressure head and the 
elevation head, and is also called piezometric head. 

Liquefaction – if the soil loses shear resistance, it can start to 
flow like a fluid, this is called liquefaction. 

Mine tailings – the waste material resulting from mining ores. 

Mohr strength  – failure criterion that can be used to define the 
envelope  shear strength of soil 

Permeability –the ability of the media to transmit flow. 

Piezometric head – see hydraulic head. 

Phreatic surface  – the zero pressure line, above which the pore 
water pressure is negative and below it is positive. 

Poisson’s ratio – the fraction of expansion divided by the fraction 
  of compression, i.e. the ratio of deformation.  

Pore water pressure  – the pressure of the water held within the pores 
of the soil. 

Pressure head – the internal energy of a fluid, a component of 
hydraulic head. 

Principal stress – the stress normal to the plane where the normal 
stress is at its maximum value.  



  

viii 
 

Raised embankments – dams where the dam crest is raised during the 
life time of the dam.  

Retention dams – dams constructed at full height at the beginning 
of their life cycle. 

Saturation – when all the available pore spaces are filled with 
water. 

Shear strength – the strength of a material to resist shear stresses. 

Strain – defined as the amount of deformation an object 
experiences compared to its original size and 
shape. 

Stress – is the force on a unit area within a material, 
resulting from an externally applied force. 

Tailings – the same thing as mine waste material, also called 
slimes. 

Triaxial appartus – equipment used for experimental testing. Applies 
a surrounding pressure and a pressure from an 
applied load, in order to determine the endurance 
of a soil specimen. 

Viscosity – a measurement of a fluid’s resistance to deform 
under stress. 

Young’s modulus – a material specific quantity which is a measure of 
stiffness. 
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1 Introduction 
In this chapter the purpose and objective of this thesis are presented. 
There is also a section about the limitations of the study and a description 
of the method used. 

1.1 Purpose  

The purpose of this thesis was to evaluate the planned design for a tailings 
dam in Mexico. The design was evaluated from a seepage and stability 
point of view. Seepage is an important issue both concerning the 
mechanical stability, and also in order to prevent pollution of the 
environment. Further, the stability of the dam is affected by the strains 
and the stresses that appear in the embankment during its lifetime. 
Therefore a strain-stress analysis was also performed.  

This thesis is part of a larger purpose to secure the safety for infrastructure, 
people and the environment in the nearby area of the Mexican tailings 
dam.  

The expectation on this project from the owners of the Mexican tailings 
dam, is that the result will provide a scientific basis for optimizing the 
design.  

1.2 Objectives 

The general objective of this thesis was to perform a seepage and a strain-
stress analysis for the Mexican tailings dam.   

This was divided into the following milestones: 

I. Determine soil material parameters through experimental testing 

II. Build a model of the dam in COMSOL Multiphysics 

III. Simulate the model, using soil material parameters from the 
experimental testing 

IV. Get results on the mechanical parameters of the dam as well as 
the stability performance of the dam 

1.3 Limitations 

Even though earthquakes will be present in the planned area for the 
tailings dam this has not been considered in this thesis.  

Also, simplifications regarding flows in porous media have been made. 
The tailings dam will be partially saturated, but has been assumed fully 
saturated in this thesis, because of limitations in the simulation program.  

The design of the dam has been analysed for three different stages, an 
initial stage in which no raising have occurred, a midway stage and a final 
stage in which the dam has reached its full height. Each stage has been 
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simulated without taking into account the changes occurring in the 
previous stages.  

1.4 Method 

In this thesis a literature study was performed in order to get familiar with 
tailings dams and their life cycle. Also during the literature study the theory 
behind seepage and strain-stress was studied through learning about soil 
mechanics. 

Experiments were conducted in order to get numerical values for the 
material parameters of the soil in the dam. The experiments were 
conducted on fine- and coarse tailings and the results were analysed to 
find the Young’s modulus for the two different types of tailings. The 
results were also used for constructing the Mohr circles used when 
evaluating the stability of the fine- and coarse tailings layers of the tailings 
dam.  

The Young’s modulus was used as input data in the numerical analysis tool 
COMSOL Multiphysics 3.5. COMSOL Multiphysics is a simulation tool 
based on the finite element method, which is a numerical method used to 
solve partial differential equations. It can be used for simulating several 
different phenomena such as fluid flow and structural mechanics. In this 
thesis the predefined Earth Science Module was used for simulating fluid 
flow and evaluate the seepage throughout the tailings dam. 
COMSOL Multiphysics also offers the opportunity to freely define partial 
differential equations, PDEs. This mode, combined with a pre-defined 
model for fluid flow was used when simulating deformation and strain-
stress. 

The stress results from the simulation were evaluated using the 
experimental obtained Mohr circles. The results showed that the fine 
tailings layer will lay within the stability region, but the results for the 
coarse tailings need to be further evaluated, since these results indicate that 
they lay outside the stability region.  
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2 Background  
The purpose of a tailings impoundment is to contain fine-grained tailings. 
This has to be accomplished in a way that takes into account both cost, 
stability and environmental performance. The stability of the embankment 
structure and the impounded tailings as well as protecting the environment 
have to be considered from a long term perspective. (EPA, 1994) 

According to EPA (1994), impoundments are a favourable way to dispose 
tailings since they are “economically attractive and relatively easy to 
operate”. 

2.1 Tailings disposal 

Mine tailings are usually in a so called slurry form which advantageously 
are stored using impoundments with local embankment materials. The 
composition of mine tailings can differ both within a mill and between 
different mills (EPA, 1994). Tailings can also be intentionally changed 
using for example dewatering techniques (Vick, 1983). Thickened or dried 
tailings prior to disposal can in some cases be desirable even though it is 
less cost effective. The advantages gained with dewatered tailings are 
minimized seepage volumes and less land use (EPA, 1994). 

Since variations in composition of mine tailings occur, and the tailings 
properties affect the impoundment in various ways, it is important to 
ensure some of the tailings properties. The most important properties are 
those which affect the design, stability and drainage of the impoundment, 
namely in-place and relative density, permeability, plasticity, 
compressibility, consolidation, shear strengths and stress parameters. 
(EPA, 1994)     

2.2 Tailings dams 

Since it is, as mentioned in previous chapters, favourable to dispose 
tailings in impoundments or dams, these techniques are further explained 
in the following sections.  

2.2.1 Basic concept of a tailings dam 
There are mainly two types of tailings dams; raised embankments and 
retention dams (Vick, 1983). Raised embankment dams are, as the name 
implies, raised during their lifetime whereas retention dams are built at 
their full height from the beginning. Since mine tailings often are toxic it 
has to be assumed that the dams will never be moved or removed, instead 
they need to be constructed to stand for at least 1 000 years. (Gonzales & 
Åberg, 2013) 

A mine in production is constantly producing new waste material or 
tailings and these will be added to the upstream or downstream slope of 
the embankment, which leads to more strain on the structure. There is no 
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real experience in how to construct a design that will be able to cope under 
these conditions, especially with the yearly crest increase. To maintain 
stability of the structure is therefore of great interest during the entire 
lifetime of the embankment. (Gonzales & Åberg, 2013)  

To maintain embankment stability a relative increase in permeability 
downstream is obtained by cores or drainage zones. This is typically done 
by constructing embankments with low permeability cores creating a 
lower permeability zone in the upstream area, and by using internal 
drainage zones causing higher permeability zones downstream. (EPA, 
1994)  

This is illustrated in figure 1 together with the phreatic surface which can 
be directly connected to the embankment stability. Factors regarding the 
characteristics of the tailings, which affects the phreatic surface i.e. the 
embankment stability are for example permeability, compressibility, 
grading and pulp density. Also, site-specific features such as foundation 
characteristics and hydrology affects the phreatic surface. (EPA, 1994) 

 
Figure 1. Flow through a tailings dam and the phreatic surface. (EPA, 1994)  

To avoid environmental impacts associated with tailings seepage, but still 
maintain the phreatic surface, techniques including liners, drains and 
pump-back systems are today included in some impoundments. 
(EPA, 1994) 

When the mine is taken out of use the tailings dam becomes inactive. In 
Europe the environmental legislation ensures that inactive dams are being 
maintained, by pointing out who is responsible for supervision and regular 
controls. However, in countries without an appropriate environmental 
legislation, the majority of tailings dams are abandoned. (Gonzales & 
Åberg, 2013) 

2.2.2 Construction methods for tailings dams 
Designs for tailings disposal are highly site-specific. They primarily depend 
on natural topography, site conditions and economic factors, but also on 
the characteristics of the tailings. The geographic conditions or site 
conditions, excluding topographic conditions, can include many different 
areas such as climatic, geologic, hydrogeological and geotechnical. Also, to 
take into account are the regulatory requirements regarding the region, 
which can affect dam safety and environmental performance. (EPA, 1994) 
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This report will not go further into the different design options for tailings 
disposal but rather the different construction methods for tailings dams 
will be considered. There are four main construction methods to consider 
when analysing how to construct the chosen dam design, namely; 
upstream-, downstream-, centreline tailings dams and tailings retention 
dams. These four will each be described in the following chapters.  

Upstream-, downstream- and centreline tailings dams are all three raised 
embankments, whereas a tailings retention dam is constructed at full 
height at the beginning (EPA, 1994).   

2.2.2.1 Raised embankments 

Raised embankments have a lower initial capital cost compared to 
retention dams. This because the costs for fill material and placement are 
spread over the lifetime of the embankment, and also because the choices 
of construction materials increase since a smaller amount is needed at any 
one time. Raised embankments can use natural soil, tailings and waste rock 
in any combination whereas retention dams usually only uses natural soil. 
(Vick, 1983) 

One of the main advantages with raised embankments is the opportunity 
to correct mistakes during operation and there are examples where this 
has been meaningful to avoid large expenses. One example is the Rain 
facility in Nevada, where problems with unplanned seepage under- and 
through the base of the tailings embankment could be solved without 
having to take the impoundment out of service, and without the need to 
move large quantities of fill material or impounded tailings. Instead the 
necessary adjustments could be attempted during the already planned 
raising of the embankment. (EPA, 1994)   

2.2.2.1.1 Upstream tailings dam 

The upstream construction method is the oldest and the most economical. 
The first step is a starter dike constructed at the downstream toe. 
Thereafter the tailings are, with the help of a system similar to sprinklers 
called spigots or cyclones, spread around the dam. This is called 
discharging. The tailings are discharged close to the crest which creates a 
small dike and a wide slightly sloped beach. The beach will be the 
foundation for the next dike. This concept is valid most of the time and 
an illustration can be seen in figure 2. There are cases where the entire dike 
is mechanically built and the tailings discharge is only used to create the 
beach. (EPA, 1994)  
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Figure 2. Illustration of an upstream tailings dam, in the phase of constructing the first beach. (Vick, 
1983)  

In figure 3 an upstream tailings dam with a starter dike and three raises is 
illustrated. Here it can be seen that each dike is supported almost entirely 
on a tailings beach. 

 
Figure 3. Construction method for an upstream tailings dam. (EPA, 1994) 

The embankments in an upstream tailings dam have low relative density 
with high water saturation (Vick, 1983). This can in event of seismic 
activity or strong vibrations from trucks, trains etc. lead to liquefaction 
due to reduced shear strength. If the shear strength is too heavily reduced 
it will in turn result in a dam collapse (EPA, 1994). Therefore an upstream 
construction method is not appropriate in areas with high seismic activity 
(Vick, 1983). 

The upstream construction method is not favourable when considering a 
design including dike impoundments, since the long-term stability of 
upstream dikes is uncertain. This is why most dike dams built from the 
late 1980’s and forward are using downstream or centreline methods. 
(EPA, 1994) 

2.2.2.1.2 Downstream tailings dam 

As for upstream tailings dams, downstream tailings dams also begin with 
a starter dike. Instead of using the beach as starting point for the next 
section, it is supported on top of the downstream slope of the previous 
ones. This is creating an embankment similar to the one illustrated in 
figure 4. (EPA, 1994) 

 
Figure 4. Construction method for a downstream tailings dam. (EPA, 1994) 

As a result of this way of supporting a new section only on the previous 
sections and not on the tailings beaches, the downstream construction 
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method on the contrary to the upstream construction method, is not 
structurally dependent on the tailings deposition for foundation strength 
(EPA, 1994). The downstream construction method also has the 
advantage that the phreatic surface can be kept low and that a natural 
compaction occurs when new sections are added (Vick, 1983). All this 
together is the reason that the downstream construction method can 
provide a degree of stability that is not found in upstream constructions 
and therefore copes better in high seismic areas (EPA, 1994; Vick, 1983). 

Although an increased stability can be gained with the downstream 
construction method it also means that a larger amount of fill material is 
needed which can sufficiently increase the costs. Parts of these costs can 
be avoided if the mill tailings can provide a sufficient amount of sand. 
Also, this way of constructing the embankment requires larger areas and 
that can be a disadvantage if available space is limited. (EPA, 1994) 

2.2.2.1.3 Centreline tailings dam 

The centreline construction method is in some ways a combination 
between upstream and downstream constructions. The embankment 
begins with a starter dike and when additional layers are to be added the 
fill material is placed on both the beach and the downstream face. A wide 
beach is not necessary and therefore this method can also be used for 
tailings containing a low percentage of sand (Vick, 1983). Due to the 
acceptability of a low sand content and a narrow beach the dam raises may 
be added faster for such a construction than what is possible in an 
upstream construction (EPA, 1994). 

In figure 5 an illustration of the centreline construction method is shown.  

 
Figure 5. Construction method for a centreline tailings dam. (EPA, 1994) 

The need for fill material in centreline constructions is less than for 
downstream constructions. However, the advantage of natural 
compaction is still obtained, which gives the centreline construction a 
relatively good seismic resistance (Vick, 1983). Even though tailings on 
the upstream slope liquefy, the central and downstream portion of the dam 
may remain stable. This is however only valid if the embankment has been 
properly compacted and provided with a good internal drainage, since 
those are the qualities that can save the centre and downstream part of the 
embankment from liquefy. (EPA, 1994)  
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2.2.2.2 Tailings retention dam 

Tailings retention dams are constructed at full height from the start and 
are suitable for any type of tailings and deposition method. When it comes 
to soil properties, surface and ground water controls and stability 
considerations, the tailings retention dam has many similarities to a water 
retention dam. (EPA, 1994) 

In figure 6 a tailings retention dam is illustrated. Compared to a water 
retention dam, the tailings retention dam has a layer of tailings on the 
bottom of the impoundment, whereas the impoundment in a water 
retention dam only contains water (EPA, 1994). Tailings retention dams 
therefore do not experience rapid drawdowns and can be built with a 
steeper upstream slope (Vick, 1983).  

 
Figure 6. Tailings retention dam for tailings disposal. (EPA, 1994) 

2.2.2.3 Comparison of construction methods 

Each dam type and construction method has its pros and cons. A short 
summary over the methods that have been described is presented in 
table 1. 
Table 1. Summary of characteristics for different tailings dam construction methods (Vick, 1983) 

Embankment 
Type 

Mill Tailings 
Requirements 

Discharge 
Requirements 

Seismic 
Resistance 

Fill 
Requirements 

Relative 
Cost 

Upstream >60% sand. 
Low 𝜌 for 
grain-size 
segregation 

Peripheral, well 
controlled 
beach needed 

Poor in high 
seismic 
areas 

Sand tailings, 
mine waste, 
natural soil 

Low 

Downstream Suitable for 
any type 

Varies 
according to 
design details 

Good Sand tailings, 
mine waste, 
natural soil 

High 

Centreline Sands or low-
plasticity slimes 

Peripheral, at 
least nominal 
beach needed 

Acceptable Sand tailings, 
mine waste, 
natural soil 

Moderate 

Tailings 
Retention 

Suitable for 
any type 
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borrow 
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2.3 Tailings dams in the world 

A compilation of tailings dams around the world can be of interest both 
to understand the extent of dams and to see the distribution among 
construction methods. 

In the beginning of the 21st century, there were approximately a little over 
3500 tailings dams around the world (Davies et al., 2002). The availability 
of documentation is varying for different countries which makes a 
summary difficult to compile. The extent of documentation regarding 
failures is more widespread and therefore gives a more reliable 
compilation. (Rico et al., 2008) 

2.3.1 Tailings dam failures in the last century  
In the following subchapter a statistical summary over historical tailings 
dam failures, divided in continental regions, is presented. The statistics 
cover the last century, although with reservation that there are accidents 
not included. Figure 7 shows a rough estimate of where dam failures have 
occurred around the world since 1960.  

 
Figure 7. Rough estimation of placement for tailings dam failure since 1960. (Origin; Pixabay.com) 

The raw data in table III in Appendix I is the data behind figure 7.  The 
same raw data also relate dam construction methods and cause of failure 
to continental regions. These relations, including number of incidents, are 
presented in figure 8 and 9 as diagrams.  
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Figure 8. Number of incidents divided by construction method for each continent and a world total. 
(Data available in table I in appendix I) 

A large amount of the dams responsible for the accidents presented in 
figure 8 are categorised as unknown constructions. This is because reliable 
information concerning the dam structure has not been available. This 
statistic shows that the upstream construction method is most common 
to fail which is in correlation with what other statistical analyses have 
concluded as well (Davies et al., 2002). This can likely be connected to the 
fact that upstream dams stand for almost 50 percent of the total amount 
of tailings dams in the world (Tailings.info).  

The classification for cause of failure used in figure 9 has been inspired by 
Rico et al. (2008) but some interpretations have been different. This study 
is divided into continental regions whereas other studies included only a 
comparison between Europe and the world total (Rico et al., 2008). Since 
liquefaction often is related to earthquakes, although not necessarily, it was 
assumed relevant to split that category into two. Aside from that exception 
the classifications are the same. 

 
Figure 9. Summary of number of incidents divided by cause of failure for each continent. (Data 
available in table I in appendix I)  
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The overall trend for cause of failure in this study is similar to what can be 
seen in other studies (Rico et al., 2008). Compared to the results in 
Rico et al. (2008) this study shows a higher share of failures related to 
structural problems. Instead, Rico et al. (2008) relate more failures to 
management operation. The same conclusions can be drawn if compared 
to Azam and Li (2010). Unusual weather, including rain, snow and 
earthquakes, is the most common cause of failure. This study has a smaller 
share of failures related to management operation and instead a greater 
share of structural related failures. 

The aim of this investigation is mainly to give a guiding picture of what 
the available information points towards, the spread of the investigation is 
not sufficient to safely draw further conclusions. 

2.3.1.1 Environmental aspects of tailings dam failures 

It is critical for the tailings impoundment to be able to secure a long term 
protection of the environment close to the tailings dams. Failures of 
tailings dams pose a great threat not only to the environment but to life, 
health and infrastructure (EPA, 2004). Usually about 20 percent of the 
contained volume is released when a tailings dam breaks, and this amount 
is enough to cause excessive damage to the surrounding environment, 
property and people (Azam & Li, 2010). Due to the severe effects related 
to breakage of tailings dams, emphasis should be on preventing tailings 
dam failures, rather than reacting post-accident (Rico et al., 2007).  The 
best way of preventing contamination is to completely prevent the tailings 
from leaving the impoundment. This is so far an elusive goal. Close 
control of seepage amount and quality can help to ensure the 
environmental performance and stability of the dam (EPA, 2004).  
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3 Presentation of the Mexican dam 
The tailings dam investigated in this thesis is located in Mexico and it is 
supposed to hold tailings from a local copper mine.  The copper mine is 
owned by a Chinese company, who has hired Tsinghua University to 
perform tests on the soil, simulating different working conditions and 
evaluating the design. The tailings dam is yet to be built, it is still in the 
design stage and studies are being performed in order to optimize the 
design. It has however been decided that the tailings dam will be 
constructed by the use of the centreline construction method. The design 
stage of the dam has been ongoing since 2008, and the dam is expected to 
be in operation in a few years from 2015.  

Figure 10 shows the cross section of the dam for three different phases, 
where each phase represent a new raising of the dam crest.  
Stage 1 

 
Stage 2 

 
Stage 3 

 
Figure 10. Cross-section of the Mexican tailings dam. The length across in x direction is 2700 m, and 
the location of the dam crest in stage 1 is 950 m, for stage 2 it is located at 1 000 m and for the final 
stage the elevation of the dam crest is 1 020 m above sea level. 

The dam is divided into different sections, i.e. layers. The layers have been 
numbered and named according to table 2, and the numbered layers can 
be seen in figure 11. The conductivities are assumed to be valid for 
complete sections of the dam. The conductivites along with the Young’s 
modulus and Poisson’s ratio have been obtained from the company 
owning the mine and can be seen in table 2. The Young’s modulus for fine 
and coarse tailings will be experimentally obtained in this thesis.  

 
Figure 11. The different sections of the dam, numbered. This figure illustrates half the dam, stage 3, 
shown in figure 10.  
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Table 2. Layer description and material properties for each layer 

Number Layer Conductivity 
[m/s] 

Young’s 
modulus 
[MPa] 

Poisson’s 
ratio 

1 Ground layer 1 10-7 30*103 0.18 

2 Ground layer 2 10-6 100 0.20 

3 Fill material 10-6 50 0.30 

4 Fine tailings 10-8 Experimentally 
obtained 

0.35 

5 Coarse tailings 10-6 Experimentally 
obtained 

0.25 

The groundline at the dam location is at about 890 meters above sea level. 
Stage one is the stage where the tailings dam is put into operation and the 
starter elevation of the dike is 950 m. The second stage occurs 
approximatley two and half years after the dam has been put into 
operation and the dam crest will at this stage have an elevation of 1 000 
m. After five years the dam is expected to have reached its final and 
maximum elevation of 1 020 m. Figure 10 illustrates a cross section of the 
Mexican dam, and the length of the dam in x-direction is 2 700 m. The 
tailings disposed in the dam gives a slope of 1 %. The analyses in this thesis 
will be performed on all three stages for a dry beach length of 100 m. For 
stage  1 this is a flooded water level.  
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4 Theory 
In this section of the report the basic theories behind seepage, and strain-
stress are explained, and relevant equations are presented.  

4.1 Seepage analysis 

The theory behind seepage is described by flow through the interstices in 
porous media. When fluid flows through porous media much energy is 
lost due to frictional resistance, and therefore the velocity in porous media 
is very low. Darcy’s law is the mathematical representation of this physical 
phenomenon where the flow is driven by gradients in hydraulic potential. 
The hydraulic potential is obtained via difference in both pressure and 
elevation. For a fully saturated and homogenous medium, Darcy 
empirically derived an expression for the rate of flow. This is the one 
dimensional Darcy’s law, described as 

𝑄 = 𝐾
𝐴(ℎ − ℎ )

𝐿 , 

where 𝐾 is the hydraulic conductivity, 𝐴 is the cross-sectional area,  
ℎ − ℎ  is the difference in piezometric head across a filter of length 𝐿. 
(Bear, 1972; COMSOL Multiphysics, Oct. 2007) 

The hydraulic conductivity, 𝐾, is a coefficient that describes how easily a 
fluid is transported through a porous medium, and it is therefore a 
coefficient dependent on the properties of both fluid and porous medium. 
The hydraulic conductivity is described as 

𝐾 = 𝜅
𝜌 𝑔
𝜇 , 

where 𝑔 is the gravity acceleration, 𝜇 is the dynamic viscosity of the fluid, 
𝜌  is the density of the fluid and 𝜅 is the permeability of the porous 
medium which depends on the void space in the porous medium. (Bear & 
Cheng, 2010) 

The one dimensional Darcy’s law can be extended to two dimensions by 
introducing flow in two directions. In the software COMSOL 
Multiphysics Darcy’s law is represented by 

𝐮 = −
𝜅
𝜇 ∇𝑝 + 𝜌 𝑔𝛁𝑫 , 

In this representation 𝐮  is the Darcy velocity vector, 𝜅 is the permeability 
of the porous medium, 𝜇 is the fluid’s dynamic viscosity,  𝑝 is the fluid’s 
pressure, 𝜌  is its density, 𝑔 is the gravitational acceleration and 𝑫 is the 
direction in which 𝑔 acts. COMSOL Multiphysics solves for pressure, 𝑝. 
(COMSOL Multiphysics, Oct 2007) 

(1) 

(2) 

(3) 
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In COMSOL the analysis for seepage can be made for either pressure head 
or hydraulic head. The hydraulic head is the sum of pressure head 𝐻  and 
elevation head   𝐷 and is defined as (COMSOL Multiphysics, Oct 2007)  

𝐻 = 𝐻 + 𝐷 =
𝑝 + 𝜌 𝑔𝐷

𝜌 𝑔 . 

4.2 Strain and stress analysis 

Equations of poroelasticity have roots in Darcy’s law for fluid flow and 
the generalized form of Hooke’s law. It was Terzaghi who in 1943 
elucidated effective stresses and consolidation and their importance in 
engineering. His approach was later on generalized by Biot, resulting in a 
coupling relationship between fluid flux, which is described by Darcy’s 
law, and strain, which can be described with Hooke’s law. (Silbernagel, 
2007) 

In this thesis the strain-stress analysis is performed by using the coupling 
between Darcy’s law and Biot’s consolidation theory, along with well-
known stress and strain relationships. In the following chapter the theory 
of Hooke’s law and Biot’s consolidation theory are explained.  

4.2.1 Biot’s consolidation theory 
Soil exposed to a load will not deform instantaneously, but instead settle 
gradually at a variable rate. This phenomenon, called consolidation, is 
apparent for clays and sands saturated with water. Biot’s theory for 
predicting consolidation is valid if some assumptions regarding the 
properties of soil are made. First the soil is assumed to be isotropic, which 
means that the permeability is the same in every direction. There are also 
some assumptions regarding the stress and strain relationships. They are 
assumed to be linear and reversible under final equilibrium conditions. For 
this theory to be valid the strains are also assumed to be small. The 
assumptions regarding the water in the pores are that the water is 
incompressible and may contain air bubbles. Also the water flows through 
the medium according to Darcy’s law.  (Biot, 1941) 

  

(4) 
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Consolidation in two dimensions can be described by 

𝜕
𝜕𝑥

𝐸(1 − 𝜈)
(1 + 𝜈)(1 − 2𝜈)

𝜕𝑢
𝜕𝑥 +

𝐸𝜈
(1 + 𝜈)(1 − 2𝜈)

𝜕𝑤
𝜕𝑥

+
𝜕
𝜕𝑧

𝐸
2(1 + 𝜈)

𝜕𝑢
𝜕𝑧 +

𝐸
2(1 + 𝜈)

𝜕𝑤
𝜕𝑥 = 𝛾

𝜕𝐻
𝜕𝑥  

and 

𝜕
𝜕𝑥

𝐸
2(1 + 𝜈)

𝜕𝑢
𝜕𝑧 +

𝐸𝜈
2(1 + 𝜈)

𝜕𝑤
𝜕𝑥

+
𝜕
𝜕𝑧

𝐸
(1 + 𝜈)(1 − 2𝜈)

𝜕𝑢
𝜕𝑥 +

𝐸(1 − 𝜈)
(1 + 𝜈)(1 − 2𝜈)

𝜕𝑤
𝜕𝑥

= 𝛾
𝜕𝐻
𝜕𝑧 + 𝛾 , 

where  𝐸 is Young’s modulus, 𝜈 is Poisson’s ratio, 𝑢  is the horizontal 
displacement, 𝑤  is the vertical displacement, 𝛾  and 𝛾  are the weight 
of saturated soil and water respectively.  

4.2.2 Hooke’s law 
The prediction of the magnitude of stresses is one of the most important 
functions when studying soil mechanics. This because the stresses will 
produce deformations. The stresses of interest are the shear stresses since 
failure of soil is primarily because of slipping and rolling of grains. The 
shear strength is the resistance of soil to shear stress. The calculation of 
shear strength can be determined by Mohr’s circles, and this method is 
described in section 5.1.1. To predict the soil response to different loads 
the theory of elasticity methods is widely used. (Bowles, 1984) 

The deformation of a soil element is usually reported as a ratio which is 
calculated by dividing the deformation by the length over which it occurs. 
The deformation ratio is called strain, 𝜀, and is calculated as 

𝜀 =
𝛿
𝐿, 

where 𝛿 is the total deformation and 𝐿 is the length. Lateral strains 
describe the shortening and thickening or the elongation and thinning of 
a solid element (Bowles, 1984). The strain can also be expressed in terms 
of vertical and horizontal displacement as (Das, 2008)  

𝜀 =
𝜕𝑢
𝜕𝑥  

and 

𝜀 =
𝜕𝑤
𝜕𝑧 . 

(5a) 

(5b) 

(6) 

(7a) 

(7b) 
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The ratio of the lateral to vertical strain is constant for a certain material, 
and this constant is called Poisson’s ratio, 𝜈,  and is defined as 

𝜈 =
𝜀
𝜀 , 

with 𝜀  and 𝜀  being the vertical and horizontal strain respectively. 
(Bowles, 1984) 

The strain is produced by a stress, 𝜎, defined as 

𝜎 =
𝐹𝑜𝑟𝑐𝑒
𝐴𝑟𝑒𝑎 . 

If the strain versus stress is plotted, a linear region can be found for some 
materials. The slope of this straight line is the modulus of elasticity,  𝐸, also 
called Young’s modulus. The modulus of elasticity is a measure of stiffness 
of a material, and is calculated as 

𝐸 =
∆𝜎
∆𝜀. 

Rearranging equation 8 we have the strain for an x-, y-, and z coordinate 
system, with z being the vertical axis, giving the expressions 

𝜀 = 𝜈𝜀   𝑎𝑛𝑑  𝜀 = 𝜈𝜀 . 

Using equation 10 and 11 the three coordinate strains are 

𝜀 =
1
𝐸 ∆𝜎 − 𝜈(∆𝜎 + ∆𝜎 ) , 

𝜀 =
1
𝐸 ∆𝜎 − 𝜈(∆𝜎 + ∆𝜎 )  

and 

𝜀 =
1
𝐸 ∆𝜎 − 𝜈(∆𝜎 + ∆𝜎 ) . 

These strain equations are referred to as Hooke’s law. (Bowles, 1984) 

In a two dimensional analysis the strain in y direction is assumed to be 
equal to zero, which gives the stress in y direction as (Das, 2008)  

∆𝜎 = 𝜈(∆𝜎 + ∆𝜎 ). 

  

(8) 

(9) 

(10) 

(11) 

(12a) 

(12b) 

(12c) 

(13) 
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By substituting the stress in y direction, the equations for the strains in x- 
and z direction is obtained as (Das, 2008)  

𝜀 =
1 − 𝜈
𝐸 𝜎 −

𝜈
1 − 𝜈 𝜎  

and 

𝜀 =
1 − 𝜈
𝐸 𝜎 −

𝜈
1 − 𝜈 𝜎 . 

This gives the relation for the stresses, dependent on Young’s modulus, 
Poisson’s ratio and the strains, as (Das, 2008)  

𝜎 =
( 𝜀 𝐸
(1 − 𝜈) +

𝜈𝜀 𝐸
(1 − 𝜈) )

1 − 𝜈
(1 − 𝜈)

 

and 

𝜎 =
( 𝜀 𝐸
(1 − 𝜈) +

𝜈𝜀 𝐸
(1 − 𝜈) )

1 − 𝜈
(1 − 𝜈)

. 

4.2.3 Principal stresses 
The results from the stress analysis will give the vertical and horizontal 
stresses according to equation 15a and b, whereas the principal stresses, 
𝜎  and 𝜎 , are needed to draw the Mohr circle. The principal stresses can 
be obtained from the vertical and horizontal stresses according to  

𝜎 , 𝜎 =
𝜎 + 𝜎

2 ±
𝜎 − 𝜎

2 + 𝜏 , 

where 

𝜏 =
𝐸

2(1 + 𝜈)
(𝜀 − 𝜀 ). 

As can be seen in equation 17, also the vertical and horizontal strains are 
needed to find the principal stresses. These equations can be visualized as 
in figure 12.  

(14a) 

(14b) 

(15a) 

(15b) 

(16) 

(17) 
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Figure 12. Relationship between vertical and horizontal stress and principal stress. 
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5 Experimentally obtained physical parameters for 
tailings specimens 

When implementing the model in COMSOL Multiphysics, material 
parameters for the different dam layers were needed. For the strain-stress 
analysis Young’s modulus and Poisson’s ratio had to be included. Since 
Young’s modulus is a material specific parameter, it had to be obtained 
experimentally for the fine and coarse tailings.  

An evaluation of the strain-stress results can be made by comparing the 
results with the specific Mohr strength envelope for the studied material. 

In this section a short description of the theory behind the experiments 
and how the material parameters were extracted are presented. A more 
detailed description of the experimental setup and procedure can be found 
in Appendix II.  

5.1 Determining Young’s modulus from the stress and strain curve 

Young’s modulus is defined as the ratio between the stress along an axis 
and the strain along the same axis under the impact of that specific stress. 
This holds for the range in which Hooke’s law is valid. Young’s modulus 
is therefore found as the slope of the linear line in a stress-strain curve.  

Young’s modulus is for the specific tailings found through performing a 
triaxial compression test, thoroughly explained in Appendix II. The test 
was performed for three different surrounding pressures, where the 
surrounding pressures are absolute pressures. In this section the result 
figures obtained for the fine tailings, in the case of a surrounding pressure 
of 200 kPa, are presented. The remaining result figures can be seen in 
Appendix III.  

The stress and strain relationship is shown in figure 13, and Young’s 
modulus is found through the slope of the linear region. A close-up of the 
assumed linear region can be seen in figure 14. 
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Figure 13. Stress-strain relationship for the fine tailings with a surrounding pressure of 200 kPa. 

The red-marked data points in figure 13 represent the region which has 
been approximated to be the linear part. 

 
Figure 14. Close-up on the assumed linear region from the stress-strain relationship for the fine tailings 
and a surrounding pressure of 200 kPa. 

A linear curve fitting of the chosen data points was performed to obtain a 
slope. The curve fitting is evaluated with the least square method and the 
R2 is an indication of how good the data fits the, in this case, linear model. 
An R2 value of 1 is optimal, the R2 value for each linear model is included 
in the linear region-diagram. The slope, i.e. Young’s modulus, for the fine 
tailings in the case with a surrounding pressure of 200 kPa was determined 
to be 30.1 MPa.  

Young’s modulus for the remaining surrounding pressures can be seen in 
table 3 together with the mean value, which is the one used in the 
simulations.  
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Table 3. Experimentally obtained Young’s modulus for both fine and coarse tailings 

Surrounding pressure  

[kPa] 

Young’s modulus [MPa] 

Fine tailings 

Young’s modulus [MPa] 

Coarse tailings 

200 30.1 34.2 

400 47.2 64.1 

600 50.3 62.2 

Mean value 42.5 53.5 

 
5.2 Determining cohesion intercept, 𝒄 , and angle of shearing resistance, 𝝓, 

from Mohr strength envelope 

If the shear stress at any point becomes equal to the shear strength at that 
point, a failure will occur for the soil. Coulomb expressed the shear 
strength, 𝜏𝑓, on a plane at a particular point as a linear function of the 
normal stress, 𝜎, on the same plane at the same point as 

𝜏 = 𝑐 + 𝜎 tan𝜙, 

where 𝑐  is the cohesion intercept and  𝜙 is the angle of shearing resistance 
and these values are approximately constant for the same soil (Scott, 
1980). The cohesion intercept describes the component of shear strength 
that is independent of interparticle friction. This can be seen as the 
corresponding shear strength value when the outer stress is zero.  

Equation 18 is the straight line, called Mohr strength envelope, which is 
tangential to the Mohr circles occurring at failure. The Mohr circles 
represent the state of stress. (Craig, 1997) 

In order to draw this diagram, the stress circles need to be identified, which 
is done by determining the principal stresses, 𝜎  and 𝜎 . In this thesis 
experiments were conducted on tailings specimen in order to find the 
principal stresses. The stress and strain relationship was found through 
applying an axial load to the specimen.  

In figure 15 and 16 the Mohr circles for the fine and coarse tailings are 
presented. The circles are representing a surrounding pressure of 200, 400 
and 600 kPa. The intersection with the x axis represent the 𝜎  and 𝜎  value 
for each circle respectively.  

(18) 
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Figure 15. Mohr circle plot based on experimentally obtained data for fine tailings. A linear curve fitting 
gives Mohr’s strength envelope. 

From figure 15 the cohesion intercept was determined to 13.8 kPa and the 
angle of shearing resistance to 34.5 degrees.  

 
Figure 16. Mohr circle plot based on experimentally obtained data for coarse tailings. A linear curve 
fitting gives Mohr’s strength envelope. 

From figure 16 the cohesion intercept was determined to 0 and the angle 
of shearing resistance to 33.5 degrees. 

The deviator stress, 𝜎 − 𝜎 , is found by 

𝜎 − 𝜎 =
𝐹
𝐴, 
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here , 𝜎 , is the sum of the surrounding pressure and the load applied at 
failure, 𝜎  is the surrounding pressure and  is the added pressure from 
the load applied to the specimen. (ASTM, Jan. 2011)  

An explanation of the experiments, additional equations and the 
computations are given in Appendix II. A presentation of the deviator 
stresses used when creating Mohr circles can be found in Appendix III. 
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6 Simulation in COMSOL 
In this chapter the model is presented, along with simulation conditions. 
For both the seepage and the strain-stress simulations the initial values and 
the boundaries are presented.  

6.1 Model and simulated conditions 

The model in COMSOL Multiphysics is built according to drawings of the 
Mexican centreline tailings dam.  

The Mexican dam was simulated with the condition of a dry beach length 
of 100 m. This condition was consistent for all three different stages that 
the tailings dam was simulated for; a first stage where no uprising has been 
performed, a second stage where a few raisings have been made, and a 
third stage when the dam has reached its maximum height. The second 
stage is assumed to occur two and a half years after the tailings dams has 
been put into operation, and the third stage five years after the dam has 
been put into operation. The different stages have been examined with 
respect to seepage and strain-stress. 

6.2 Seepage simulation 

For the seepage analysis COMSOL Multiphysics’ pre-defined Darcy’s 
equation, found in the Earth Science Module, has been used. The theory 
behind this model is described in section 4.1. The model was solved for 
stationary conditions. 

6.2.1 Input parameters and initial values 
The hydraulic head was set to a constant value throughout the dam as an 
initial condition, which corresponds to a fully saturated dam. For the first 
stage the hydraulic head was set to an initial value of 949 m, for the second 
stage it was set to 989 m and for the third stage to 1 009 m. All three 
correspond to the height where the beach starts. When the model was 
solved a new hydraulic head was calculated.  

The hydraulic conductivities for the different layers in the dam were 
selected according to table 2.  

6.2.2 Boundaries 
The boundary conditions specified for each stage are shown in figures 17 
to 19. In all figures the black lines represent no flow boundaries and the 
interior blue lines represent continuity boundaries, which means that the 
flow can move through these boundaries. 

 
Figure 17. The green lines represent hydraulic head boundaries of 895 m, and the turquoise lines are 
hydraulic head boundaries of 949 m. 
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Figure 18. The green lines represent hydraulic head boundaries of 888 m, and the turquoise lines are 
hydraulic head boundaries of 989 m.  

 
Figure 19. The green lines represent hydraulic head boundaries of 888 m, and the turquoise lines are 
hydraulic head boundaries of 1 009 m.  

The seepage was calculated at the dam toe, this boundary looks very much 
the same for all three stages even though the location is different. The 
boundary condition at the dam toe was represented with a hydraulic head 
boundary corresponding to 900.1 m for stage 1 and 890.1 m for stage 2 
and 3. The toe for stage 3 can be seen in figure 20 and the outflow 
boundary is represented by a purple line. 

 
Figure 20. Close-up of the dam toe for stage 3, the purple line represents the outflow boundary and is 
represented as an hydraulic head boundary with the value 890.1 m. 

The outflow boundary was defined to have a vertical height of 0.1 m, since 
the slope of the dam toe is different for each stage the absolute length of 
the outflow boundary differs.  

6.3 Strain and stress simulation 

Strain can be obtained as the relative displacement. Therefore for the 
strain analysis COMSOL Multiphysics’ PDE mode is used to regenerate 
Biot’s consolidation theory and solve for the vertical and horizontal 
displacement. For a more detailed description of Biot’s consolidation 
theory and how it is connected to Darcy’s law, see section 4.2. 

The stress analysis combines the strain analysis with a PDE in coefficient 
form from COMSOL Multiphysics’ PDE mode, representing the 
relationship between stress and strain derived from Hooke’s law. Theory 
regarding Hooke’s law and how it combines stress and strain can be found 
in chapter 4.2. 
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6.3.1 Input parameters and initial values 
In COMSOL Multiphysics, the PDE coefficient form is predefined as  

∇(−𝑐∇𝑢 − 𝛼𝑢 + 𝜈) + 𝑎𝑢 + 𝛽∇𝑢 = 𝑓, 

where 𝑢 is the parameter solved for and the other parameters can be 
defined for each subdomain. 

To find the displacement, Biot’s consolidation theory was written to 
coincide with the predefined PDE form in COMSOL. This means that  

𝑢 =
𝑢
𝑤 , 

where 𝑢  is the horizontal displacement and 𝑤  is the vertical 
displacement. 

Furthermore, the constant 𝑐 was defined as 

𝑐 =
𝑐1 0 0 𝑐2
0 𝑐3 𝑐3 0
0 𝑐3 𝑐3 0
𝑐2 0 0 𝑐1

, 

where  

𝑐1 =
𝐸(1 − 𝜈)

(1 + 𝜈)(1 − 2𝜈), 

𝑐2 =
𝐸𝜈

(1 + 𝜈)(1 − 2𝜈) 

and 

𝑐3 =
𝐸

2(1 + 𝜈). 

In equations 23 a) to c), 𝐸 and 𝜈 are the Young’s modulus and the 
Poisson’s ratio for each subdomain. 

The parameters 𝛼, 𝜈, 𝑎 and 𝛽 were set to zero and 𝑓 was defined as 

𝑓 =
𝛾

𝜕𝐻
𝜕𝑥

𝛾
𝜕𝐻
𝜕𝑧 + 𝛾

, 

where 𝛾 = 9  820 N/m3 is the weight of water and 𝛾  is the weight of 
saturated soil.  and  are the derivatives of the hydraulic head in 
horizontal and vertical direction. The hydraulic head is gained as the result 
from the seepage analysis.  

(20) 

(21) 

(22) 

(23a) 

(23b) 

(23c) 

(24) 
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Young’s modulus was partly experimentally obtained and the values for 
each layer in the dam are presented in table 4 together with Poisson’s ratio. 
The saturated soil density was given by the Chinese company that owns 
the mine. The density was assumed to 2 000 kg/m3 for all materials, which 
gives a weight of 19 640 N/m3. 
Table 4. Values  for  Young’s  modulus  and  Poisson’s  ratio  that were used as input parameters in 
COMSOL Multiphysics  

Layer Young’s modulus [MPa] Poisson’s ratio 

Ground layer 1 30*103 0.18 

Ground layer 2 100 0.20 

Fill material 50 0.30 

Fine tailings 42.5 0.35 

Coarse tailings 53.5 0.25 

All initial values concerning the displacement and the strain were set to 
zero. 

To obtain the stresses a new predefined PDE, written in the form of a 
linear equation system, was defined to give the relationship between the 
strain and the stress.  

There 𝑢 was defined as  

𝑢 =
𝜎
𝜎 , 

where 𝜎  is horizontal stress and 𝜎  is vertical stress. 

Furthermore the constant 𝑎 was defined as 

𝑎 = 1 0
0 1 . 

The parameters 𝑐, 𝛼, 𝜈 and 𝛽 were set to zero and 𝑓 was defined as 

𝑓 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
(
𝜕𝑢
𝜕𝑥 𝐸
1 − 𝜈 +

𝜈 𝜕𝑤𝜕𝑧 𝐸
(1 − 𝜈) )

1 − 𝜈
(1 − 𝜈)

(
𝜕𝑤
𝜕𝑧 𝐸
1 − 𝜈 +

𝜇 𝜕𝑢𝜕𝑥 𝐸
(1 − 𝜈) )

1 − 𝜈
(1 − 𝜈) ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

, 

(25) 

(26) 

(27) 
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where the derivatives of the displacement is the strain and is obtained from 
the displacement analysis.  

To obtain the principal stresses a third predefined PDE, also written in 
the form of a linear equation system, needed to be include. In this case 𝑢 
was defined as  

𝑢 =
𝜎
𝜎 , 

where 𝜎  is the total principal stress and  𝜎  is the surrounding principal 
stress. 

Furthermore the constant 𝑎 was defined as 

𝑎 = 1 0
0 1 . 

The parameters 𝑐, 𝛼, 𝜈 and 𝛽 were set to 0 and 𝑓 was defined as 

𝑓 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝜎 + 𝜎

2 +
𝜎 + 𝜎

2 +
𝐸

2(1 + 𝜈)
𝜕𝑢
𝜕𝑥 −

𝜕𝑤
𝜕𝑧

𝜎 + 𝜎
2 −

𝜎 + 𝜎
2 +

𝐸
2(1 + 𝜈)

𝜕𝑢
𝜕𝑥 −

𝜕𝑤
𝜕𝑧

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

. 

All initial values concerning the stress were set to 0. 

6.3.2 Boundaries 
The same boundary conditions were used for both the strain and the stress 
analysis. For the outer boundaries Dirichlet’s boundary condition was 
used and for the inner boundaries instead Neumann’s boundary condition 
was used.  

Dirichlet’s boundary condition is in COMSOL Multiphysics described by  

ℎ𝑢 = 𝑟, 

where ℎ is a 𝑛 by 𝑛 matrix normally defined as the unit matrix, 𝑟 is a 𝑛 by 
1 matrix and 𝑢 is the variable of which the PDE is solved for. The default 
boundary condition for a coefficient form PDE in COMSOL 
Multiphysics is defined as 𝑢 = 0. In this analysis the definition of ℎ varied, 
it was set to one when giving a no movement boundary and set to zero 
when representing a movement boundary. (COMSOL Multiphysics, Nov 
2008) 

  

(28) 

(29) 

(30) 

(31) 
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Neumann’s boundary condition for a coefficient form PDE in COMSOL 
Multiphysics is instead described by 

𝑛((𝑐∇𝑢 + 𝛼𝑢 − 𝛾) − (𝑐∇𝑢 + 𝛼𝑢 − 𝛾) ) + 𝑞𝑢 = 𝑔, 

where a non-zero value on 𝑔 represents a jump in the flux across the 
boundary. Therefore this representation of Neumann’s boundary 
condition is, when set to zero, preferable for interior boundaries which 
was used in this analysis. (COMSOL Multiphysics, Nov 2008) 

In figure 21 a presentation of the boundary conditions can be seen where 
the green lines represent Dirichlet’s boundary condition with fixed 
boundaries in both vertical- and horizontal direction. The turquoise lines 
represent Dirichlet’s boundary condition with fixed boundaries in 
horizontal direction, but with movement in vertical direction. The black 
lines represent Dirichlet’s boundary condition with movement in both 
horizontal- and vertical direction. The blue lines represent Neumann’s 
boundary condition and is defined to give a continuity boundary.  
Stage 1 

 
Stage 2 

 
Stage 3 

 
Figure 21. Presentation of the boundaries used in COMSOL for both the strain and the stress analysis. 
Green lines represents a no movement boundary. Turquoise lines represents a boundary with 
movement in vertical direction but fixed in horizontal direction. Black lines represents a boundary with 
movement in both vertical and horizontal direction. Blue lines are defined to give a continuity boundary 
and represents interior boundaries.  

  

(32) 
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7 Results and analyses 
In this chapter the simulation results for the seepage analysis and the 
strain-stress analysis are presented. 

7.1 Seepage simulation 

In this section the seepage for the three stages are presented. The results 
are presented both for the hydraulic head and the pressure head. The 
hydraulic head is what will be used as input in the strain-stress analysis, 
and is therefore of interest. The pressure head is included to give a more 
understandable view of the pressure distribution in the dam. The 
distribution of flow can also be viewed in the figures. This is illustrated 
with the Darcy velocity arrows. The arrows show the direction of flow and 
the magnitude of flow.  

The results for stage 1 can be viewed in figures 22 to 24.  

 
Figure 22. Result from seepage simulation for stage 1; shows the hydraulic head together with the zero 
pressure-line and flow arrows. 

 
Figure 23. Close-up on the zero pressure-line for stage 1.  
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Figure 24. Pressure head throughout the dam in stage 1. 

Figures 25 to 27 show the seepage results for stage two. 

 
Figure 25. Result from seepage simulation for stage 2; shows the hydraulic head together with the zero 
pressure-line and flow arrows. 

 
Figure 26. Close-up on the zero pressure-line for stage 2.  
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Figure 27. Pressure head throughout the dam in stage 2. 

Figures 28 to 30 show the seepage results for stage three. 

 
Figure 28. Result from seepage simulation for stage 3, shows the hydraulic head together with the zero 
pressure-line and flow arrows. 

 
Figure 29. Close-up on the zero pressure-line for stage 3. 
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Figure 30. Pressure head throughout the dam in stage 3.  

Table 5 shows the seepage amount obtained in simulations for all three 
stages. The seepage was evaluated through integration along the dam toe 
boundary for all three stages.   
Table 5. Obtained results from the seepage simulation 

 

 

 

 

As can be seen in table 5, the seepage amount will decrease with water 
level height. All results are however in the same magnitude. Darcy’s law 
gives a linear relationship between seepage amount and hydraulic head, 
therefore the results should follow each other linearly but they do not. The 
length over which the flow occurs, i.e. the thickness of the tailings layer, 
also affects the seepage amount. In this study the thickness increases 
which results in this non-linear decreasing seepage amounts instead of the 
linearly increasing amount that is expected. It is difficult to further validate 
the results, by for example comparing them with results from previous 
studies. This since all dams are constructed in different ways, with 
different materials and are of different sizes.  

7.2 Strain and stress simulation 

The results from the strain-stress analysis are presented in the following 
section. The results show the horizontal and vertical displacements as well 
as the horizontal and vertical stresses, combined with the corresponding 
strains. This is presented for each of the three stages.  

The principal stresses are also presented and compared with the 
experimentally obtained Mohr’s strength envelope found in chapter 5.3.  

Stage Seepage amount [m2/s] 

1 6.69 * 10-6 

2 1.85 * 10-6 

3 1.31 * 10-6 
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7.2.1 Displacement 
In figures 31 and 32, the vertical and horizontal displacements are 
presented for stage 1. 

 
Figure 31. Vertical displacement for stage 1, with a maximum displacement of 0.215 m. 

 
Figure 32. Horizontal displacement for stage 1, with a maximum displacement of 0.0230 m. 

In figures 33 and 34, the vertical and horizontal displacements are 
presented for stage 2. 
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Figure 33. Vertical displacement for stage 2, with a maximum displacement of 0.807 m. 

 
Figure 34. Horizontal displacement for stage 2, with a maximum displacement of 0.104 m. 

In figures 35 and 36, the vertical and horizontal displacements are 
presented for stage 3. 

 
Figure 35. Vertical displacement for stage 3, with a maximum displacement of 1.15 m. 
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Figure 36. Horizontal displacement for stage 3, with a maximum displacement of 0.164 m. 

The results from the displacement simulation have been summarized in 
table 6. The table only presents the maximum displacement occurring 
during the simulation.  
Table 6. Results over maximum displacement for all three stages 

Stage Vertical displacement 

[m] 

Horizontal displacement  

[m] 

1 0.215 0.0230 

2 0.807 0.104 

3 1.15 0.164 

The displacements increase with water level height, which is to be 
expected since the load on the dam increases when more material is added. 
It can also be seen that the vertical displacements are larger than the 
horizontal displacements. If compared to previous studies, this is in 
correlation with their results (Holmqvist & Gunnteg, 2014; Gonzales & 
Åberg, 2013). The displacements in vertical direction is driven by 
gravitation whereas the horizontal displacements are caused by flow.  

7.2.2 Strain and stress 
In figures 37 and 38, the vertical and horizontal stresses are presented 
together with the corresponding strain for stage 1. 
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Figure 37. Vertical stress and strain for stage 1, with maximum values of 1.53 MPa and 0.00670 
respectively. 

 
Figure 38. Horizontal stress and strain for stage 1, with maximum values of 0.336 MPa and 0.000338 
respectively. 

In figures 39 and 40, the vertical and horizontal stresses are presented 
together with the corresponding strain for stage 2. 

 
Figure 39. Vertical stress and strain for stage 2, with maximum values of 2.25 MPa and 0.0132 
respectively. 
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Figure 40. Horizontal stress and strain for stage 2, with maximum values of 0.601 MPa and 0.00107 
respectively. 

In figures 41 and 42, the vertical and horizontal stresses are presented 
together with the corresponding strain for stage 3. 

 
Figure 41. Vertical stress and strain for stage 3, with maximum values of 1.98 MPa and 0.0161 
respectively. 

 
Figure 42. Horizontal stress and strain for stage 3, with maximum values of 0.666 MPa and 0.00141 
respectively. 
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The results from the strain-stress simulation have been summarized in 
table 7. The table only presents the maximum vertical and horizontal stress 
and strain occurring during the simulation.  
Table 7 Results over maximum stress and strain in both vertical and horizontal direction for all three 
stages 

Stage Vertical stress 
[MPa] 

Horizontal stress 
[MPa] 

Vertical strain Horizontal strain 

1 1.53 0.336 0.00670 0.000338 

2 2.25 0.601 0.0132 0.00107 

3 1.98 0.666 0.0161 0.00141 

It is evident from the results that the strains and the stresses increase with 
dam height. Both the vertical strains and the vertical stresses are larger 
than the horizontal ones. With the same discussion applied as for the 
displacement results, this is what is to be expected and has been shown in 
previous studies (Holmqvist & Gunnteg, 2014; Gonzales & Åberg, 2013).  

7.2.3 Principal stress and Mohr circle 
The horizontal and vertical stresses presented in chapter 7.2.2 can be 
converted into principal stresses according to equations 16 and 17. From 
this the deviator stress can be determined by subtracting the surrounding 
principal stress, 𝜎 , from the total principal stress, 𝜎 . This is performed 
in COMSOL Multiphysics for each mesh point in the fine- and coarse 
tailings layers. The results for all three stages can be viewed in figures 43 
to 45. 

 
Figure 43. Deviator stress in fine and coarse tailings layers for stage 1. 
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Figure 44. Deviator stress in fine and coarse tailings layers for stage 2. 

 
Figure 45. Deviator stress in fine and coarse tailings layers for stage 3. 

By identifying the maximum deviator stress in both the fine- and coarse 
tailings layers, an evaluation of whether the dam lays within its stability 
region could be executed. A simplification had to be made with the 
assumption that the maximum deviator stress was most likely to cause a 
failure. This because the used software and hardware were not able to 
perform the analysis for the entire dam. 

The principal stresses, in the point where the maximum deviator stress 
was found, were inserted as a Mohr circle together with the Mohr’s 
strength envelope. As long as the Mohr circle lays underneath the strength 
envelope the material stays stable.  

The results for fine tailings for stages 1, 2 and 3 can be seen in figures 46 
and the results for coarse tailings for stage 2 and 3 can be seen in figure 
47. Stage 1 is not included in figure 47 since no coarse tailings layers are 
present in this stage.   
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Figure 46. Mohr circle for the maximum deviator stress obtained in the simulation for stage 1, 2 and 3 
together with the strength envelope for the fine tailings.  

 
Figure 47. Mohr circle for the maximum deviator stress obtained in the simulation for stage 2 and 3 
together with the strength envelope for the coarse tailings.  

The results shown in figure 46 indicate that the stresses occurring in the 
fine tailings layers will lay within the stability region. This means that 
sliding and rolling will be avoided in these layers. This is not the case for 
the coarse tailings layers. As shown in figure 47, the maximum deviator 
stresses occurring in the coarse tailings layer will exceed the strength 
envelope. Indicating that sliding and rolling can occur in the areas where 
the maximum deviator stresses take place.  

Exceeding the strength envelope does not have to lead to dangerous 
conditions for the dam. Sliding and rolling can occur without putting the 
stability of the dam construction in jeopardy. Although, if looking at the 
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area in the coarse tailings where the deviator stress is maximum, sliding or 
rolling can cause a shifting and settlement in the embankment leading to 
flooding.  

In this analysis, a simplification where only the areas containing the 
maximum deviator stresses were examined, had to be made. Therefore 
one cannot safely draw any conclusions regarding the stability of the entire 
fine- and coarse tailings layers since they are not evaluated. 

7.3 Sensitivity analysis 

Material with a higher value on Young’s modulus, in this case the soil, has 
a better ability to hold stresses. In the case of a dam construction this will 
result in smaller displacements but larger deviator stresses. It is widely 
recognized that Young’s modulus increases with depth. This can be seen 
from the experimental testing performed in this thesis. There is however, 
no universally acknowledged way to describe how Young’s modulus 
increases with depth in soil (Bezgin Ö., 2010). By experience it is found 
that Young’s modulus increases with depth in a linear way described by 
(Hu, Liming, 2015)  

𝐸 =   𝐻
𝜎
𝑝

.
, 

where 𝐻  is the pressure head in Pa, and in this case represents the depth 
measured from the initial height. 𝑝 is the pressure measured at that specific 
depth. 

Based on this, a sensitivity analysis has been conducted where Young’s 
modulus for both the fine- and the coarse tailings have been changed. No 
account has been taken to the fact that also the experimentally obtained 
Mohr’s strength envelope would change if Young’s modulus is changed. 
This because in order to determine how the strength envelope would 
change new experiments would have had been conducted with that 
specific soil, which was not possible during this project. The results in 
figure 49 for stage 1, figures 50 and 51 for stage 2, and figures 52 and 53 
for stage 3, show what impact the increase of Young’s modulus had on 
the stability of the materials.  

Since Young’s modulus for the fine- and the coarse tailings were 
experimentally obtained, a decision was made to also see how a smaller 
value on Young’s modulus would affect the results. The results for a 
decreased value on Young’s modulus can be seen in the same figures as 
the results for an increased value, i.e. figures 49 to 53. 

To illustrate the increase of Young’s modulus along the depth, the increase 
in the sensitivity analysis has been constructed as follows; for the increased 
case the top layer starts off with the original value and then increases 
linearly along the depth to reach a final value twice of the initial value. In 

(33) 
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the decreasing case it instead starts off with half off the initial value and 
then increases linearly in same way until the initial value is reached at the 
bottom of the tailings layer. A simplified illustration of the change of 
Young’s modulus is presented in figure 48.  

 

 

 

 

 

 

 

 

 
Figure 49. Sensitivity analysis for stage 1, where Young’s modulus both has been increased and 
decreased. 
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Figure 50. Sensitivity analysis for stage 2 fine tailings, where Young’s modulus both has been increased 
and decreased. 

 
Figure 51. Sensitivity analysis for stage 2 coarse tailings, where Young’s modulus both has been 
increased and decreased. 
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Figure 52. Sensitivity analysis for stage 3 fine tailings, where Young’s modulus both has been increased 
and decreased. 

 
Figure 53. Sensitivity analysis for stage 3 coarse tailings, where Young’s   modulus both has been 
increased and decreased. 

From this analysis it became apparent that a smaller Young’s modulus will 
increase the magnitude of the displacement. This is a reasonable 
conclusion since a smaller Young’s modulus means that the material has 
less resilience towards stresses. Therefore a change in Young’s modulus 
will also affect the maximum deviator stresses, which in turn will affect 
the stability of the material. Hence, a solution to find a stable coarse 
tailings layer can be to change this material parameter. From the result in 
this sensitivity analysis it seems most likely that an increase of Young’s 
modulus will be the key to find a stable solution.  
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8 Discussion 
Here follows a discussion regarding possible sources of errors. 

The seepage analysis needs to be extended in order to say something about 
the phreatic surface and the stability of the dam, since Darcy’s law is not 
able to model different permeabilities within the soil with respect to 
saturation level. In the Darcy analysis the whole dam is saturated, and 
therefore flow is occurring throughout the dam dike. A tailings dam will 
be variably saturated and an equation which describes this is Richard’s 
equation. Unfortunately the soil specific parameters were not compatible 
with modelling Richard’s equation in COMSOL Multiphysics, and 
therefore a result with this method could not be obtained.   

With the result from the Darcy seepage analysis one can see the pressure 
distribution throughout the dam, and the location of the phreatic surface 
(zero pressure-line) can also be visualized. Above this line there should be 
no flow, or at least very little flow, and this can be modelled with Richard’s 
equation for variably saturated media. To secure the stability of the dam, 
regarding seepage, no flow should occur along the slope of the dike. 
Leaking through the slope results in risk for instability.  

Concluding, Darcy’s law is a too big simplification to draw any conclusions 
about the stability, but it still gives a reasonable picture about the pressure 
distribution and the flow direction. 

The displacements- and the strain-stress analyses are based on Biot’s 
consolidation theory and Hooke’s law which have their roots in elasticity 
theory for materials. Since Biot’s consolidation theory and Hooke’s law 
are based on the elasticity theory, the soil is assumed to be completely 
elastic. Soil is not however a completely elastic material, so this assumption 
only holds for small external stresses. Therefore these are simpler models 
used to explain the behaviour of soils, and do not take in to consideration 
the complexity of soil. These models were used since they still give an 
indication of what to expect of the dam, and for their ease of use. A refined 
model that takes into consideration the complexity of soil behaviour 
should be used to give a more reliable result.  

The results obtained in the simulations are to some extent based on the 
experimentally obtained Young’s modulus. As always when performing 
experiments there can be a rather large margin of error due to 
experimental equipment and human factors. There are also different ways 
of determining the failure point of the soil and this in turn affects the 
results when evaluating the stability of the material. The failure criterion 
used in this thesis is hard to find support for in the literature but is a 
method used by those performing these experiments at the university in 



  

48 
 

China, which is why this way of determining the failure point was used in 
this thesis.  
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9 Conclusion 
From this research the results indicate that the dam will lay within its 
stability region for the fine tailings layers. However for the coarse tailings 
additional simulations need to be conducted to ensure the stability in the 
coarse layers. Since these results are based on simplified models, it is 
recommended to further investigate both layers before taking any final 
decisions regarding the dam design. This result is also based on one way 
of determining the failure point of the soil that is hard to find support for 
in the literature but is a method used in the field, so additional stability 
criterion analyses based on other ways of determining the failure point of 
soil need to be done in order to further investigate the stability of the 
material.  

The results obtained indicate that the chosen design with the properties 
obtained for the tailings can give a stable dam, but the design for the coarse 
layer have to be edited. However, these results give an indication that this 
design should be further evaluated with a more extensive and thorough 
approach.   
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10 Future work 
If to improve this study a more refined seepage model, which take into 
consideration the variably saturated regions within the dam, should be 
used. This would also help to receive a more accurate displacement. 

To improve the strain-stress analysis, it is recommend that the model 
should be based on Richards’s equation and also describe soil behaviour 
better.  

It would have been of interest to see whether the stability of the dam was 
reached for the entire dam, and not only in the point in which the deviator 
stress was the largest. An extended safety analysis where all stress points 
in every layer are evaluated should also be conducted in order to ensure 
the stability throughout the entire dam. A stability analysis should also be 
done with other methods for determining the failure point of the soil.  

Also, since the dam will be located in an area prone to earthquakes, an 
additional earthquake simulation should be included before any final 
decision regarding the dam design is made.  
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Appendix 
Appendix I: Compilation over tailings dam failures in the world 

Appendix-Table I Cause of failure numbered  

Failure number Cause of failure 

1 Foundation/embankment 

2 Slope instability 

3 Overtopping/overflow 

4 Mine subsidence 

5 Unusual rain 

6 Snow melt 

7 Piping/Seepage 

8 Liquefaction 

9 Structual/Regrading 

10 Unknown 

11 Management operation 

12 Earthquake 

Appendix-Table II Construction type and the abbreviation used in Appendix-Table III 

Construction Abbreviation 

Retention RD 

Retention 
Centreline CL 

Upstream US 

Downstream DS 

Appendix-Table III Compiled data over tailings dam failures   

Location Specifics Ore type Construction Cause of 
failure 

Year of 
failure 

North America, Canada, 
British Columbia 

Mount Polley mine Cu, Au CL 1 2014 

North America, USA, 
North Carolina 

Dan River Steam Station Coal ash RD 11 2014 

Europe, Armenia, Syunik 
province 

Zangezur Cu Mo Combine Cu, Mo unknown 7 2013 
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North America, Canada, 
Newfoundland 

Former Gullbridge mine  Cu unknown 1 2012 

Europe, Finland, Kainuu 
province 

Sotkamo Ni, U unknown 7 2012 

Asia, China, Sichuan 
province 

Xichuan Minjiang Mn unknown 5 2011 

Europe, Hungary, 
Kolontár 

MAL Magyar (Ajka) Bauxite (al) unknown 9 2010 

South America, Peru, 
Huancavelica 

Unidad Minera Caudalosa unknown unknown tailing dam 
failure 2010 

Asien, Russia, Magadan 
region 

Karamken  Au RD 5 2009 

Asia, China, Hunan 
province 

Xiangxi Autonomous 
prefecture Mn unknown tailing dam 

failure 2009 

Asia, China, Shanxi 
province 

Xiangfen county, Linfen City, 
Taoshi Fe unknown 5 2008 

North America, USA, 
Tennessee 

Kingston fossil plant Coal ash US 9 2008 

Africa, Zambia, Chingola, 
Nchanga 

 Cu unknown 7 2006 

Asia, China, Shaanxi 
province 

Shangluo, Zhen'an County Au unknown 9 2006 

North America, USA, 
Mississippi 

Jackson County, Bangs Lake Phosphate unknown 9 2005 

Europe, France, Aude, 
Malvesi 

 U unknown 5 2004 

North America, Canada, 
British Columbia  

Pinchi Lake 
Hg RD 9 2004 

Asia, Russia, Primorski 
Krai, Partizansk 

 Coal ash unknown 10 2004 

North America, USA, 
Florida 

Riverview Phosphate unknown 10 (hurricane) 2004 

South America, Chile, 
Quinta region 

Petorca province, Cerro 
Negro Cu US 9 2003 

Asia, Philippines, 
Zambales, San Marcelino 

 unknown unknown 5 2002 

South America, Brazil, 
Minas Gerais 

Nova Lima district, Sebastiao 
das Aguas Claras Fe unknown 10 2001 

Europe, Romania, Borsa  unknown US 5 2000 
Europa, Sweden, 
Gällivare 

Aitik mine Cu DS 9 2000 

Asien, China, Guangxi 
province 

Nandan county unknown unknown 10 2000 

North America, USA, 
Kentucky 

Martin County, Inez C unknown 10 2000 

Europe, Romania, Baia 
Mare 

 
 

 
Au DS (then US) 6 2000 

Asia, Philippines, Surigao 
del Norte 

Placer Au unknown 7 1999 

Europe, Spain, 
Aznalcollar, Los Frailes 

 Zn, Pb, Cu, 
Ag RD 1 1998 

Europe, Spain, Huelva  Phosphate unknown 10 1998 
North America, USA, 
Arizona 

Pinto Valley Cu unknown 2 1997 

North America, USA, 
Florida 

Polk County, Mulberry 
Phosphate Phosphate unknown 3 1997 

Asia, Philippines, 
Marinduque 

Marcopper Cu unknown 7 1996 
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South America, Bolivia, 
El Porco 

 Zn, Pb, Ag US 10 1996 

South America, Peru, 
Nazca 

Amatista unknown US 12 1996 

Asia, Philippines, Surigao 
del Norte  

Placer Au RD 1 1995 

Australia, New Zealand, 
Golden Cross 

 Au unknown 1 1995 

South America, Guyana, 
Omai 

 Au unknown 1 1995 

Africa, South Africa, 
Merriespruit 

Harmony Au US 5 1994 

Australia, Roxby Downs Olympic Dam Cu, U US 7 1994 
North America, USA, 
Florida, Fort Meade 

 Phosphate unknown 10 1994 

North America, USA, 
Florida, Hillsborough 
County 

Hopewell mine 
Phosphate unknown 10 1994 

North America, USA, 
Florida 

IMC- Agrico Phosphate unknown 10 1994 

North America, USA, 
Florida, Polk County 

Payne Creek mine Phosphate unknown 10 1994 

South America, Peru, 
Marsa 

 Au US 3 1993 

North America, USA, 
Florida, Gibsonton 

 Phosphate unknown 10 1993 

Asia, Philippines, Luzon Padcal, No. 2 tailings pond Cu unknown 1 1992 
Europe, Bulgaria, Stara 
Zagora 

Maritsa Istok 1 ash, cinder unknown 3 1992 

North America, Canada, 
British Columbia, 
Kimberley 

Sullivan mine 
Pb, Zn US 9 1991 

North America, USA, 
Maryland, Perryville, 
Stancil 

 sand and 
gravel US 5 1989 

Asia, China, Shaanxi 
province, Jinduicheng 

 Mo US 3 1988 

North America, USA, 
TN, Grays Creek 

Tennessee Consolidated No. 
1 C DS 9 1988 

North America, USA, 
Florida, Riverview 

 Phosphate unknown 10 1988 

North America, USA, 
West Virginia, Raleigh 
County 

Montcoal No. 7 
C unknown 7 1987 

South America, Brazil, 
Minas Gerais, Itabirito 

 unknown Gravity 9 1986 

Asia, China, 
Huangmeishan 

 Fe US 2, 7 1986 

Europe, Italy, Trento, 
Stava 

 Fluorite US 7 1985 

North America, USA, 
Nevada, Wadsworth 

Olinghouse Au RD 9 1985 

South America, Chile Cerro Negro No. 4 Cu US 12 1985 
South America, Chile Veta de Agua No. 1 Cu US 12 1985 
Asia, Philippines, Negros 
Occidental, Sipalay 

 Cu RD 1 1982 

Asia, Russia, Lebedinsky, 
Balka Chuficheva 

 Fe US 2 1981 
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North America, USA, 
Kentucky, Harlan County 

Ages 
C unknown 5 1981 

North America, USA, 
New Mexico, Tyrone 

 Cu US 9 1980 

North America, USA, 
New Mexico 

Church Rock U RD 1 1979 

North America, Canada, 
British Columbia 

 unknown DS 7 1979 

Africa, Zimbabwe, 
Arcturus 

 Au US 5 1978 

Asia, Japan Mochikoshi No. 1 Au US 12 1978 
North America, USA, 
New Mexico, Milan 

Homestake U US 7 1977 

Europe, Yugoslavia, 
Zlevoto 

 Pb, Zn US 7 1976 

Europe, Bulgaria, 
Madjarevo 

 Pb, Zn, Au US 3 1975 

North America, USA, 
Montana, Mike Horse 

 Pb, Zn US 5 1975 

North America, USA, 
North Carolina 

Deneen Mica Mica US 5 1975 

North America, USA, 
Colorado, Silverton 

 unknown unknown 10 1975 

Africa, South Africa, 
Bafokeng 

 Pt US 7 1974 

North America, USA, 
Southwestern 

 Cu US 9 1973 

North America, USA, 
West Virginia, Buffalo 
Creek 

 
C unknown 5 1972 

North America, USA, 
Florida, Fort Meade 

Cities Service Phosphate RD 10 1971 

Europe, United Kingdom, 
Maggie Pye 

 China clay US 5 1970 

Africa, Zambia, Mufulira  Cu unknown 8 1970 
Europe, Spain, Bilbao  unknown unknown 5 1969 
Asia, Japan, Hokkaido  unknown US 12 1968 
North America, USA, 
Florida, Fort Meade 

Cities Service Phosphate RD 10 1967 

Europe, United Kingdom, 
Derbyshire 

 C unknown 1 1966 

North America, USA, 
East Texas 

 Gypsum US 1 1966 

Europe, United Kingdom, 
Wales 

Aberfan C unknown 5 1966 

Europe, Bulgaria, 
Sgorigrad 

Mir Mine Pb, Zn, Cu, 
Ag US 5 1966 

Europe, United Kingdom  C unknown 9 1966 
Europe, United Kingdom, 
Tymawr 

 C unknown 3 1965 

South America, Chile El Cobre New Dam Cu DS 12 1965 
South America, Chile El Cobre Old Dam Cu US 12 1965 
South America, Chile La Patagua New Dam Cu US 12 1965 
South America, Chile, Los 
Maquis 

 Cu US 12 1965 

South America, Chile Cerro Negro No. 3 Cu US 12 1965 
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South America, Chile, 
Bellavista 

 Cu US 12 1965 

South America, Peru  unknown unknown 5 1962 
Europe, United Kingdom, 
Tymawr 

 C unknown 10 1961 
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Appendix II: Consolidated undrained triaxial compression test (Young’s 
modulus and Mohr strength envelope) 

In this test method the strength and the stress and strain relationships of 
a cylindrical specimen can be determined. The procedure of this 
experiment is explained in steps below and the test setup for this 
experiment can be seen in figure I. 

Step 1: The tailings were prepared and put inside a cylindrical holder. It 
was thereafter put into water in order to fully saturate the specimen.   

Step 2: Specimen was mounted on the triaxial apparatus, which then was 
filled with water.  This is seen in figure II and III. 

 
Appendix-figure I. Test setup for the consolidated undrained triaxial compression test.  
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Appendix-figure II. Specimen mounted inside the triaxial apparatus, and the container is being filled 
with water. 

 
Appendix-figure III. The specimen mounted inside the container, which is filled with water. One can 
also see the load resting on top of the specimen and to the left the measurement equipment is shown. 
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The surrounding water pressure was set to a constant value (200, 400 and 
600 kPa absolute pressure). In order to determine whether the specimen 
was suitable for testing, the saturation needed to be controlled. This was 
done by comparing the surrounding pressure with the pore water pressure. 
The pore water pressure was measured with a pressure transducer, 
connected from below to the specimen. The pore water pressure needs to 
be at least 95 % of the surrounding pressure in order for the specimen to 
be suitable for experimental testing (ASTM, Jan. 2011). When the 
suitability of the specimen had been determined, a valve underneath the 
specimen was opened in order to gradually reduce the volume of the 
specimen through draining some of the pore water pressure, while still 
keeping the container filled with water. This process is called consolidation 
(Scott, 1980). The volume change, in drained water, was measured for a 
predetermined time interval. After full consolidation the height after 
consolidation, 𝐻 , is calculated according to 

𝐻 = 𝐻 − ∆𝐻 , 

where  𝐻  is the initial height and ∆𝐻  is the change in height after the 
consolidation and is measured with a deformation transducer. Also the 
cross sectional area after consolidation, 𝐴 , is calculated according to 

𝐴 =
𝑉 − ∆𝑉

𝐻 , 

where  𝑉  is the initial volume of specimen and ∆𝑉 is the change of volume 
during consolidation.   

Step 3: Equation iii is used to calculate at which speed the load was going 
to move downwards against the specimen, described as 

ɛ̇ =
4  %

10 ∙ 𝑡   
%
𝑠 . 

In equation iii ɛ̇ is called the rate of strain, and 𝑡  is the time after 50 % 
of consolidation, i.e. when 50 % of the consolidation volume has been 
drained. The 4 % in the numerator is there because of the assumption that 
the specimen will fail after 4 % strain. The axial load is after this 
incrementally loading the specimen. Failure of the specimen occurs when 
there is a peak in load. The failure point of a soil specimen can also be 
obtained via the peak in pore water pressure. (Lin, Zhang, 2015)  

Step 4: The axial strain for a given applied axial load is calculated with the 
formula 

𝜀 =
∆𝐻
𝐻 , 

(i) 

(ii) 

(iii) 

(iv) 
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where  ∆𝐻 is the change in height of the specimen during loading. The 
cross sectional area, 𝐴, for a given applied axial strain  is calculated by 

𝐴 =
𝐴

1 − 𝜀. 

This cross sectional area, 𝐴, is the input parameter to the formula for the 
deviator stress, 𝜎 − 𝜎 , equation vi. The Mohr circles are constructed 
with the values for the principal stresses. 

These steps were performed three times, with different surrounding 
pressure in order to construct three Mohr circles.  

The stress, 𝜎, caused by the applied load is calculated with 

𝜎 = 𝜎 − 𝜎 =
𝐹
𝐴, 

where 𝐹 is the applied force and 𝐴 is the cross sectional area. 

  

(v) 

(vi) 
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Appendix III: Experimentally obtained Young’s modulus 

In table III and IV the pressures used when constructing the Mohr circles 
are presented. The 𝜎  is the value of the surrounding pressure and the 
pressure from the applied load where the specimen broke. There are 
several ways of determining the failure point of a specimen subjected to a 
load. In this thesis the failure point was determined as the point where the 
pore water pressure peaks. The peak of pore water pressure is an inflection 
point in the effective stress path. The effective stress path is obtained as 
the result when performing a triaxial test on soil. The path consists of 
point representing the increasing state of stress in the specimen. (Lin, 
Zhang, 2015)   
Appendix-Table IV Deviator stresses obtained experimentally for fine tailings 

𝜎1 [kPa] 𝜎3 [kPa] 𝜎1  - 𝜎3 [kPa] 

721.605 200 521.605 

1494.354 400 1094.354 

2232.908 600 1632.908 

Appendix-Table V Deviator stresses obtained experimentally for coarse tailings 

𝜎1 [kPa] 𝜎3 [kPa] 𝜎1  - 𝜎3 [kPa] 

662.010 200 462.010 

1338.300 400 938.300 

2118.577 600 1518.577 

In figures IV to VII the result figures for fine tailings are presented. The 
stress value 𝜎  for when the specimen broke can be seen in table IV. This 
point is also marked in black in figures IV and VI. 
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Appendix-figure IV. Experimental results for fine tailings, with a surrounding pressure of 400 kPa. 

 
Appendix-figure V Enlargement of the linear region marked red in figure IV. 

 
Appendix-figure VI Experimental results for fine tailings, with a surrounding pressure of 600 kPa. 
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Appendix-figure VII Enlargement of the linear region marked red in figure VI. 

In figures VIII to XIII the result figures for coarse tailings are presented. 
The stress value 𝜎  for when the specimen broke can be seen in table V. 
This point is also marked in black in figures VIII, X and XII. 

 
Appendix-figure VIII Experimental results for coarse tailings, with a surrounding pressure of 200 kPa. 
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Appendix-figure IX Enlargement of the linear region marked red in figure VIII. 

 
Appendix-figure X Experimental results for coarse tailings, with a surrounding pressure of 400 kPa. 

 
Appendix-figure XI Enlargement of the linear region marked red in figure X. 
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Appendix-figure XII Experimental results for coarse tailings, with a surrounding pressure of 600 kPa. 

 
Appendix-figure XIII Enlargement of the linear region marked red in figure XII. 
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