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SUMMARY 
This master thesis has been partly excecuted in Beijing at Tsinghua 
University through a collaboration between KTH and Vattenfall Elforsk. 
The purpose was to analyse an upstream tailing dam located in Hebei 
province. The analyse contains studies of mechanical and environmental 
character in order to examine the stability of the dam and the dispersion 
of the pollution within the dam. The pollution is originated from an iron 
mine nearby. The challenges layed in modelling the seepage through the 
unsaturated soils since the effective stress concept, which was used in 
this paper, has been tested but not fully acknowledged for unsaturated 
soils. In order to study the dam, three models of a dam section were 
made in COMSOL 3.4. The first model studies the hydraulic flow 
through the section. The second model is a combination of how the 
mechanical stability of the soil is affected by the hydraulic flow. The 
third model studies how the environmental pollution is dispersed by the 
hydraulic flow. The first two models were selected as stationary, while 
the third model was time dependent. In order to study the influence of 
the variance in the soil properties, both a homogenous and a                    
non-homogenous dam was used in the first model. In the second model 
only a non-homogenous dam was created due to different specific soil 
weights. Based on the results from the first model it was discovered that 
there was no significant difference in the conductivity between the 
homogenous and non-homogenous dam. Hence in the third model only 
a homogenous dam was created. In this case another factor, the 
retardation factor was studied. This factor is based on the bulk density 
and distribution coefficient for the pollution in sand, the results indicated 
a slower pollution transport when the retardation factor increased. The 
conclusion for the three models states that the dam in its current 
condition is stable based on the aspects studied and the input data. 

SUMMARY IN SWEDISH 
Det här är en masteruppsats som utfördes i Peking vid Tsinghua 
Universitet genom ett samarbete mellan KTH och Vattenfall Elforsk. 
Målet med arbetet var att analysera anrikningsdammen Sijiaying, en 
uppströms damm, belägen i Heibe province i Kina. Analysen studerar 
säkerheten, både mekaniskt och miljörelaterat i form av stabilitet 
respektive förorenings transport. Föroreningarna kommer från den 
aktiva järngruvan i närheten av dammen. För att kunna analysera 
dammen skapades tre modeller av en dammsektion genom 
datorprogrammet COMSOL 3.4. Uppsatsen delades därför in i tre delar. 
Den första delen beskriver stationärt vattenflöde i en homogen och en 
icke-homogen damm. Den andra delen kopplar vattenflödet med 
jordmekanik i en stationär analys i en icke-homogen damm. Den tredje 
delen är tidsberoende och kopplar vattenflödet med föroreningstransport 
i en homogen damm där ökande retardationsfaktor gav långsammare 
transport. Svårigheten var att modellera vattnets genomströmning 
genom de osaturerade jordarterna, då det effektiva spännings konceptet, 
vilket används i uppsatsen, är beprövad men inte fullt accepterad. 
Resultaten visar att dammen i dagsläget är stabil, baserat på de 
aspekterna som studerades och deras ingångsvärden samt modelleringar 
som gjordes. 
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SYMBOLS 
Latin 

A  Curve parameter 
𝑎  Absorption coefficient 
𝐶  Concentration  
c´  Cohesion 
𝑐𝑖𝑖  Diffusion coefficient for stability 
𝑐𝑝  Diffusion coefficient for pollution 
𝑑𝑎  Damping coefficient 
𝑑𝑢𝑝  Pore-water pressure change 
E  E-modulus 
𝑒𝑎  Mass coefficient 
Gi  Shear modulus 
g  Gravity 
gn  Neumann boundary coefficient 
H  Water head 
h  Height 
Hc  Pressure height in unsaturated zone 
Kd  Distribution coefficient 
k𝑟𝑤  Residual water content 
k𝑠𝑎𝑡.𝑖  Saturated conductivity 
L  Emperical constant 
M   Constitutive parameter 
N  Steepness of the curve parameter  
𝑛𝑖  Porosity 
q  Seepage quantity 
Qs  Liquid source 
R1i  Constant retardation factor  
Rcalci  Calculated retardation factor  
S  Stress level 
S𝑒𝑤  Effectiv saturation  
T  Source term 
t  Time 
up  Pore-water pressure 
us  Settlement in x-direction 
𝑣𝑑  Darcy´s velocity 
W  Weight 
ws  Settlement in y-direction 
Y  Elevation in y-direction 

Greek 
𝛼  Concervative flux coefficient 
𝛽  Convection coefficient  
𝛾  Conservative flux source term 
𝛾𝑠𝑎𝑡.𝑖  Saturated specific weight 
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𝛾𝑢𝑛𝑠𝑎𝑡.𝑖 Unsaturated specific weight 
𝛾𝑤  Water specific weight 

𝜀  Strain 
𝜂  Fluid dynamic viscosity 
𝜃𝑖  Friction angel 
κ𝑖  Permeability of the porous media 
𝜈𝑖  Poissons ratio 
𝜌𝑏𝑢𝑙𝑘.𝑖  Bulk density 

𝜌𝑤   Density for water 

𝜎  Stress 
𝜎1  Major principal stress 
𝜎3  Minor principal stress 
𝜎´  Effective stress 

ABRIVIATIONS  
CL  Centerline 
DWN  Downstream 
Ni  Nickel 
PDE  Partial Differential Equation 
SWRC Soil Water Retention Curve 
UPS  Upstream  
WR  Water retension  

. 
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ABSTRACT 
In the early years of the 20th century the first tailing dams were 
constructed, the upstream tailing dam being the first type. Before this the 
tailings were disposed in the nearest stream or river.  This caused legal 
issues between farmers and the mining companies, which ended the 
random discharge of the tailings. During the 20th century many tailing 
dams collapsed raising questions whether the technology is sufficient and 
safe. The known failures are just a fraction of the actual number since 
not all failures are documented. If a tailing dam were to break the 
consequenses could be fatal not only on impact but longterm, affecting 
many generations to come. This paper analyses an active tailing dam in 
China using the software COMSOL 3.4. The main aspects are the 
seepage, stability and pollution transport of the unsaturated upstream 
tailing dam. The results indicate that the dam at this point in time is 
stable, based on the aspects studied, the inputdata and models that were 
created.  

Key words: Tailing dam; Unsaturated soil, Seepage; Stability; 
Pollutant; COMSOL. 

1. INTRODUCTION 
In this chapter the purpose, limitation and method of the thesis are 
presented.  

1.1. Purpose  
The purpose of this master thesis is to study the seepage, stability and 
pollution transport through Sijiaying tailing dam located in Hebei 
province in northern China. Originally, when tailing dams were first 
built, seepage was not considered to be an environmental issue although 
its influence on stability was acknowledged. Today both of these aspects 
are proved to be affected by seepage. The main part of this paper 
therefore concerns seepage, coupled with both stress-strain and 
pollution. This is done because it is important to see how the 
contaminants move in order to avoid pollution into the environment. 
Equally important is to ensure the mechanical stability of the dam to 
prevent failure by studying settlements, tension, compression and the 
stress level.  

1.2. Limitations  
The tailing dam is situated in China, a country prone to earthquakes. 
Despite this no earthquake consideration is taken into account in this 
report. Limitation is also taken regarding the height of the dam. 
Normally, every year the mine is in production the dam height will 
increase due to mining of iron ore, which produces tailing slurries. In 
this case no height increase is made. External influences, e.g. heavy 
precipitation, and bedrock properties are not taken into consideration. 
The fundamental concepts in soil mechanics are not fully explained, the 
reader is therefore referred to books in this subject.  

1.3. Method  
This master thesis has three parts all computed in COMSOL 3.4 
regarding Sijiaying taling dam. The first part is a stationary seepage 
analysis in a homogeneous and a non-homogeneous unsaturated soil 
dam. The second part, describes the seepage coupled with stress and 
strain in an unsaturated non-homogeneous stationary analysis. The third 
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part, describes seepage with contamination transport through a 
homogenous dam. It is an unsaturated time-dependent analysis with 
varying retardation factors.  
COMSOL is a simulation program based on the Finite Element Method. 
With the help of physics and engineering applications, such as fluid 
dynamics and structural mechanics respectively, modules can be created 
and analysed. Two different modules were used and then coupled, Earth 
Science module and COMSOL Multiphysics. The COMSOL 
Multiphysics is unique, it is possible to rewrite and freely define PDE as 
well as combining them with other equations. When deciding on which 
methods to use, regarding the three parts in this project, this was a 
defining factor. In the first part, regarding seepage, the pre-defined 
model Darcy´s law was applied in the Earth Science module and a 
pressure analysis was made on the domains boundaries. In the second 
part regarding soil mechanics, COMSOL does not have a pre-defined 
stress-strain model and a PDE was therefore created. In the third part, 
regarding solute transport, there where two options; COMSOL’s       
pre-defined solute transport equation or a PDE. Pre-defined equations 
have some convenience but also entail some restrictions since they 
cannot be changed. The advantage of a PDE model is that it can be 
rewritten and modified; it also gives a freedom to define the boundary 
conditions and equations according to the problems that are being 
analysed. It is also possible to solve multiphysics problems by combining 
different partial differential equations together, which is not as easily 
done with a pre-defined COMSOL model.  

2. BACKGROUND 
This following chapter consists of general background information about 
dam engineering such as failure causes, life cycle of the dams and 
construction methods. 

2.1. Historic failures 
Databases on tailing dams are difficult to find and complete due to that 
most accidents do not get reported. This occurs mainly in developing 
countries and countries with absence of environmental legislation (Rico 
et al, 2007). 

 Recent historic failures 2.1.1.
The Los Frailes tailing dam in Aznalcóllar, Spain failed in 1998 due to 
collapse of a separation dam foundation. The separation dam parted two 
slurry sections, one containing pyroclastic rock and the other pyritic 
rock. The failure led to breakage in the main dam and the contaminated 
water spilled through the gap and contaminated the nearby river Agrio 
and farmland.  
The Aitik tailing dam in Gällivare, Sweden failed in 2000 due to 
insufficiency of the permeability in the drain filter. The spill containing 
copper slurry was transported into the settling pond, which is used to 
control water pollution. Due to the risk of its failure some of the slurry 
was released to the surrounding area to ensure stability. No long-term 
damage resulted from this.  
The Kolontár tailing dam in Hungary failed in 2010. Shear failure was 
caused due to high pore-water pressure; this led to tensile forces in the 
construction that travelled along the dam to the corner angle where the 
dam broke. The polluted water contained iron oxide wich gave the mud 
a red colour. Several towns where flooded, people where killed and 
injured. The toxic waste will have a long-term effect on the surrounding 
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Figure 1. Causes of tailing dam failures in Europe and in the world           

      (Rico et al, 2007). 
 
environment (WISE, 2011). These historic failures show the many 
aspects that must be considered when constructing tailing dams. 
According to a study, where 147 dam failure cases from all over the 
world where concluded, the most common reason for collapse is due to 
extreme rainfall (Fig. 1). This causes increased pore-water pressure 
leading to increased strain on the construction (Rico et al, 2007). 

2.2. Tailing dams  
A tailing dam is a geotechnical engineering structure with the purpose of 
storing excess products from mines. These products are toxic and this 
results in that the dam cannot be moved or removed to a different 
location. The dams must therefore be constructed for infinite time or at 
least 1000 years (Bjelkevik, 2005). 

 Life cycle of a tailing dam 2.2.1.
The construction of a raised embankment is done by placing a starter 
dike on the top of a previous dike of the embankment. Moving the new 
dam crest upstream, downstream or in a centreline resulting in different 
dam types. 
Every year the mine is in production new rest products are formed, 
increasing the dam crest. This adds more strain on the structure. The 
difficulty lies in that there is no real experience of how to construct a 
design that will last for that long also considering the yearly crest increase 
(Vick, 1983). 
When a mine production ends and the impoundment gets filled, the 
tailings dam becomes inactive. In some cases the pond and dam continue 
to be maintained, in other cases the tailings dam may be abandoned. In 
Europe the environmental legislation that exists maintain inactive dams 
by supervision and regular controls. However, in countries without an 
appropriate environmental legislation, the majority of tailings dams are 
abandoned (Rico et al, 2007). 

2.3. Construction of different tailing dam types 
The most important part of constructing a tailing dam is location and 
using the natural heights which minimizes the amount of material and in 
turn reduces the cost of the structure. Equally important is that the dam 
is placed in a location with low precipitation as well as low risk of 
environmental and human life effects in case of dam failure.  
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There are four main types of tailing dams (Vick, 1983). 
1. Water retention (WR) 
2. Upstream (UPS) 
3. Downstream (DWN) 
4. Centerline (CL) 

 Water retention dam  2.3.1.
The WR dam is built to completion unlike the raised embankment dams 
(Fig. 2). It has an impervious core, drainage zone and a filter (Vick, 
1983). 
Advatages 
+ Large water storage 
+ Structurally stable 
Disadvantages 
- High cost (least common tailing type) 

 Upstream tailing dam 2.3.2.
The construction direction of the starter dike moves inwards creating an 
UPS dam (Fig. 3). The starter dike consists of free-draining material; the 
tailing is then released from the top of the crest. The heavier particles 
will stay close to the starter dike while the smaller particles will go with 
the water and sediment later on. Compaction of the sand is done 
throughout the construction and this increases the stability of the dam 
(Vick, 1983). 
Advantages: 
+ Low cost and simple (most common tailing dam type) 
+ Low hydraulic conductivity  
+ The finishing jobs can be started since the crest moves inward 
Disadvantages: 
- Sensitive to seismic movement 
- Limited speed of the raising 
- Control of the hydraulic conductivity is needed 
- The capacity of the water reservoir is smaller compared to the other 

types.  

 Downstream tailing dam  2.3.3.
The construction of a DWN dam starts with a starter dike of materials 
from the area. The tailing is then realised behind the starter dike, filling 
the downstream slope of the previously raised crest (Fig. 4) (Vick, 1983). 
Advantages: 
+ Good for all types of tailings 
+ More resistant to seismic movement than the other methods  
Disadvantages:  
- The damtoe moves downward, for each height increase 
- A lot of filling material is used, and it keeps increasing for every raise 
- Finishing jobs can not begin until the last raise has been done. 
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Figure 2. Water retention tailing dam (Vick, 1983). 
 

  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
         Figure 3. Construction of an upstream tailing dam (Vick, 1983). 
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Figure 4. Construction of a downstream tailing dam (Vick, 1983). 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

                 Figure 5. Construction of a centerline-tailing dam (Vick, 1983). 



Seepage, stability and pollution transport of an upstream tailing dam with COMSOL 
 

 7 

 Centerline tailing dam 2.3.4.
The construction of a CL dam starts with a starter dike, the tailing is 
released behind it. When the tailing reaches the top another dike will be 
constructed directly above the previous dike (Fig. 5). This process will be 
repeated for as long as the dam is in use. This method is a mix of the   
up- and downstream method giving it the same advantages and milder 
disadvantages (Vick, 1983). 

3. NUMERICAL MODEL 
This chapter contains descriptions of applications of the COMSOL 
model with data regarding the soils and profile of Sijiaying upstream 
tailing dam. This data is inputted in COMSOL as a 2D model. In  
chapter 1.3 the COMSOL software is further explained.   

3.1. COMSOL domain settings 
In COMSOL each soil type is called a domain. The soils are assumed to 
be isotropic; the conductivity is the same in both horizontal and vertical 
direction for both the homogenous and the non-homogenous dam. The 
modelled homogenous dam has one soil parameter, in this case Soil_2. 
The modelled non-homogenous dam has different soil properties for 
every soil type (Tables I.a and I.b, Appendix I).  
There are five different soil types. 
1) Soil_1 is fine sand 
2) Soil_2 is silt, placed on bedrock 
3) Tailing_1 is tailing material  
4) Tailing_2 is tailing material  
5) Dike is coal gaugue 

3.2. COMSOL input data  
The dam profile A-A, (Fig. I.a, Appendix I), is taken from the top view 
of the dam (Fig. I.b, Appendix I). The upstream side of the dam has a 
water level at 41.6 m and on the downstream side the groundwater level 
is 16 m. The difference in water level contributes to saturated and 
unsaturated sections.  
This is not an exact replica of Sijiaying tailing dam. Simplifications of the 
slope have been made. The numerical calculation is sensitive to 
differences between the saturated conductivity. Therefore the original 
conductivities have been altered for Soil_1, Soil_2, Tailing_1 and Dike 
(Table I.b, Appendix I).  

3.3. COMSOL boundary settings  
The model has two types of boundaries; inner and outer boundaries. 
Only the outer boundary is taken into account while creating the 
module. It is defined as either a Neumann or Dirichlet boundary. 
Neumann implies “no flux” (no fluid flow, no movement and no 
concentration) through the boundaries. Dirichlet implies “flux” (fluid 
flow, movement and concentration) through the boundaries (COMSOL 
AB, 2007a). 

3.4. COMSOL meshing  
Before the results can be calculated in COMSOL meshing is done within 
the domains using the pre-defined meshing size “extra fine”. In the 
interfaces between the domains even finer meshing is done by refining 
the interfaces manually to get more accurate values (Fig. 6). 
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4. SEEPAGE 
This chapter explains seepage through the construction, which has an 
impact on the geotechnical stability and pollution transport that will be 
studied in chapters 5 and 6 respectively. Two seepage analyses were 
made for comparison, of a homogenous and a non-homogenous dam.  

4.1. Basic theory 
The permeability is the soils ability to drain and transmit water. 
Permeability in unsaturated soils varies with the degree of saturation and 
also the type of soil. The soils have different moisture conditions 
therefore a numerical model of water transport is difficult to model. 
The unsaturation is modelled in COMSOL, based on the SWRC, see 
chapter 4.3.2. The factor krw, is given a value from the software 
depending on an element and its location in the dam. If krw is equal to 
one the soil is saturated. To distinguish the saturated from the 
unsaturated zone a condition is used to create the zero pressure line   
(Fig. 7) with the pressure heigh in unsaturated zone, Hc (COMSOL AB, 
2007a). 

𝐻𝑐 = − � 𝑢 𝑝
𝑔𝜌𝑤

�  𝑖𝑓 (𝑢 𝑝 < 0) → Unsaturated soil 

4.2. Boundary settings  
Neumann boundary condition describes no flow in or out of the 
domains (Eq. 1) (COMSOL AB, 2007a). 

0 = 𝑛 𝜌𝑤
κ𝑖
𝜂

∇up�up + 𝜌𝑤𝑔∇𝑌�               [Eq. 1] 

Dirichlet boundary describes flow in or out of the domains (Eq. 2). 
𝑢𝑝 = 𝜌𝑤𝑔ℎ                  [Eq. 2] 
Both boundary settings are used (Fig. II.a, Appendix II).   

4.3. Domain settings 
Calculations in the Earth Science module in COMSOL. 

 Darcy´s law 4.3.1.
Darcy´s law describes the fluid movement in a porous media (Eq. 3).  

𝑣𝑑 = − κ𝑖
𝜂

�∇up + 𝜌𝑤𝑔∇𝑌�                   [Eq. 3] 

Where 
𝑣𝑑  𝑖𝑠 𝐷𝑎𝑟𝑐𝑦´𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
κ𝑖  𝑖𝑠 𝑡ℎ𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑎 (𝐸𝑞.  8) 
𝜂 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑𝑠 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 
up 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑟𝑒 − 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒  

𝜌𝑤  𝑖𝑠 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  
𝑌 𝑖𝑠 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑦 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 
 

  Figure 6. Meshing profile. 
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Adding the continuity equation that describes transport of a conserved 
quantity, i.e. mass or energy, to Darcy´s law gives the governing  
equation 4.  

𝜌𝑤𝑄𝑠 = 𝜕
𝜕𝑡

(𝜌𝑤𝑄𝑠) + ∇𝑝[− κ𝑖
𝜂

(∇𝑝 + 𝜌𝑤𝑔∇𝑌)]            [Eq. 4] 

The liquid source, Qs is set to zero when no flow occurs through the 
domain boundary (COMSOL AB, 2007b). The seepage calculations are 
stationary giving; 𝜕

𝜕𝑡
= 0. 

 SWRC 4.3.2.
To calculate the permeability of the unsaturated soil (Fig. 7) the Soil 
Water Retention Curve, SWRC, is used. It shows the soil hydraulic 
relationship with equations 5, 6 and 7.  
𝑆𝑒𝑤

 = (1 + (𝐴 ∗ 𝐻𝑐)𝑁)−𝑀               [Eq. 5] 
𝑀 = 1 − 1/𝑁                 [Eq. 6] 

𝑘𝑟𝑤 = 𝑆𝑒𝑤
𝐿 (1 − (1 − 𝑆𝑒𝑤

� 1
𝑀�)𝑀)2              [Eq. 7] 

Where 
𝐴, 𝑁 𝑎𝑛𝑑 𝑀 𝑎𝑟𝑒 𝑐𝑢𝑟𝑣𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛, 𝑘𝑛𝑜𝑤𝑛 𝑎𝑠 
𝑉𝑎𝑛 𝐺𝑒𝑛𝑢𝑐ℎ𝑡𝑒𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 
𝐿 𝑖𝑠 𝑎𝑛 𝑒𝑚𝑝𝑒𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑢𝑠𝑢𝑎𝑙𝑙𝑦 0.5 
𝐻𝑐 𝑖𝑠 𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 
𝑆𝑒𝑤  𝑖𝑠 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 
The final permeabilities for the unsaturated soils, к are achieved by 
combing the constant residual water content with the saturated 
permeability for each soil type (Van Genuchten et al, 1985). 
κ𝑖 = k𝑟𝑤 ∗ 𝑘𝑠𝑎𝑡.𝑖                 [Eq. 8] 
𝑘𝑟𝑤  𝑖𝑠 𝑡ℎ𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛t 
𝑘𝑠𝑎𝑡.𝑖 𝑖𝑠 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

5. STRESS AND STRAIN 
This chapter explaines the basic theory of stresses on a 2D soil element. 
Model settings and equations are shown and explained, the equations are 
also rewritten to fit the COMSOL program and finally the stress level is 
calculated to ensure the dam stability.  

5.1. Basic theory 
A 2D soil element is exposed to normal and shear stresses (Fig. 8.a). 
These forces are in static equilibrium (Eq. 9 and 10). 
𝜕𝜎𝑥
𝜕𝑥

+ 𝜕𝜏𝑦𝑥
𝜕𝑦

= 0 = 𝛴𝐹𝑥                                                                         [Eq. 9] 

𝜕𝜎𝑦
𝜕𝑦

+  𝜕𝜏𝑥𝑦
𝜕𝑥

= 0 − 𝛾𝑠𝑎𝑡.𝑖 = 𝛴𝐹𝑦                                                       [Eq. 10] 

Figure 7. Unsaturated-Saturated. 



V. Gonzales and H. Åberg TRITA LWR Degree Project 13:11 

 

10 

The stress state for saturated soil is called effective stress, by Terzaghi. 
The effective stress concept σ - up = σ´ has been successfully applied 
and proven. The stress state for unsaturated soil has been difficult to 
establish but has been presented as an extension of the saturated soil 
theory meaning that the effective stress concept (Eq. 11 and 12) is 
applicable (Fredlund and Rahardjo, 1993). 
𝜕𝜎𝑥´

𝜕𝑥
+ 𝜕𝜏𝑦𝑥

𝜕𝑦
+ 𝜕𝑢𝑝

𝜕𝑥
= 0                                                                         [Eq. 11] 

𝜕𝜎𝑦´
𝜕𝑦

+ 𝜕𝜏𝑥𝑦
𝜕𝑥

= −𝛾𝑠𝑎𝑡.𝑖 − 𝜕𝑢𝑝

𝜕𝑦
                                                              [Eq. 12] 

Mohr´s circle is used to visualize the normal and shear stress relationship 
at any point. The maximum and minimum normal stresses, called 
principle stresses (Fig. 8b), are found on the x-axis where it intersects the 
circle. The σx≈ σ1 and σy≈ σ3 where σ1 > σ3. 
In order to calculate the stresses of the construction the soil is assumed 
to be elastic. Although most soil deposits are not fully elastic the theory 
of elasticity can be applied, giving acceptable results. The theory of 
elasticity is based on that the soil is isotropic, homogenous and linearly 
elastic. This implies that the displacements in the soil, which are small 
compared to the dimensions of the soil element, can be assumed to be 
linear. The strain is directly calculated from the displacements and by 
using Hook´s law and Poissons ratio for linear elastic materials. The 
stress is then extracted from the strain formula (Das, 2010). 

5.2. Boundary settings 
In the stability analysis only Dirichlet boundaries are used, in COMSOL 
denoted as Wu=r, since there is always movement in x-, y- or both 
directions. Assuming W=1 if movement is not possible and if movment 
occurs W=0 (Fig. II.b, Appendix II) (COMSOL AB, 2007a).  

5.3. Domain settings 
Calculations in COMSOL Multiphysics module in COMSOL. 

 PDE coefficient form 5.3.1.
The PDE regarding stress and strain calculations (Eq. 13) (COMSOL 
AB, 2007b).  

𝑑𝑢𝑝 = 𝑒𝑎
𝜕2𝑢
𝜕𝑡2 + 𝑑𝑎

𝜕𝑢
𝜕𝑡

− ∇(𝑐𝑖𝑖∇𝑢 + 𝛼𝑢 − 𝛾) + 𝛽∇𝑢 + 𝑎𝑢       [Eq. 13] 

Where           
𝑒𝑎  𝑖𝑠 𝑚𝑎𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑢 𝑖𝑠 𝑡𝑎 𝑣𝑒𝑐𝑡𝑜𝑟 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑠𝑒𝑡𝑡𝑒𝑙𝑚𝑒𝑛𝑡𝑠, 𝑢𝑠 𝑎𝑛𝑑 𝑤𝑠 
𝑑𝑎  𝑖𝑠 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑐𝑖𝑖  𝑖𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 
∇𝑢 𝑖𝑠 𝑠𝑡𝑟𝑎𝑖𝑛 
𝛼 𝑖𝑠 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑥 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  
𝛽 𝑖𝑠 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑎 𝑖𝑠 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝛾 𝑖𝑠 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑥 𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚 
𝑑𝑢𝑝 𝑖𝑠 𝑝𝑜𝑟𝑒 − 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑥 − 𝑎𝑛𝑑 𝑦 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛  
Stationary calculation results in that the mass and damping coefficient 
becomes equal to zero. The conservative flux term, convection and the 
absorption coefficients are also set to zero. Remaining is equation 14, a     
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pore-water pressure change giving displacement approximation, as a 
linear finite element matrice and vectors.  
𝑑𝑢𝑝 = −∇(𝑐𝑖𝑖∇𝑢)                                                                               [Eq. 14] 

𝑑𝑢𝑝𝑥 =  −𝛾𝑤
𝜕𝐻
𝜕𝑥

                                                                                   [Eq. 15] 

𝑑𝑢𝑝𝑦 = −𝛾𝑤
𝜕𝐻
𝜕𝑦

− (𝛾𝑠𝑎𝑡.𝑖 − 𝛾𝑤)                                                      [Eq. 16] 

Rewriting equations 15 and 16 based on the equilibrium equation and 
Hook´s law gives equations 17 and 18 in x- and y-direction respectively.  

𝑑𝑢𝑝𝑥 = 𝜕
𝜕𝑥

� 𝑐1𝑖
𝜕𝑢𝑠
𝜕𝑥

+ 𝑐2𝑖
𝜕𝑤𝑠
𝜕𝑦

� +  𝜕
𝜕𝑧

� 𝑐3𝑖
𝜕𝑢𝑠
𝜕𝑦

+ 𝑐3𝑖
𝜕𝑤𝑠
𝜕𝑥

�          [Eq. 17] 

𝑑𝑢𝑝𝑦 = 𝜕
𝜕𝑦

� 𝑐1𝑖
𝜕𝑤𝑠
𝜕𝑦

+ 𝑐2𝑖
𝜕𝑢𝑠
𝜕𝑥

� +  𝜕
𝜕𝑥

� 𝑐3𝑖
𝜕𝑢𝑠
𝜕𝑦

+ 𝑐3𝑖
𝜕𝑤𝑠
𝜕𝑥

�         [Eq. 18] 

𝑐𝑖𝑖 are the diffusion coeffients that change for every domain               
(Eq. 19, 20 and 21). The E-modulus and Poisson ratio are calculated and 
explained in chapter 5.3.5 (Wu, 2009). 

𝑐1𝑖 = 𝐸𝑖(1−𝜈𝑖)
(1+𝜈𝑖)(1−2𝜈𝑖)

                                                                              [Eq. 19] 

𝑐2𝑖 = 𝐸𝑖𝜈𝑖
(1+𝜈𝑖)(1−2𝜈𝑖)

                                                                              [Eq. 20] 

𝑐3𝑖 = 𝐸𝑖
2(1+𝜈𝑖)                                                                                         [Eq. 21] 

Equations 17 and 18 are rewritten in matrix form to comply with 
COMSOL. 𝜵u is unknown and calculated by the software. 

 c𝑖𝑖 ∗ ∇u =

𝑐1𝑖
𝜕𝑢𝑠
𝜕𝑥

+ 𝑐2𝑖
𝜕𝑤𝑠
𝜕𝑦

𝑐3𝑖
𝜕𝑢𝑠
𝜕𝑦

+ 𝑐3𝑖
𝜕𝑤𝑠
𝜕𝑥

𝑐2𝑖
𝜕𝑢𝑠
𝜕𝑦

+ 𝑐1𝑖
𝜕𝑤𝑠
𝜕𝑥

𝑐3𝑖
𝜕𝑢𝑠
𝜕𝑥

+ 𝑐3𝑖
𝜕𝑤𝑠
𝜕𝑦

                    𝛻𝑢 =  

𝜕𝑢𝑠
𝜕𝑥

𝜕𝑢𝑠
𝜕𝑦

𝜕𝑤𝑠
𝜕𝑥

𝜕𝑤𝑠
𝜕𝑦

     h 

 

𝑐𝑖𝑖 =

𝑐1𝑖 0 0 𝑐2𝑖
0 𝑐3𝑖 𝑐3𝑖 0
0 𝑐2𝑖 𝑐1𝑖 0

𝑐3𝑖 0 0 𝑐3𝑖

 

 

 Stress and strain calculations 5.3.2.
Strain is calculated based on changes in displacement, 𝜵u and can be 
expressed as Poissins ratio and Hooke´s law for plane stresses in         
equations 22 and 23 (Ugural and Fenster, 2003). 
𝜕𝑢𝑠
𝜕𝑥

= 𝜀𝑥 = 𝜎𝑥
𝐸𝑖

− 𝜈𝑖
𝜎𝑦
𝐸𝑖

                                                                        [Eq. 22] 

𝜕𝑤𝑠
𝜕𝑦

= 𝜀𝑦 = 𝜎𝑦
𝐸𝑖

− 𝜈𝑖
𝜎𝑥
𝐸𝑖

                                                                        [Eq. 23] 

To calculate the stress, equation 23 is multiplied with Poissons ratio. 
Then equations 22 and 24 are added resulting in equation 25.  

𝜈𝑖𝜀𝑦 = 𝜈𝑖
𝜎𝑦
𝐸𝑖

− 𝜈𝑖
2 𝜎𝑥

𝐸𝑖
                                                                         [Eq. 24] 

𝜀𝑥 + 𝜈𝑖𝜀𝑦 = 𝜎𝑥
𝐸𝑖

− 𝜈𝑖
𝜎𝑦
𝐸𝑖

+ 𝜈𝑖
𝜎𝑦
𝐸𝑖

− 𝜈𝑖
2 𝜎𝑥

𝐸𝑖
                                        [Eq. 25] 
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Figure 8 a) Soil element with normal and shear stress acting on it. 

    b) Soil element major and minor principle stresses.  
    c) Mohr’s circle for the soil element. 

 
Eliminate σy and extract σx from equation 25 creates equation 26. The 
same process is done to create equation 27. Input them into the program 
gives the stress in x- and y-direction. 

 𝜎𝑥 = (𝜀𝑥 + 𝜈𝑖𝜀𝑦) 𝐸𝑖
(1−𝜈𝑖2)                                                                  [Eq. 26] 

𝜎𝑦 = (𝜀𝑦 + 𝜈𝑖𝜀𝑥) 𝐸𝑖
(1−𝜈𝑖2)                                                                  [Eq. 27] 

 Principal stress calculations  5.3.3.
Using σx and σy the principal stresses are calculated (Eq. 28) (Das, 2010), 
with the coordinates and radius of the circle (Fig. 8 c). 

𝜎1, 𝜎3 = 𝜎𝑥+𝜎𝑦
2

±  �(𝜎𝑥−𝜎𝑦
2

)2 + 𝜏𝑥𝑦2                                           [Eq. 28] 

Where    
𝜏𝑥𝑦 = 𝐺𝑖 ∗ 𝜈𝑥𝑦                                                                                     [Eq. 29] 

𝐺𝑖 = 𝐸𝑖
2(1+𝜈𝑖)

                                                                                           [Eq. 30] 

𝜈𝑥𝑦 = 𝜀𝑥 − 𝜀𝑦                                                                                      [Eq. 31] 

 Stress level calculations 5.3.4.
Stress level, S=r/R, is the ratio of the radius corresponding to the 
current shear stress and radius corresponding to the ultimate shear stress 
(Fig. 9). The ultimate shear stress and the failure line are reached when 
increasing the vertical load which increases σ1 while keeping σ3 constant. 
A stable construction has 0≤ S ≥1. S is calculated using equation 32 for 
different soil domains (DHETU, 2006). 

𝑆 = (1−𝑠𝑖𝑛𝜃𝑖)(𝜎1−𝜎3)
(2𝑐´ cos 𝜃𝑖)+(2𝑎𝑏𝑠(𝜎3)𝑠𝑖𝑛𝜃𝑖)

                                                          [Eq. 32] 

Where  
𝑐´𝑖𝑠 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝑠𝑒𝑡 𝑡𝑜 𝑧𝑒𝑟𝑜 
𝜃𝑖 𝑖𝑠 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 (𝑇𝑎𝑏𝑙𝑒 𝐼. 𝑎, 𝐴𝑝𝑝𝑒𝑛𝑑𝑖𝑥 𝐼) 

 Poisson and E-modulus 5.3.5.
The different soil types have different Poisson ranges, 0.15-0.45, and 
different E-modulus, 3-40 MPa. Based on the weight of the soil and the 
dam height an approximate σybottom is calculated to γsat.i*h≈ 0.8 MPa at 
the center of the dam base. Based on this σybottom, Ei and νi are chosen 
through a process of trial and error. During the trail and error process      
the change in Poissons ratio has a larger impact on σy than the             
E-modulus (Table 1).  
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6. POLLUTION TRANSPORT  
In this chapter the main pollutant and its transport via fluid is presented. 
A homogenous dam is modelled, changing the retardation factor for two 
cases to see how it influences the transport. Basic theory, settings and 
equations are also presented and explained. 

6.1. Basic theory  
In this section transport, contamination amount and the main pollutant 
are introduced.  

 Transport 6.1.1.
Both diffusion and advection move the pollutant via fluid in different 
ways. The groundwater moves through the porous media therefore pure 
advection, which follows a stream, is not enough to predict the transport 
of the contaminants. Diffusion, disregards the stream, is the most 
fundamental natural transport process giving random movement and 
concentration changes; hence the PDE is described as an advection 
diffusion time-dependent equation in this chapter (Charbeneau, 2000). 

 Contamination 6.1.2.
If 1 % or more of the original concentration, Co, travels out through the 
dam and into the ground surface the surrounding area is polluted 
resulting in environmental effects (Charbeneau, 2000). 

 Nickel  6.1.3.
The main pollutant in the tailing dam is nickel, Ni. Nickel has            
anti-corrosion properties; which are used making steel into stainless steel. 
The steel is produced from iron ore, broken from a mine nearby. Nickel 
consists naturally in the earth’s crust and is necessary in the nutrition of 
many organisms. Small quantities are necessary for life but toxic in large 
doses. An increased level or extended exposure to Ni will also causes 
damages to the environment and to health. Plants normally contain Ni 
and some plants accumulate it making the vegetation toxic. Fish are less 
perceptible since they do not seem to accumulate Ni, this does vary 
within species but Ni is harmful to aquatic life. A healthy human body 
contains 0.2 μg/L Ni, increased concentration can lead to negative 
health effects on the blood, lungs, kidneys, reproductive system and 
inhalation may cause cancer (ATSDR, 2005). 

 Figure 9. Mohr' s circle explaining stress level. 
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6.2. Boundary settings 
The amount of concentration is set to Co= 1000 ppm and is located in 
the water reservoir (Fig. II.c, Appendix II) (COMSOL AB, 2007a). 
Neumann is used where there is no original pollutant (Eq. 33).  
𝑛�𝑐𝑝∇𝐶 + 𝛼𝐶 − 𝛾� + 𝑞𝐶 = 𝑔𝑛             [Eq. 33] 
Dirichlet is used assuming that the inlet concentration is constant      
(Eq. 34).  
𝑊𝐶 = 𝑟                [Eq. 34] 

6.3. Domain settings  
Calculations in COMSOL Multiphysics module in COMSOL. 

 PDE coefficient form 6.3.1.
The PDE, coefficient form for pollution (Eq. 35). 

𝑇 = 𝑒𝑎
𝜕2𝐶
𝜕𝑡2 + 𝑑𝑎

𝜕𝐶
𝜕𝑡

+ ∇�−𝑐𝑝∇𝐶 − 𝛼𝐶 + 𝛾� + 𝛽∇𝐶 + 𝑎𝐶         [Eq. 35] 

Where  
𝑒𝑎  𝑖𝑠 𝑚𝑎𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑑𝑎  𝑖𝑠 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑐𝑝 𝑖𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑝𝑜𝑙𝑙𝑢𝑡𝑖𝑜𝑛  
𝐶 𝑖𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 
𝛼 𝑖𝑠 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑥 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  
𝛽 𝑖𝑠 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑎 𝑖𝑠 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝛾 𝑖𝑠 𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑥 𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚 
𝑇 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚 
The absorption, conservative flux convection and mass coefficients are 
set to zero. As well as source and conservative flux source terms. 
Rewriting equation 35 into an advection diffusion equation gives 
equation 36. 

0 = 𝛽 �𝜕𝐶
𝜕𝑥

+ 𝜕𝐶
𝜕𝑦

�  + 𝑅𝑖
𝜕𝐶
𝜕𝑡

−  𝑐𝑝 �𝜕2𝐶
𝜕𝑥2 + 𝜕2𝐶

𝜕𝑦2�                                   [Eq. 36] 

The advection is the first order derivation, also known as the convection 
coefficient. It is based on the Darcy´s velocity and shows the pollution 
velocity in x- and y-direction. The diffusion coefficient is the second 
order derivation with a constant value of 2e-9. The damping coefficient 
is the retardation factor denoted here as Ri (COMSOL AB, 2007b). 

 Retardation factor  6.3.2.
In the first case the retardation factor is set to one, R1i, for all of the soil 
domains, which implies low retardation. In the second case, Rcalci is 
calculated based on equation 37 and soil parameters                        
(Table I.a, Appendix I), in table 2 the results are presented (Charbeneau, 
2000). 

𝑅𝑐𝑎𝑙𝑐𝑖 = 1 +
𝜌𝑏𝑢𝑙𝑘.𝑖𝐾𝑑

𝑛𝑖
                                                                          [Eq. 37] 

Where  
𝜌𝑏𝑢𝑙𝑘.𝑖𝑖𝑠 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
𝐾𝑑  𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑛𝑖𝑐𝑘𝑒𝑙 𝑖𝑛 𝑠𝑎𝑛𝑑, 400 L/kg     

𝜌𝑏𝑢𝑙𝑘.𝑖 = (1 − 𝑛𝑖) �𝛾𝑠𝑎𝑡.𝑖
𝑔

�                                                                   [Eq. 38] 
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7. RESULTS 
In this chapter COMSOL calculations are presented in text. The 
presentation is divided into three parts to distinguish the different 
aspects.  

7.1. Seepage 
The velocity of the seepage is shown by the arrows                             
(Fig. III.a and III.b, Appendix III). The velocity decreases as it goes 
through the dam from the water storage point to the toe. The          
pore-pressure is shown with a scale and a continuos line is the          
zero-pressure line (Fig. III.c and III.d, Appendix III). Above the zero 
pressure line the pressure is negative meaning that the soil is unsaturated, 
with a minimum pressure of 0.1 MPa for the non-homogenous dam and 
0.5 MPa for the homogenous dam. Below the zero pressure line the 
pressure is positive giving a saturated soil with a maximum pressure in 
both the non-homogenous and the homogenous dam of 0.4 MPa.  

7.2. Stress and strain  
Stationary stress and strain analysis combined with seepage.  

 Settlement i x- and y-direction 7.2.1.
Maximum settlement in x-direction (Fig. III.e, Appendix III) is -0.4 m at 
the center of the slope. The negative values indicate movement to the 
left and positive values indicate movement to the right. Maximum 
settlement in y-direction (Fig. III.f, Appendix III) is -0.9 m located in the 
top layer of Tailing_1 and Tailing_2.  

 Stress in x- and y- direction  7.2.2.
There is compression (Fig. III.g and III.h, Appendix III), through out 
the dam except for on the surface layer of the slope where there is some 
minor tension. Tension in this part of the structure has no effect on the 
dam stability and can therefore be neglected.  
In x-direction the maximum compression, σxmax is 0.5 MPa and in         
y-direction the compression, σymax is approximately 0.4 MPa both 
located at the bottom of the dam where the water level starts. 

 Principal stress in x- and y- direction  7.2.3.
The major and minor principal stresses, σ1 and σ3 respectively,           
(Fig. III.i and III.j, Appendix III) have full compression in the dam and 
is of the same range as σx and σy respectively. In x-direction the 
maximum compression is 0.5 MPa and in y-direction the compression is 
approximately 0.8 MPa both located at the bottom of the dam where the 
water level starts. 

 Stress level 7.2.4.
The stress level, S is between the allowed values, 0-1, meaning that the 
construction is stable (Fig. III.k, Appendix III). 

7.3. Pollutant transport 
There are two retardation factors, R1i and Rcalci (Table 2). After one 
year, the pollutant starts seeping into the surface of the dam for R1           
(Fig. III.l, Appendix III) and Rcalc (Fig. III.p, Appendix III). After one 
hundred years, almost all of Tailing_2 soil is contaminated for R1      
(Fig. III.m, Appendix III) and Rcalc (Fig. III.q, Appendix III). The 
velocity, shown by arrows, is larger in the intersection of Tailing_1 and 
Tailing_2 resulting in faster movement of pollution in this area          
(Fig. III.l and III.p, Appendix III).  
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                                        Table 1. Poissons ratio and E- modulus.  
 

 
 
 
 
 
 
 
 
 

                                                              
After five hundred years, regarding R1, approximately 10 % of the 
inflow pollutant has reached the surrounding area with a radius of 70 m 
(Fig III.n, Appendix III). Since more than 1 % of the original pollutant 
in the water has been transported out of the dam, the area is 
contaminated. Regarding Rcalc (Fig. III.r, Appendix III) the pollutant 
has not yet reached out due to the higher retardation factor. After eight 
hundred years both R1 and Rcalc have polluted the surrounding area. 
The pollution for R1 (Fig. III.o, Appendix III) has reached outside of 
the model, approximately 180 m from the starter dike. A separate 
calculation was made regarding this and can be found in the Conclusion 
and Discussion chapter. Regarding Rcalc (Fig. III.s, Appendix III) the 
pollutant has travelled approximately 20 m out from the starter dike with 
10 % of original concentration of 1000 ppm. 

8. CONCLUSION AND DISCUSSION 
The aim of this thesis was to analyse the stability of a tailing dam, which 
is important in order to prevent an environmental disaster. In conclusion 
the dam is at no risk of failure at this point in time based on the 
deducted results presented in the previous chapters.  

8.1. Seepage  
A well-drained construction is vital to consider in the design of a tailing 
dam. Free seepage allows the water to flow without adding extra strain 
on the construction by increasing the pore-water pressure. If the      
pore-water pressure increases the construction will eventually fail. It is 
therefore safer and cheaper with a well-drained construction than a 
poorly drained construction. In reality the conductivity of the soils are 
larger that in the model (Table I.a and I.b, Appendix I). Implying that the 
velocity is lower in the model than in real life. The seepage through the         
T       
Table 2. Retardation factor. 
 
 

 
 
 

 
 
 
     

I 
𝓥i 
(-) 

Ei 
(MPa) 

Soil_1 0.4 25 

Soil_2 0.4 30 

Tailing_1 0.3 4 

Tailing_2 0.3 3 

Dike 0.3 5 

I 
R1i 
(-) 

Rcalc i 
(-) 

Soil_ 1 1.0 2.6 

Soil_1 1.0 2.3 

Tailing_2 1.0 2.4 

Tailing_2 1.0 2.0 

Dike 1.0 3.5 
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homogenous and the non-homogenous dam are almost the same, for the 
modelled cases. Concluding: Due to restrictions in COMSOL the 
differences between the maximum and minimum conductivities could 
not be larger than 1e-2. This affects the outcome of the seepage, which 
in turn affects the stress strain and pollution transport. This restriction 
makes us think that COMSOL probably is not the best tool for seepage 
analysis.  

8.2. Stress and strain 
Tailing dams are young constructions, recorded only to have existed for 
about 100 years. The international praxis is that the tailing dam should 
be built for long term, 1000 years or more. It is assumed that most 
retaining structures are built based on the best design starndards 
available at the time, yet so many dams have failed over the past century. 
Concluding: More research is therefore needed not only on the 
construction aspect but on the external effect i.e. extreme rainfall. The 
theory behind unsaturated soil is yet not fully satisfying and needs more 
research. 

8.3. Pollution 
The increasing human population and our high consumption of mining 
resources create a higher demand for tailing dams. The often toxic rest 
products are kept in the dam to prevent natural disasters. The two main 
factors that affect the pollutions path through the dam are the 
retardation factor and the conductivity of the soils. The retardation R1 
was calculated as a base point to see how fast the pollutant moves 
through the dam. After 500 years a significant change can be seen when 
comparing R1 and Rcalc (Fig. III.n and III.r, Appendix III). The 
pollution in R1 has reached the surrounding environment while Rcalc 
has not, by far. It is not until 300 years later that the pollutant has 
reached outside the dam. The retardation factor, is more important to 
the movement of the pollutant than the conductivity, hence the 
modelling of a homogenous dam. Concluding: The higher the 
retardation factor the slower the pollutant transport. At the same time 
considerations must be taken to the locations abnormal rainfall 
frequency. This leads to increased pore-water pressure and risks the dam 
to break if the retardation factor is low. An option would be to install a 
drainage filter with a pollution removal tool.  

 Particle movment  8.3.1.
At the toe of the starter dike the length of the model was assumed to   
80 m. The transport of the contaminants reached beyond this distance 
after 800 years regarding R1. Calculations where made to find the total 
reach of the contaminants for that case. Looking only at the left section, 
from the dike toe to the end of the model, a constant mean velocity is 
assumed (Fig. III.a, Appendix III). Assuming that a pollution particle 
starts its journey at the dike toe, how far has it reached after 800 years? 
The velocity in the entire dam is not constant, after 500 years            
(Fig. III.n, Appendix III) it has reached the start of the constant velocity 
section giving a time frame of 300 years. Result: The distance the particle 
travels during 300 years is calculated to 110 m from the toe. Since there 
already is some pollution extending out 70 m in the section at time      
500 years, this distance has to be added to get the total length that the 
pollution reached after 800 years. Hence the total distance from the toe 
is about 110+70= 180 m.   
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APPENDIX I – SIJIAYING DATA 

 
 

Figure I.a. Profile A-A of Sijiaying tailing dam (DHETU, 2006).  

A
-A

 



Seepage, stability and pollution transport of an upstream tailing dam with COMSOL 
 

 III 

Table I.a. Soil parameters of Sijiaying tailing dam (DHETU, 2006). 
 

 
 
 
 
 
 
 
 
Table I.b. Adapted saturated conductivities of Sijiaying tailing 
dam. 
 
 
 
 
 
 

 
 
 
 
 
 
 

i 
ksat.original.i 

(m/s) 
ni 

(m/s) 
𝛄unsat.i     

 (kN/m
3
) 

𝛄sat.i                             

(kN/m
3
) 

𝛉i 
(°) 

Soil_1 2.9e-05 0.348 19.8 20.9 35.1 

Soil_2 5.5e-07 0.384 18.8 20.3 32.4 

Tailing_1 9.7e-08 0.375 18.6 20.7 38.3 

Tailing_2 3.0e-08 0.457 18.2 20.1 28.4 

Dike 4.0e-04 0.255 20.1 21.5 44.2 

i 
ksat.i 

(m/s) 

Soil_1 1.0e-07 

Soil_2 1.0e-07 

Tailing_1 9.0e-08 

Tailing_2 3.0e-08 

Dike 1.0e-07 

Figure I.b. Topview and profile A-A (DHETU, 2006). 
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    APPENDIX II – BOUNDARY FIGURES 

 
 

 
 
 
    
  

Figure II.b. 
Stress and strain 
Dirichlet boundary. 
The arrows show the 
movement in  
x- and y-direction. 

 
 
 

Figure II.c. 
Pollutant boundaries. 
The dotted line is 
Dirichlet and the 
plane line is 
Neumann.  
 

 

Figure II.a. 
Seepage boundary. 
Dotted lines are 
Dirichlet and the 
plane lines are 
Neumann. 
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APPENDIX III–RESULT FIGURES 
 Seepage  

 
 
 

 
 
 
  

Figure III.a. 
Homogenous 
velocity. 

Figure III.b. 
Non-homogenous 
velocity. 

 

Figure III.c. 
Homogenous 
pore-pressure. 

 

Figure III.d. 
Non-homogenous 
pore-pressure. 
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 Stress and strain  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 

 
 

 
 
 
 
 

 
 
  

Figure III.e. 
Settlement in      
x-direction, us. 

 
 

Figure III.f. 
Settlement in   
y-direction, ws 

Figure III.g .  
Normal stress in     
x-direction, σx. 

Figure III.h. 
Normal stress in 
y-direction, σy. 
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Figure III.i. 
Major principal 
stress, σ1. 

Figure III.j. 
Minor principal 
stress, σ3. 

Figure III.k. 
Stress level. 
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 Pollution  
Homogenous dam R1 

      
 
 
 
 

Figure III.l. 
R1 year 1. 

Figure III.m. 
R1 year 100. 

Figure III.n. 
R1 year 500. 

Figure III.o. 
R1 year 800. 
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Homogenous dam Rcalc 
 

       
 
 
 
 

Figure III.p. 
Rcalc year 1. 

Figure III.q. 
Rcalc year 100. 

Figure III.r. 
Rcalc year 500. 

Figure III.s. 
Rcalc year 800. 
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