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Sammanfattning
Detta examensarbete har genomförts i ett samarbete mellan Elforsk, Uppsala
universitet och Tsinghua University i Peking.
Ashele gruvdamm, som ligger i Haba Town, Xianjing provinsen, Kina, är utformad
och används för deponering av anrikningssand med höga svavelhalter. På grund av
en ny mineralseparationsteknik, kommer dammen fortsättningsvis att fyllas med
lågsvavelhaltig anrikningssand. Eftersom dammen ursprungligen inte var designad för
den nya anrikningssanden, behövdes genomströmnings- och deformationsanalyser av
dammen göras om och finjusteras.
Ashele Ltd planerar också att anlägga en ny damm för att tillgodose sitt växande
behov av lagringskapacitet för anrikningssand. Denna gruvdamm kommer att
användas för den nya lågsvavliga anrikningssanden och en grundlig analys av
dammen behövdes utföras.
Syftet med denna uppsats är att återigen analysera genomströmning, spridning av
lösta ämnen och deformation i den gamla dammen, samt att utföra samma typ av
analyser på den planerade nya dammen. Genom att använda de fysikaliska och
mekaniska egenskaperna hos den nya anrikningssanden, utfördes numeriska analyser
av genomströmning, transport av lösta ämnen och deformation.
Resultaten visar att den nya dammen kommer att minska genomströmningen vilket
leder till en minskad transport av lösta ämnen. Den nya dammen medför även en
minskad deformationen. Resultaten visar också att genomströmningen, transporten av
lösta ämnen samt deformationen är beroende på vattennivån i magasinet, och att en
lägre vattennivå har positiva effekter på samtliga undersökta variabler.

Executive summary
Numerical analyses regarding the seepage, solute transport and strain-stress have been
conducted on Ashele Tailings dams.
The results show that the construction of the planned new dam will result in a lower
seepage amount, a slower solute transport and, lower stress and strain, which results
in less deformation in the dam.
The results also show that keeping a low water level in the reservoir is preferable for
all studied variables.

Acknowledgement
The project reported in this Master degree thesis has been carried out at Institute of
Geotechnical Engineering, Tsinghua University, Beijing, from May to June 2013.
We are gratefully indebted to our supervisor Professor Hu Liming for inviting us to
Tsinghua University, Beijing, and for the advices and interesting discussions. We
would also like to devote our thanks to our co-supervisor Mr. Tingfa and Mr. Wu for
all the help offered to us during our stay.
We would like to thank Professor James Yang from Vattenfall R&D and KTH for
making the trip possible and for all necessary arrangements and to Per Norrlund, our
supervisor at Uppsala University for all the help.
The project, managed by James Yang, is funded by Elforsk AB within the frame of
dam safety, with Mr. Cristian Andersson and Ms. Sara Sandberg as program director.
Some funding is also obtained from Uppsala University (UU), which facilitates the
accomplishment of the project.

Uppsala, September 2014
Marcus Holmqvist & Marcus Gunnteg

Contents
1. Introduction ................................................................................................................ 1
1.1 Background .......................................................................................................... 1
1.2 Objective .............................................................................................................. 1
1.3 Method ................................................................................................................. 1
1.4 Delimitation ......................................................................................................... 2
2. Tailings dams and impoundments ............................................................................. 3
2.1 General ................................................................................................................. 3
2.2 Construction methods of raised embankments .................................................... 3
2.2.1 Upstream method .......................................................................................... 3
2.2.2 Downstream method ..................................................................................... 5
2.2.3 Centreline method ......................................................................................... 6
2.3 Environmental effects of mine tailings ................................................................ 7
3. Theory ........................................................................................................................ 8
3.1 Seepage ................................................................................................................ 8
3.1.1 Darcy’s law ................................................................................................... 8
3.1.2 Richard´s equation ........................................................................................ 9
3.2 Solute transport .................................................................................................. 10
3.3 Strain and stress analysis ................................................................................... 11
3.3.1 Biot’s consolidation theory ......................................................................... 11
3.3.2 Strain stress relation .................................................................................... 12
4. Ashele Tailings dams ............................................................................................... 13
4.1 The old tailings dam........................................................................................... 13
4.1.1 Geometry..................................................................................................... 13
4.1.2 Soil parameters............................................................................................ 14
4.2 The new tailings dam ......................................................................................... 16
4.2.1 Geometry..................................................................................................... 16
4.2.2 Soil parameters............................................................................................ 17
5. Methods and model building ................................................................................... 18
5.1 Simulated conditions.......................................................................................... 18
5.1.1 Simulated conditions for the old dam ......................................................... 18
5.1.2 Simulated conditions for the new dam........................................................ 18
5.2 Mesh................................................................................................................... 18
5.2.1 Mesh used on the old dam .......................................................................... 18
5.2.1 Mesh used on the new dam ......................................................................... 19
5.3 Seepage analysis ................................................................................................ 19
5.3.1 Seepage analysis of the old dam ................................................................. 19

5.3.2 Seepage analysis of the new dam................................................................ 20
5.4 Solute transport analysis .................................................................................... 21
5.4.1 Solute transport analysis of the old dam ..................................................... 21
5.4.2 Solute transport analysis of the new dam ................................................... 21
5.5 Stress-strain analysis .......................................................................................... 22
5.5.1 PDE coefficient form .................................................................................. 22
5.5.2 PDE Darcy coefficients............................................................................... 22
5.5.3 Initial values: PDE Darcy ........................................................................... 23
5.5.4 Boundary conditions: PDE Darcy ............................................................... 24
5.5.5 PDE Biot coefficients ................................................................................. 24
5.5.6 Initial values PDE Biot ............................................................................... 25
5.5.7 Boundary conditions: PDE Biot.................................................................. 25
6. Results ...................................................................................................................... 26
6.1 Results Seepage analysis.................................................................................... 26
6.1.1 Results Seepage analysis for the old dam ................................................... 26
6.1.2 Results Seepage analysis for the new dam ................................................. 30
6.1.3 Sensitivity analysis...................................................................................... 31
6.2 Results Solute transport ..................................................................................... 32
6.2.1 Results Solute transport for the old dam ..................................................... 32
6.2.2 Results Solute transport for the new dam ................................................... 36
6.3 Results Strain-stress analysis ............................................................................. 38
6.3.1 Results Strain-stress analysis for the old dam............................................. 38
6.3.2 Results Strain stress analysis for the new dam ........................................... 43
7. Discussion ................................................................................................................ 48
7.1 Future research ....................................................................................................... 48
8. Conclusion ............................................................................................................... 50
9. References ................................................................................................................ 51
Appendix ...................................................................................................................... 52
Mesh......................................................................................................................... 52
Finite element method.............................................................................................. 52

Nomenclature
Denomination

Unit

Character

Greek
Conservative flux convection coefficient
Gas volume fraction
Convection coefficient
Conservative flux source term
Weight of saturated soil
Weight of water
Strain
Intrinsic permeability
Relative permeability
Fluid viscosity
Fluid density
Bulk density
Solid phase density
Saturated soil density
Orthogonal normal stress
Volume of liquid per porous medium volume
Residual volume of liquid per porous medium volume
Total porosity
Hydraulic permeability
Poisson’s ratio

ε

θ
θr
θs
ν

kg
kg
m2
kg/(m ·s)
kg/m3
kg/m3
kg/m3
kg/m3
Pa
m/s
-

Latin
Absorption coefficient
Area
Damping coefficient
Diffusion coefficient
Concentration
Specific moisture content capacity
Amount adsorbed to solid particles
Elevation
Dispersion tensor
Effective diffusity
Elevation head
Young’s modulus
Mass coefficient
Gravity
Hydraulic head
Pressure head
Hydraulic gradient
Hydraulic conductivity

a
A

D

H
Hp
I
K

m2
kg/m3
1/m
m
m2/s
m2/s
m
MPa
m/s2
m
m
m/s

Volatilization
Sorption isotherm
Length
Pressure
Seepage amount
Reaction rate
Storage capacity
Solute source term
Effective saturation
Time
Discharge velocity
Average velocity
Horizontal deformation
Vertical deformation

kG,i
kP,i
L
P
Q
Ri
S
Si
Se
t
u
ua
us
ws

m3/kg
m
Pa
m3/s
kg/m3s
1/Pa
kg/m3s
s
m/s
m/s
m
m

1. Introduction
1.1 Background
Ashele Tailings Dam, located in Haba Town, Xianjing Province, China, is designed
and used for high sulphur tailings. Because of a new mineral separation technique, the
dam is now also being filled with low sulphur tailings. Since the dam was not
originally designed for the new tailings materials, the seepage and strain-stress
analysis of the dam needs to be re-evaluated and refined.
The Ashele Ltd. is also planning on building a new dam to meet its growing need for
tailings deposit capacity. This dam will be used for the new low sulphur tailings and a
thorough analysis of the dam will have to be performed.

1.2 Objective
The objective of this thesis is to re-evaluate the seepage, solute transport and strainstress analyses of the old dam, and to perform the same type of analyses on the new
dam, using the physical and mechanical properties of the new tailing materials.
To complete the objective, the authors needs to understand the purpose, construction
and behaviour of tailings dams.

1.3 Method
A literature review is performed in order to get familiar with how numerical analysis
of tailings dams is carried out. Learn how different dam constructions and different
materials in both the dam and the tailings will affect a dam’s seepage amount, solute
transport and strain-stress. The literature review includes textbooks explaining the
fluid dynamics in the porous media as a mean to understand the underlying physical
concepts. The review will also include reports specifically based on tailing dams
where these concepts are applied in a more specific sense.
Calculations and simulations are performed in Comsol Multiphysics 4.3. The data
from the simulations are analysed and the different dam designs evaluated. Will the
new dam lead to lower seepage amounts and less solute transport? Which material
parameters and design choices are critical to the design?
Marcus Holmqvist has been responsible for the modelling and calculations regarding
the old dam and Marcus Gunnteg have been responsible for the new dam. Most of the
work and problem solving however, has been done together.
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1.4 Delimitation
This thesis includes a literature study regarding the theory behind seepage,
deformation, strain-stress and solute transport in porous media. The simulation part
excludes external influences on the dam´s stability, such as earthquakes.
Also the height of the dam is constant, thus no tailings are poured into the dam, which
normally happens every year.
In the deformation and strain-stress part, a PDE (partial differential equation) for
Darcy’s law is coupled with Biot’s consolidation theory. Darcy´s law describes the
flow in a fully saturated porous media. This is a simplification, the dam is partially
saturated.
The solute transport analysis also has its limitations. The solute in the tailings at
Ashele tailings dams is unknown and therefore the study concentrates on the time it
takes for a concentration of an unknown solute to spread to the outflow point in the
dam toe.
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2. Tailings dams and impoundments
2.1 General
In the mining industry, when the valuable minerals are extracted, a waste stream
called tailings is continuously produced during operation. When the minerals are
extracted a fine grind is often used to release the metals and minerals. This leads to
large quantities of fine rock particles, with sizes ranging from sand down to a few
microns. The tailings are typically a mixture of the fine particles and water, a slurry.
An increasing demand for metals and minerals, as well as technological
advancements has opened up the opportunity to mine large lower grade deposits. Low
grade copper deposits typically contain less than a few percent of metal values, the
rest are residues that become tailings (U.S. EPA, 1994). This has increased the
amount of tailings from mining operations, and together with the increased amount of
mining operations, this has greatly increased the amount of tailings and the need for
tailings management facilities.
These waste products from the mine, need to be taken care of properly, therefore
tailings dams are used. The most common way to store the tailings is in surface
impoundments. There are two different kinds of surface impoundments: waterretention type dams and raised embankments, the later will be discussed in more
detail in the subsequent (Vick, 1983).

2.2 Construction methods of raised embankments
There are three different main construction methods for raised embankment dams.
The upstream method, the downstream method and the centreline method are
explained in the following section.

2.2.1 Upstream method
The most economically beneficial and commonly used construction method is the
upstream method, since it requires the least amount of dam material. As can be seen
in figure 1, initially a starter dike is built and tailings are discharged into the
impoundment from the dike, the tailings will start to build up in the impoundment and
a beach is created. As more tailings are produced and stored the need for a second
dike occurs, the continuous construction of dikes are shown in figure 1.
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Figure 1. Sequential raising, upstream embankment. (Vick, 1983)
Some critical conditions with the upstream method are phreatic surface control, water
storage capacity and seismic liquefaction. Different factors that affect the phreatic
surface can be seen in figure 2.
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Figure 2. Factors influencing phreatic surface location for upstream embankments.
(a) Effect of pond water location. (b) Effect of beach grain-size segregation and
lateral permeability variation. (c) Effect of foundation permeability. (Vick, 1983)
To get a stable tailings dam, a low phreatic surface level is desirable. From figure 2.a
it shows that a low pond gives a low phreatic surface, figure 2.b shows that the grainsize segregation impacts on the phreatic surface and figure 2.c shows that a pervious
foundation will lower the phreatic surface. One implication of the upstream method is
that the rate, of which the dam is raised, should not be more than 4.5-9 m/year if
possible, and a rate above 15 m/year would be dangerous. The upstream raising
method does not offer proper security against seismic activity and only certain kinds
of tailings can be used; the tailings should contain at least 40-60% sand. (Vick, 1983)

2.2.2 Downstream method
The downstream method works practically in the opposite way as the upstream
method. In the first step of the downstream method, the starting dike is built, and the
tailings are discharged into the impoundment. As the impounded water level rises, the
need for additional storage capacity arises, so additional dam material is put on the
outside of the dike, which raises the dam. The sequence of raising a tailings dam with
the downstream method is shown in figure 3. (Vick, 1983)
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Figure 3. Sequential raising, downstream embankment. (Vick, 1983)
The downstream raising method does not have the same problem as the upstream
raising method with restrictions in raising rate. The downstream raising method is
also more resisting to seismic activities and any tailings material is possible to use.
The disadvantage of the downstream raising method is that it requires a lot of
material, and is therefore quite expensive.

2.2.3 Centreline method
The principles of the centreline raising method can be seen in figure 4. The advantage
of this method is that it is in somewhat a compromise of the upstream and the
downstream methods. It needs less material than the downstream raising method but
works acceptable in seismic areas and have less restrictions regarding the raising rate.
The centreline raising method needs more material than the upstream raising method
and the relative embankment cost lies between the costs for the upstream and
downstream raising methods. -
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Figure 4. Sequential raising, centreline embankment. (Vink, 1983)

2.3 Environmental effects of mine tailings
Toxic substances in tailings can be spread to the surrounding environment, through
oxidation, leaching or run-off (Zhang, 2003). When water flows on or through sulphur
bearing materials, solutions with net acidity will be formed. The solution is called
acid mine drainage (AMD) and is formed through oxidation of sulfides. Acid mine
drainage usually contains high loadings of toxic elements and are a threat to the water
recipients. AMD are a multifactor pollutant with physical, ecological, chemical and
biological effects. The main factors are the acidity itself, salinization, metal toxicity
and sedimentation processes (Gray, 1997). Pb, Zn and Cu are heavy metals commonly
released through acid mine drainage.
Any mineral deposit which contains sulfides can be a source for AMD but certain
types of mining are a bigger threat than others. The most important mineral associated
with acid mine drainage is Pyrite. The weathering and oxidation of pyrite is
dependent on its crystallinity, particle size and reactivity.
To control and reduce the creation of acid mine drainage at least one of the essential
components in the creation process: sulfides, air and water, have to be removed. This
is commonly done with the addition of a cover on the tailings or the waste rock which
also produces AMD. The cover functions through reduction of the infiltrating water
and air diffusion into the material.
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3. Theory
A literature review was conducted to gather information on how to accomplish the
analyses.

3.1 Seepage
The seepage analysis and the solute transport analysis are based upon Richard´s
equations for flow through a variably saturated porous medium, the equations are
outlined in section 3.1.2. The strain-stress analysis is coupled with a seepage model
based on Darcy´s law, which describes flow through a saturated porous medium.

3.1.1 Darcy’s law
The French engineer Henry Darcy was, through his experiments in 1856, able to
describe the rate of flow of water through sand (Bear, 2010). His results are known as
Darcy’s law, written as
(

)

,

(1)

) describes the height difference in his one-dimensional experiment.
where (
The area cross-sectional to the flow is denoted A and L is the length of the filter used
in the experiment. The hydraulic conductivity is denoted K and it describes the ability
to transmit flow and is dependent on both the properties of the fluid and the soil it is
flowing through, as shown in
,

(2)

where is permeability of the porous medium, in this case the soil. The parameters
and are the viscosity and the density of the fluid. Since Darcy’s experiments were
limited to one-dimensional flow, Darcy’s law has to be rewritten to fit the threedimensional nature of most experiments (Bear, 2010). The COMSOL Multiphysics
software presents the formula as
(

).

(3)

The Darcy velocity, u, also called specific discharge is not the actual velocity of
which the water molecules travels through the pores with, but rather a value of the
average velocity of which the fluid travels through a surface of one unit area. The
Hydraulic head consists of both the pressure head and the elevation head. (COMSOL
help, Darcy theory, 2012) The usage of Darcy’s law demands laminar flow and that
the hydraulic conductivity in every point is the same in all directions. (Bergh, 2012).
When Darcy´s law is used, the flow is assumed to be laminar. This can be showed
with some hands on calculations. For example by calculating the Reynolds number
(Re). The Reynolds number is a dimensionless quantity that can help to predict flow
patterns. The transition between laminar and turbulent flow is usually around a
8

Reynolds number of 2000. Darcy’s law is usually valid as long as Reynolds numbers
is under 1. The Reynolds number is calculated with
( )
for flow through a porous medium, q describes the flow rate, d is a representative
length characterizing the void space and v is the fluids kinematic viscosity. Collins
(1961 cited by Bear, 2010) suggested that the representative length of the void space
is described with
√

( )

where k is the permeability and is the porosity. The void ratio e of the low sulphur
tailings, is used to calculate the porosity, the used formula is
( )
The seepage q (m/s) was calculated with equation 7 where k is the hydraulic
conductivity, dynamic viscosity and
is the pressure gradient,
( )

3.1.2 Richard´s equation
Since Darcy’s law only can describe the flow in a fully saturated medium, and the
degree of saturation through a tailings dam will vary, some modifications of Darcy’s
law has to be done. In 1931 Richard proposed that Darcy’s law could also be used for
unsaturated media if the hydraulic conductivity is combined with the moisture
content. This results in
(

)

(

(

)) ,

(8)

where is the fluids density,
is the specific moisture content capacity, is the
gravity,
describes the effective saturation, denotes the storage capacity, is the
pressure that varies with time, describes the hydraulic permeability, is the fluid
dynamic viscosity,
is the relative permeability and denotes the elevation. This
equation is a more realistic description of the flow through a tailings dam, as the
saturation will vary throughout the dam.
A more general form to describe the velocity over an infinitesimally small surface is
(

)

(9)

As the velocity vector above describes the velocity over a specific surface, a porous
medium in this case, which consists of pore space, fluids and solids. But since it’s
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only the liquids that moves, the average linear velocity have to be divided with,
the volume liquid fraction, which gives
.

(10)

Richards’s equation also uses retention and permeability relations, which has to be
input in the COMSOL Multiphysics simulations. Two different models can be used,
the van Genuchten or Brooks and Corey. These two models describe the parameters:
. In this report the van Genuchten model is used, which define
saturation when the fluid is at atmospheric pressure (
). (COMSOL help,
Richard theory, 2012)

3.2 Solute transport
The general form of solute transport constitutes several different physics and
dependent variables. The main physics concerns advection, sorption, dispersion,
diffusion and reactions within the porous media.
Advection is the transport of the pollutant due to the bulk fluid velocity, , which is
also called the Darcy velocity. Advection is valid for both saturated and unsaturated
soil, and the average fluid velocity is given by the equations
(11)
and
,
where

is the pore volume fraction and

(12)

liquid volume fraction.

Sorption is a phenomenon where the chemical is either attached or detached to the
solid. Whether the chemicals attach or detach depends on the chemical species, and it
will influence how much the solution will dissolve as it travels through the porous
media. The third physic that affects the solute transport is dispersion, which simply
explains how the fluid and its chemical contents disperse through the porous media.
The dispersion is defined as either longitudinal or transverse dispersion.
Diffusion explains how the solute diffuse in the porous media without the dependency
of the bulk field velocity. Diffusion instead depends on the porous material and the
phase of the solute, solid phase or solid and gas phase. The physics of reactions are
simply the physics regarding how the chemicals will decay due to bio degeneration,
exothermic reactions, endothermic reactions, temperature and pressure dependent
reactions or transformation to other products. (COMSOL help, Theory for the Solute
Transport Interface)
Adding all the physics that are concerned gives
(

)
[(

)

]

(
.

)

(

)

(

)
(13)
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3.3 Strain and stress analysis
The strain analysis in this thesis is based on Biot’s consolidation theory together with
Darcy’s law. Biot´s consolidation theory and other used and well known strain and
stress relations are thoroughly presented in the following section.

3.3.1 Biot’s consolidation theory
A soil sample with a load applied will not deform instantaneously, it´s deformation
will occur gradually over time until it settles, through the soil adapting to the load
variation. This behaviour was presented by K. Terzaghi in 1925 (Das. M, Braja,
2008). This theory was generalized to work in three dimensions and with a load
changing with time, by Maurice Anthony Biot in 1941. To support the use of Biot’s
consolidation theory, these assumptions and simplifications has to be made for the
soil:
1.
2.
3.
4.
5.
6.
7.

Isotropy of the material
Reversibility of stress-strain relations under final equilibrium conditions
Linearity of stress-strain relations
Small strains
The water contained in the pores is incompressible
The water may contain air bubbles
The water flows through the porous media according to Darcy’s law (Biot,
1941)

The Biot consolidation theory for two dimensions can be described with the equations
(
(

(

)
)(

)
(

(
(

)(

)

)

)
(

)

)

and
(
(

(
(

)(

)

(

)(

(

)
)
)

(
)

)
.

Young’s modulus for the saturated soil is denoted
horizontal displacement , the vertical displacement
and the weight of water
(Wu, W. 2009).

)
(14)
the poissons ratio
the
, the weight of saturated soil

The isotropic condition states that Biot´s consolidation theory is used for isotropic
materials. This means that the permeability is the same in every directions in the
domain. If the material isn’t isotropic it’s said to be anisotropic, then the permeability
is dependent on the direction.
11

In general, in an inhomogeneous material, with different layers of varying
permeability, the overall behavior is equal to a homogeneous anisotropic material
(Bear, 1972).

3.3.2 Strain stress relation
The strains for an elastic material can be described by Hooke´s law, it is written as
(

(

))

(15)

(

(

))

(16)

(

(

)) .

(17)

and

Since the analysis is 2-dimensional and it can be assumed that there is no strain in the
z-direction, it gives
(

)

(18)

and
(

)

(19)

Substituting out the stress in z-direction from the x- and y-directions gives
(

)

(20)

and
(
).
(21)
Combining these two formulas gives expressions describing the stresses, only
dependent on the strains, young´s modulus and poisson´s ratio
(

(
(

(

)

(22)

)

(
(

)

)
)

(D. M. Braja, p 58, 2008)
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)

(23)

4. Ashele Tailings dams
The analysis in this paper has been performed on two different tailings dams, one that
is currently in use but is subject to reconstruction and a new one that is in its design
phase. To make easy distinction between the dams, we will call them “The old
tailings dam” and “The new tailings dam” in the report. This section is meant to
present the available operating characteristics for the dams, such as the dams’
geometry and soil parameters. The data has been provided from experiments on soil
samples performed by Tsinghua student Liu Tingfa (Tingfa, 2012) and from the
company that are operating the dams, Ashele Copper Ltd. The dams are located in
Haba Town, Xinjiang Province, China. The dams are divided into different sections in
which the soil parameters from the experiments are assumed to apply for entire
sections. Names for the soil sections are just chosen to describe the different sections
and should not be taken as indicators for parameters that was not provided.

4.1 The old tailings dam
The old tailings dam is located about 5 km away from the copper mine. It is designed
for a tailings capacity of 14.52 million m3. The bottom elevation is at 823 m and
current top elevation of the dam has reached 845 m. The remaining available capacity
is 5.62 million m3. The length of the dam is 380 m. The tailings currently
accumulated in the dam are high sulphur contained tailings, but because of a new
separation technique in use, the rest of the capacity is going to be filled with a low
sulphur type of tailings. The final elevation is going to be at 856 m and the dam is
designed to have a slope ratio of 1 % on the tailings. The analysis will be performed
for two different operating modes, one with a normal water level of 851 m and one
with a flood water level of 851.9 m.

4.1.1 Geometry
The geometry of the old tailing dam was provided from Ashele Copper Ltd. together
with the distribution of the different layers. The geometry of the dam is presented in
figure 5.

Figure 5. Geometry of the old tailing dam
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Table 1. The layers of the old tailing dam
Nr
Section
1
Tailings layer 1
2
Tailings layer 2
3
Plain fill layer 3
4
Plain fill layer 4
5
Silty clay
6
Foundation layer
7
Low sulphur tailing
The geometry of the tailings dam shows that it was constructed with a starter dike of
fill material. The dam was later raised with the upstream method, using the deposited
tailings as the construction material.

4.1.2 Soil parameters
The hydraulic conductivity and density from earlier experiments are presented in
Tables 2-3. The mechanical properties of the soil are presented in Table 4. (Liu T.,
2012)
Table 2. Hydraulic conductivity of the old tailing dam, for each layer
Section
K (m/s)
Tailings layer 1
2.20E-06
Tailings layer 2
2.33E-07
Plain fill layer 3
6.90E-09
Plain fill layer 4
1.00E-06
Silty clay
1.34E-08
Foundation layer
8.50E-07
Low-sulphur tailing
4.45E-07

Table 3. Density of the soil in the old tailing dam, for each layer
Section
Tailings layer 1
Tailings layer 2
Plain fill layer 3
Plain fill layer 4
Silty clay
Foundation layer
Low-sulphur tailings

ρsat (g/cm3)
2.55
2.35
2.00
2.50
2.08
2.50
2.25

ρ' (g/cm3)
1.55
1.35
1.00
1.50
1.08
1.50
1.25
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Table 4. Mechanical properties of the soil in the new tailings dam
Section
E (MPa)
ν
21.43
0.33
Tailings layer 1
21.43
0.33
Tailings layer 2
21.43
0.33
Plain fill layer 3
21.43
0.33
Plain fill layer 4
21.43
0.33
Silty clay
21.43
0.33
Foundation layer
4.74
0.33
Low-sulphur tailings
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4.2 The new tailings dam
The new tailings dam is planned to be located close to the old dam. The final storage
capacity of the new dam is planned to be 49.68 million m3, with a designed final
elevation of 858 m. The length of the dam is 369 m. The new separation technique
will be used on all the tailings in the new dam.

4.2.1 Geometry
The planned geometry and distribution of tailings with different parameters has been
provided by Ashele Copper Ltd. The distribution depends on the discharge method as
well as the characteristics of the tailings. The tailings flow from the discharge point
and the tailings are naturally segregated, where the bigger tailings particles tends to
stay closer to the discharge point while the smaller particles travel further towards the
middle of the pond. The model geometry is shown in figure 6.

Figure 6. Geometry of the new tailings dam.
Just like the old tailings dam, the new dam is constructed using a starter dike, and
then raised using the tailings as the construction material for the upstream raising
method. Layer 4 is a filtrations layer that is added to avoid internal erosion of the fine
graded tailings through the coarser fill material in the starter dike.
Table 5. The different layers of the new tailing dam
Nr
Section
1
Tailings layer 1
2
Tailings layer 2
3
First stage dam
4
Filtration layer
5
Low-sulphur Tailings
6
Foundation layer
7
Geomembrane layer
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4.2.2 Soil parameters
The hydraulic conductivity and density from earlier experiments are presented in
Tables 6-7. The mechanical properties in of the soil are presented in Table 8. (Liu T.,
2012)
Table 6. Hydraulic conductivity of the new tailing dam, for each layer
Section
K (m/s)
Tailings layer 1
1.00E-07
Tailings layer 2
5.00E-08
First stage dam
5.00E-05
Filtration layer
1.00E-05
Low-sulphur Tailings
4.45E-07
Foundation layer
8.50E-07
Geomembrane layer
1.00E-14

Table 7. The density of the soil for each layer in the new tailing dam
Section
Tailings layer 1
Tailings layer 2
First stage dam
Filtration layer
Low-sulphur Tailings
Foundation layer

ρsat (g/cm3)
ρ' (g/cm3)
2.35
1.35
2.35
1.35
2.50
1.50
2.50
1.50
2.25
1.25
2.50
1.50

Table 8. Mechanical properties of the soil in the new tailing dam, for each layer
Section
E (MPa)
ν
Tailings layer 1
4.74
0.33
Tailings layer 2
4.74
0.33
First stage dam
21.43
0.33
Filtration layer
21.43
0.33
Low-sulphur
Tailings
4.74
0.33
Foundation layer
21.43
0.33
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5. Methods and model building
Due to the fact that three different analyses are performed on each of the dams, three
different models are built for each dam. The purpose of each model and its input
parameters are presented in the following section. The models are simulated in the
program Comsol Multiphysics 4.3a. Comsol uses the finite element method (FEM),
which is a numerical calculation method, used to solve partial differential equations,
and integral equations. The finite element method is explained more thorough in the
Finite element method appendix.

5.1 Simulated conditions
The old dam and the new dam are simulated for two respectively three different
working conditions. The amount of water in the pond can usually be described in two
different ways, either by the elevation of the water level, or by the length of the beach.
The beach is the section from the highest point to the beginning of the free water
mirror.

5.1.1 Simulated conditions for the old dam
The model of the old dam were built up and simulated for two different working
conditions, normal water level (851.0 m) and flood water level (851.9 m). Three
different analyses have been performed on the dam, a seepage analysis, a solute
transport analysis and a strain-stress analysis.

5.1.2 Simulated conditions for the new dam
The new tailings dam were modelled and simulated for three working conditions, dry
beach lengths of 100, 150 and 250 meter, which represents elevations of 857 m, 856.5
m and 855,5 m respectively. The same type of analyses that were performed on the
old dam was also carried out on the new dam.

5.2 Mesh
The model is divided into a computational grid, consisting of thousands of small
elements. The exact number is depending on the chosen maximum and minimum
element sizes. When simulating in COMSOL, the selection of mesh can have a great
impact on the results. For a more thorough explanation regarding computational grids,
see the appendix.

5.2.1 Mesh used on the old dam
In this simulation, an extra fine pre-defined mesh was used, the mesh is shown in
figure 7.
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Figure 7. Mesh of tailing dam.
The minimum size of the mesh elements in the upper part of the old dam is set to
0.013 m and the maximum size 0.9 m. In the lower part of the dam, the minimum
value is set to 0.03 and the maximum value is set to 1.5 m.

5.2.1 Mesh used on the new dam
For the new dam a user controlled and custom defined mesh was used. The mesh was
a free triangular mesh with a maximum element size of 1.2 m and a minimum element
size of 5.22 mm.

5.3 Seepage analysis
The Richard’s equations model in Comsol has been used, and the theory is described
in section 3.2.3. A stationary model was used to examine the flow through the dams
during stabilized conditions.

5.3.1 Seepage analysis of the old dam
The initial and boundary conditions used in the seepage analysis of the old tailings
dam are presented and explained below.
5.3.1.1 Initial values
As an initial condition, the hydraulic head is set to 851 m throughout the whole dam.
When the stationary model is solved, a new stationary hydraulic head is calculated.
5.3.1.2 Boundary conditions
The different boundary conditions are denoted in figure 8 and are explained below.

Figure 8. Boundary conditions.
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Boundary 2 in figure 8 shows the boundaries at which a no flow boundary condition
is used, boundary 1 has an hydraulic head boundary condition of 800 m and boundary
3 has a pressure head of 851-y for the normal water level dam and 851.9-y for the
flood water level dam.

5.3.2 Seepage analysis of the new dam
The initial and boundary conditions used in the seepage analysis of the old tailings
dam are presented and explained below.
5.3.2.1 Initial values
The initial values were represented by the phreatic line being a straight line from the
outflow point that was estimated to be one decimetre above the ground, to the end of
the dry beach in each working condition. The effect of a different outflow point was
investigated in the sensitivity analysis, section 6.1.3.
5.3.2.2 Boundary conditions
The different boundary conditions are denoted in figure 9 and explained below.

Figure. 9 Boundary conditions for the seepage model of the new dam.
The blue line represents a hydraulic head boundary and the red line a no flow
boundary. Point 1, which represents the water level, is placed at different positions for
the different working conditions.
Dry beach length 100 m: Point 1 is at x=382 and y=857 and the value of the blue
hydraulic head boundary is 857 m.
Dry beach length 150 m: Point 1 is at x=432 and y 856.5 and the value of the blue
hydraulic head boundary is 856.5 m.
Dry beach length 250 m: Point 1 is at x=532 and y 855.5 and the value of the blue
hydraulic head boundary is 855.5 m.
Point 2 represents the outflow. Because of the relatively high hydraulic conductivity
in the first stage dam, the outflow section ought to be very small. The section is
represented with a hydraulic head boundary equalled to the elevation. The outflow
zone is assumed to be located between the y values 822 m and 822.1 m. Since this
assumption is only based on the knowledge that height should be relatively small
because of the much higher hydraulic conductivity in the first stage dam, it is very
important to investigate how critical variations in this assumption are. This is
investigated in sensitivity analysis part of the results section. The outflow zone is
presented in figure 10.
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Figure 10. Boundary conditions number two represents the outflow zone of the new
dam.

5.4 Solute transport analysis
The Solute transport model in Comsol has been used, and the theory is described in
section 3.3. A time dependent model was used and the flow calculated by the
Richard’s equation model was used as input.

5.4.1 Solute transport analysis of the old dam
The initial values and boundary conditions for the old dam are presented below.
5.4.1.1 Initial values
As initial conditions, the concentrations were set to different values for different
layers. For the low sulphur layer, a concentration of 0.005 kg/m 3 is used, 0.003 kg/m3
is used for tailing layer 1, a concentration of 0.001 kg/m3 is used for tailing layer 2.
The varying concentrations in the layers represents the fact that the bottom layers
have been in the dam during a much longer time span. The rest of the model has a
zero initial value for concentration.
5.4.1.2 Boundary conditions
The right hand-side boundary concentration for the different layers has the same value
as the initial concentration of the layers. The boundary concentration at the top of the
dam, bordering to the water is set to be 0.01 kg/m3. The boundary conditions for the
concentrations are set to be constant, since new tailings are constantly poured into the
upper layer of the tailing dam. The left boundary is set as outflow and the other
boundaries are set as no flow.

5.4.2 Solute transport analysis of the new dam
The solute transport analysis for the new tailing dam is performed during a much
longer time frame since the flow is much slower through the new dam.
5.4.2.1 Initial values
The initial concentrations in the layers were all set to zero, because of uncertainties
about how the distribution would be in the new dam. The study mainly focused on
21

how the concentrations in the water would travel through the dam and the time it
would take.
5.4.2.2 Boundary conditions
The boundary concentration at the top of the dam, bordering to the water is set to be
0.01 kg/m3. The boundary conditions for the concentrations are set to be constant.

5.5 Stress-strain analysis
The strain-stress analysis of the dams is based on Biot’s theory together with Darcy’s
law that describe the seepage through the dams. As it is stated in the theory section
3.1.1, Darcy’s law does only provide a valid model of the flow if the flow through the
porous media is laminar. To verify that the flow is indeed laminar, the Re-number that
describes the flow in the dam, has been examined according to formulas described in
theory section 3.1.1. The Reynolds number for low sulphur tailings was calculated to
0.02, which is under 1 and the flow can therefore be seen as laminar.
As stated in the theory section, the material is assumed to be isotropic. In the
transition between different materials this condition is not fulfilled, since the interface
between two materials is anisotropic. But since the number of different materials is
relatively few the Biot method should provide an adequate picture of the reality.

5.5.1 PDE coefficient form
The PDE coefficient form in Comsol has been used, and the theory for Darcy’s and
Biot is described in section 3.1.1 and 3.3.1. A time dependent model was used and the
hydraulic head from a PDE of Darcy’s equation was used as input to the PDE that
describes Biot´s consolidation theory.
According to the COMSOL help guide (COMSOL help, Equation-based modelling,
PDE Interfaces), the general form of PDE Coefficient can be written as
(

)

,

(24)

where
is the mass coefficient,
is the damping coefficient, is the diffusion
coefficient, is the conservative flux convection coefficient, is the convection
coefficient, a, is the absorption coefficient, is the conservative flux source term and
f is the source term. A coefficient form PDE in Comsol Multiphysics solves for the
parameter.

5.5.2 PDE Darcy coefficients
To be able to formulate Darcy’s law with Comsols coefficient form PDE (equation
(24)), it has to be described in the same form as the PDE. Darcy’s law is described in
equation (3), but can be written as
(
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(25)

Darcy’s law is combined with the continuity equation (Comsol help, Darcy´s law,
2012),
(

where

)

(

)

,
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is the mass source term, which gives,
(

)

(

(

))

.
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And since this is a steady state process, in which mass enters the system in the same
rate as it leaves,
= 0, this gives,
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And since
(

(

)

)

,
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equation (28) can also be written as:
(

(

(

))

)

.

(30)

This shows that the compression or consolidation of a saturated soil sample
corresponds to the volume of water that exits the soil sample.
Equation (30) can also be described with equation (24), if the coefficient
(

)

, the coefficient c is set to the hydraulic conductivity and the parameter u
that is solved for, describes the hydraulic head. The only terms remaining in the PDE
(

)

)
equation is (
The term
links the Darcy PDE to the Biot
PDE. The hydraulic conductivity k for each material is chosen according to table 2
and table 6 for the old and new dam respectively. The Darcy PDE is solved for the
hydraulic head in the dam.

5.5.3 Initial values: PDE Darcy
The initial values for every point in the dam are described with the hydraulic head.
The expression for the hydraulic head is
(

)

.

(31)

In this formula is the elevation head,
is the elevation of the top of the dam for
each value of x,
is the weight of the saturated soil and
is the weight of the
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has been set to 2500 kg/m3

water. To simplify the expression for the initial value,
and
to 1000 kg/m3 in every section of the dam.

5.5.4 Boundary conditions: PDE Darcy
The boundaries used in the Darcy PDE are the same as used in the seepage analysis.

5.5.5 PDE Biot coefficients
The equations and necessary coefficients for the stress-strain analysis can be written
as (Wu 2009):
(
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and
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If the equations
(
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are substituted into equations (32) and (33), they can be written as
(

)

(

)

(35)

(

)
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and

If this is converted into matrix form it gives the coefficient form PDE describing
Biots theory:
(

)

(37)

and
[
[
[

]

[

]
]

]

[

]

*

(

)

+ .

(38)

The Biot PDE is solved for
*

+,

which is the horizontal and vertical displacement in the model.
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(39)

The gradient of displacement,

, is written as

(

)
.

(
[

(40)

)
]

5.5.6 Initial values PDE Biot
The initial values in the PDE for Biot’s elasticity model describes the starting values
for the vertical and horizontal displacements, which are both set to zero.

5.5.7 Boundary conditions: PDE Biot
On the bottom boundary, the horizontal and vertical displacement are set to zero, this
implies that the bottom is fixed. The left and right boundaries are fixed in horizontal
direction but do not have any constraints vertically. The top boundary does not have
any constraints in horizontal (us) or vertical (ws) deformations.
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6. Results
This section presents the results from the different analyses; most of the results are
shown with figures which makes it possible to describe the conditions in the whole
dam at once.

6.1 Results Seepage analysis
The results of the seepage analysis are presented with both the total seepage amount
of the dam as well as figures that describe the pressure head in each part of the dam.

6.1.1 Results Seepage analysis for the old dam
Below, the seepage analysis is shown for both the normal water level and flood water
level. Figure 11 presents the seepage through the dam with a flood water level and
figure 14 presents the seepage with a normal water level. The phreatic surface (zero
pressure line) can be viewed as the red line that crosses the dam. The dam is saturated
under the line. Also the direction of the flow can be read, moving towards the
downstream part of the dam. A vertical line has been drawn through the first stage
dam and the seepage amount was calculated in COMSOL to
for
the flood water level dam, and
for the normal water level dam.
In figures 12, 13, 15 and 16, a more precise picture shows how the flow is distributed
in the lower and upper part of the tailings dam, both at normal and flood water level.
Table 9. Seepage amount old dam
Water level
Seepage amount
(m)
(m3/s)
851
10.3 * 10-4
851.9
11.4 * 10-4

The arrows represents the Darcy velocity of the flow, and its purpose is to show the
direction of the flow and the magnitude of the flow in one part of the dam relative to
another part of the dam, the scale of the arrows are therefore adjusted so that the
vectors in each figure are suitable for their purpose.
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Figure 11. Seepage of old tailing dam, with flood water level (851.9 m). Surface:
Pressure head (m), Contour: Pressure (Pa), Arrow Surface: Darcy’s velocity field.
The figure shows a negative pore pressure above the phreatic line, a pressure well
below the point where water is normally vaporized. But the negative pressure that is
modelled above the phreatic line should not have a major effect on the seepage
analysis, since the water content is low in the zone. That results in a low seepage,
which can be observed by the lack of flow arrows.

Figure 12. Flow direction and magnitude through the lower part of the tailing dam,
with flood water level (851.9 m).
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Figure 13. Flow direction and magnitude through the upper part of the tailing dam,
with flood water level (851.9 m).

Figure 14. Seepage of old tailing dam, with normal water level (851 m). Surface: Pressure
head (m), Contour: Pressure (Pa), Arrow Surface: Darcy’s velocity field.
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Figure 15. Flow direction and magnitude through the lower part of the tailing dam,
with normal water level (851 m).

Figure 16. Flow direction and magnitude through the upper part of the tailing dam, with
normal water level (851 m).
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6.1.2 Results Seepage analysis for the new dam
The seepage amount was calculated as the amount of flow crossing a vertical line in
the first stage part of the dam. The seepage amount is presented in table 10.
Table 10. Seepage amount new dam
Dry Beach Length
Seepage amount
(m)
(m3/s)
100
1.0 * 10-4
150
6.6 * 10-5
250
3.4 * 10-5
Table 10 shows that a higher water level results in an increased seepage. A beach of
100 m results a seepage that is three times bigger than the resulting seepage with a
250 m beach.
Figures 17 to 19 shows the results of the seepage analyses, for the three different
operating conditions. The surface colouring shows the pressure head in the dam and
the red line represents the phreatic line.

Figure 17. Seepage of new tailing dam, with a dry beach length of 100 m. Surface:
Pressure head (m), Contour: Pressure (Pa).
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Figure 18. Seepage of new tailing dam, with a dry beach length of 150 m. Surface:
Pressure head (m), Contour: Pressure (Pa).

Figure 19. Seepage of new tailing dam, with a dry beach length of 250 m. Surface:
Pressure head (m), Contour: Pressure (Pa).

6.1.3 Sensitivity analysis
The hydraulic conductivity of the different layers in the new tailings dam was derived
from soil tests. The soil tests were performed on soil samples thought to represent the
tailings in the dam. However, in this stage, it is not certain that the tailings added to
the pond in the end of its life time will have the same hydraulic properties, as those
presented in this study. Changes in the mining process might lead to new tailings with
different properties, similar to the transition to low-sulphur tailings in the new dam. A
sensitivity analysis was performed on the new dam to analyze the impact that
materials with different hydraulic conductivities would have the seepage through the
dam. A beach length of 250 m was used in the sensitivity analysis.
In the sensitivity analysis, the hydraulic conductivity of the materials was multiplied
with factors of 0.5, 0.75, 1.25 and 1.50. The resulting seepage amount is presented as
a percentage of the seepage amount with the original material parameters. The results
from the sensitivity analysis are presented in figure 20.
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Figure 20. Sensitivity analysis, how much does a change in the hydraulic conductivity
of each layer effect the seepage?
The sensitivity analysis shows that the seepage amount is mostly controlled by the
properties of the two top tailings layers. If the hydraulic properties of the tailings in
the top layer, tailings layer 2, is 50% higher than what the soil tests have shown, the
seepage amount is shown to increase with almost 40 %. The seepage amount is
however shown to be robust against changes in material parameters of the other
layers.
Another assumption that had to be made was setting the height of the zone of outflow
to 0.1 m. How critical was this for the calculated seepage amount? To investigate this,
the simulation with a doubled height of the zone was performed. And even though the
height increased with 100 %, the seepage amount only increased with 0.5%.

6.2 Results Solute transport
The solute transport results are presented with figures whose surface colour describes
the concentration of the pollutant throughout the dam.

6.2.1 Results Solute transport for the old dam
The results of the solute transport analysis of the old dam are presented for the
timeframe of 0, 50 and 100 years after the start of the simulation for both of the two
working conditions for the water level. The figures 21-23 show the results from the
model with the normal water level.
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Figure 21. Solute transport, time 0 years, normal water level. Surface: Concentration
(kg/m3), Arrow surface: Darcy velocity field.

Figure 22. Solute transport, time 50 years, normal water level. Surface:
Concentration (kg/m3), Arrow surface: Darcy velocity field.
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Figure 23. Solute transport, time 100 years, normal water level. Surface:
Concentration (kg/m3), Arrow surface: Darcy velocity field.
The results using the flooded water level is shown in figures 24-26.

Figure 24. Solute transport, time 0 years, flood water level. Surface: Concentration
(kg/m3), Arrow surface: Darcy velocity field.
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Figure 25. Solute transport, time 50 years, flood water level. Surface: Concentration
(kg/m3), Arrow surface: Darcy velocity field.

Figure 26. Solute transport, time 100 years, flood water level. Surface: Concentration
(kg/m3), Arrow surface: Darcy velocity field.
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6.2.2 Results Solute transport for the new dam
The result of the solute transport analysis on the new tailing dam is presented for all
three working conditions. Two figures are presented for each working condition. One
that describes the concentration in the dam after 100 years and one figure that
describes the concentration when the concentration in the outflow zone have reached
10 % of the concentration in the water. This was shown to be happening after
approximately 270, 550 and 1500 years for dry beaches of 100, 150 and 250 meters
respectively. The results from the solute transport analysis of the new dam, with a
beach length of 100 m is shown in figures 27 and 28.

Figure 27. Solute transport of new tailing dam, Dry beach length: 100 m, Year: 100.
Surface: Concentration (kg/m3).

Figure 28. Solute transport of new tailing dam, Dry beach length: 100 m, Year: 270.
Surface: Concentration (kg/m3).
Figures 29 and 30 shows the concentration of solutes in the new dam and with the
beach length 150 m.
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Figure 29. Solute transport of new tailing dam, Dry beach length: 150 m, Year: 100.
Surface: Concentration (kg/m3).

Figure 30. Solute transport of new tailing dam, Dry beach length: 150 m, Year: 550.
Surface: Concentration (kg/m3).
The results with a beach length of 250 m are shown in figures 31 and 32.

Figure 31. Solute transport of new tailing dam, Dry beach length: 250 m, Year: 100.
Surface: Concentration (kg/m3).
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Figure 32. Solute transport of new tailing dam, Dry beach length: 250 m, Year: 1500.
Surface: Concentration (kg/m3).
The impact from the water level on the dam, on how fast and far the pollutants spread
becomes evident when comparing the figures that show the spread after 100 years.

6.3 Results Strain-stress analysis
The results of the strain-stress analysis are presented in figures, which surface colour
describes the deformation, as well as figures in which the surface colour describes the
stress and the contour describes the strain.

6.3.1 Results Strain-stress analysis for the old dam
The results from the strain-stress analysis on the old dam are presented in figures 3340. The results are presented with two figures showing the horizontal and vertical
deformation for each of the two different water levels. The values describing the
highest vertical and horizontal deformation are shown in Table 11.
The process of acquiring the stress from the deformation calculated throughout the
dams is presented in theory section 3.3.2.
Figures 33 and 34 presents the horizontal and vertical deformation in the old dam
with the flood water level.
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Figure 33. Deformation, time 1 year, flood water level. Surface: horizontal
deformation (m), Arrow surface: us, ws.
The purpose of the arrows is to show the direction of the resulting deformation and
the scale that is used might therefore be different for different figures, to make sure
that every figure have arrows that are easy inspect.

Figure 34. Deformation, time 1 year, flood water level. Surface: vertical deformation
(m), Arrow surface: us, ws.
Figures 35 and 36 presents the deformation in the old dam with the normal water
level.
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Fig 35. Deformation, time 1 year, normal water level. Surface: horizontal
deformation (m), Arrow surface: us, ws.

Fig 36. Deformation, time 1 year, normal water level. Surface: vertical deformation
(m), Arrow surface: us, ws.
Table 11 summarizes the results of the deformation analysis by presenting the
maximum deformation in each direction and for each water level condition.
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Table 11. Comparison deformation old dam.
Water level (m)
Normal: 851
Flood: 851,9

Maximum deformation (m)
Horizontal
Vertical
0.35
1.24
0.36
1.24

Figures 37-40 presents the results from the strain and stress analysis of the old tailings
dam. The surface show the pressure distribution in the dam and the contour shows
how the strain changes in the dam.

Fig 37. Strain-stress, time 1 year, flooded water level. Surface: horizontal stress (Pa),
Contour: horizontal strain, Arrow surface: us, ws.
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Fig 38. Strain-stress, time 1 year, flooded water level. Surface: vertical stress (Pa),
Contour: vertical strain, Arrow surface: us, ws.

Fig 39. Strain-stress, time 1 year, Normal water level. Surface: horizontal stress (Pa),
Contour: horizontal strain, Arrow surface: us, ws.
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Fig 40. Strain-stress, time 1 year, Normal water level. Surface: vertical stress (Pa),
Contour: vertical strain, Arrow surface: us, ws.

6.3.2 Results Strain stress analysis for the new dam
The results from the deformation analysis of the new dam are presented in the figures
41-46. The results are presented with a two figures in which the surface presents the
horizontal and vertical deformation for each of the 3 working condition. For every
working condition the strain and stress are also presented, the surface of the strain
stress figures presents the horizontal or vertical stress, and contour lines are added to
show the strain in the dam. The values describing the highest vertical and horizontal
deformations are shown in Table 12.

Fig 41. Deformation, new tailing dam, Dry beach length: 250 m. Surface: horizontal
deformation (m).
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As stated in the previous chapter, the scales of the arrows aren’t necessarily the same
for different figures, since their main purpose is to show the direction of the resulting
deformation throughout the dam.

Fig 42. Deformation, new tailing dam, Dry beach length: 250 m. Surface: vertical
deformation (m).

Fig 43. Deformation, new tailing dam, Dry beach length: 150 m. Surface: horizontal
deformation (m).

Fig 44. Deformation, new tailing dam, Dry beach length: 150 m. Surface: vertical
deformation (m).
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The figures show that the vertical deformation is dominant during the consolidation
process, for all the studied working conditions.

Fig 45. Deformation, new tailing dam, Dry beach length: 100 m. Surface: horizontal
deformation (m).

Fig 46. Deformation, new tailing dam, Dry beach length: 100 m. Surface: vertical
deformation (m).
Table 12 summarizes the results from the deformation analysis.
Table 12. Comparison deformation new dam.
Maximum deformation (m)
Beach length (m)
Horizontal
Vertical
250
0.53
2.13
150
0.73
2.12
100
0.82
2.13
The results in table 12 show that the vertical direction of the deformation is dominant
for all the studied conditions. How dominant it is, seems to be dependent on the water
level, since the vertical deformation is almost independent on the water level in the
tailings management facility, while the horizontal deformation is affected by a higher
water level.
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Figures 47-52 shows the results from the strain stress analysis for the three different
working conditions on the new dam. The surface presents the stress in the different
parts of the dam. Five contour lines have been added to each figure, the contour lines
presents how the strain changes throughout the dam.

Fig 47. Strain-stress (horizontal) new tailing dam, Dry beach length: 250 m. Surface:
Stress (Pa), Contour: Strain.

Fig 48. Strain-stress (vertical) new tailing dam, Dry beach length: 250 m. Surface:
Stress (Pa), Contour: Strain.

Fig 49. Strain-stress (horizontal) new tailing dam, Dry beach length: 150 m. Surface:
Stress (Pa), Contour: Strain.
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Fig 50. Strain-stress (vertical) new tailing dam, Dry beach length: 150 m. Surface:
Stress (Pa), Contour: Strain.

Fig 51. Strain-stress (horizontal) new tailing dam, Dry beach length: 100 m. Surface:
Stress (Pa), Contour: Strain.

Fig 52. Strain-stress (vertical) new tailing dam, Dry beach length: 100 m. Surface:
Stress (Pa), Contour: Strain.
The strain stress figures show that the vertical stress is typically around a factor of 10
greater than the horizontal stress. This can also be seen by observing that the vertical
deformation is of a greater magnitude compared to the horizontal deformation.
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7. Discussion
During the simulation process, some simplifications and assumptions had to be made,
mostly because of the fact that the information about the dams was not sufficient. But
simplifications and assumptions were also made where it was seen fit to not further
the scope of the project too much but rather focus on what was important for the
simulations. Simplifications and assumptions from the project are listed and explained
below. The reasons behind the simplifications are presented and their assumed impact
on the result is discussed.
It is unlikely that the anti-seepage layer in the new dam will completely stop the flow
between the dam and the natural ground beneath it. But since no information
concerning the thickness of the anti-seepage layer was available, a simplification was
made. In the simulations the layer was assumed to be completely non-permeable.
In the solute transport analysis, a constant concentration was set at the bottom of the
pond. This can be a realistic simplification to make during a short time frame or while
tailings are still being deposited. However the time frame of the simulation, which
was chosen to be about the same time it took until the concentration in the end of the
dam reached 10 % of the concentration in the water, was shown to be a very long time
frame. This made the assumption of a constant concentration in the water
unreasonable. Therefore the results of the solution transport analysis should not be
seen as a reasonable description of the pollutants concentration throughout the dam.
The fact that the initial conditions regarding the concentration in the layers was
assumed solely based on the fact that the bottom layers has been in the dam for a
longer time and should have been further leached than the top layers, which improves
the uncertainties. The results can however, still describe the time frame it takes for a
concentration to spread throughout the dam.
The strain-stress analysis does not give a full and perfect picture of the deformation in
the tailings dams. The construction of a tailings dam is done during a long time-frame
and this model assumes that all of the tailings are put upon each other at one instant
moment, fully saturated, at which moment the simulation starts.
The PDE coupling in the strain-stress analysis uses Darcy’s law to calculate the flow
of water through the porous media. This is a simplification, Darcy’s law is a model
describing flow through a saturated porous media but the dams are variably saturated.

7.1 Future research
If future research is performed on the tailings dams it is reasonable that it includes a
slope stability analysis to complement the deformation analysis in this report. If
further investigation is needed regarding the strain stress analysis, a more realistic soil
model, like the cam-clay model can be used instead of Biot’s elasticity model. The
simulation should, if possible, also try to better describe the condition of the tailings
dam when the simulation starts.
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When the new separation technique has been introduced in the process, new
experiments can be performed on the low-sulphur tailings and the soil properties used
in this paper can be re-evaluated. Further into the future when the old dam has
reached its full design volume and the tailings has started to build up the new dam,
soil tests can be performed to re-evaluate the distribution of the soil layers.
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8. Conclusion
A literature study was carried out regarding the theory behind seepage, deformation,
strain-stress and solute transport in porous media. In this thesis a numerical analysis
of the seepage amount, solute transport and strain-stress have been performed using
finite elements. From this the following conclusions have been made:
The seepage will be smaller if the tailings are deposited in the new dam, which is
good in an environmental point of view.
The impact of the length of the beach is clearly visible in the dams, a shorter beach
gives a higher seepage. Thereby, it is important to keep the water reservoirs low to
have smaller seepage in the dam.
Also the deformation, and especially the horizontal deformation, is dependent on the
beach length. Longer beach lengths results in a lower deformations as well as lower
strains and stresses.
Since the seepage and the solute transport are coupled in Comsol, what happens with
the amount of seepage directly affects the solute transport. A higher seepage gives a
faster solute transport. Therefore, it takes a longer time for the chemical in the new
dam, with its different material compared to the old dam, to move to the end of the
dam. In the same way that a long beach gives a smaller seepage, a longer beach also
gives a slower solute transport, therefore it is important to keep the water reservoirs
low to have a slower solute transport. If the tailings in the Ashele dams are shown to
produce acid mine drainage, the results in this solute transport study, clearly shows
the importance of keeping the level in the water reservoir low during operation.
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Appendix
Mesh
In the finite element method, FEM, a mesh is used to solve a complex problem. In
figure 7, a mesh concerning the tailings dam is shown. In Comsol Multiphysics a vide
range of meshes can be used, either predefined meshes are used, or else the user
define the mesh by inserting numerical values.
In our mesh for the old tailings damn we used a very fine mesh, the maximum size of
the elements was set to 0.9 m and minimum 0.013 m in the upper part of the dam. In
the lower part of the dam, where the solution is expected to vary the most a maximum
size of the elements was set to 1.5 m and minimum 0.013 m.
Since the geometry of the different layers in the dam is divided in parts, the results
will vary in the part where two layers meet, there the mesh should be extra fine.
In this study, however, a very fine mesh over the whole dam was used, since an as
good solution as possible was sought.

Finite element method
Finite element method (FEM) is a numerical calculation method, which is used to
solve partial differential equations and integral equations. FEM uses different
methods to divide a complex problem into smaller components (elements) and
approximates each partial solution to minimize the error. Each partial solution is then
merged to the final global approximated solution. This solution is called a stable
solution. A stable solution means that an error in the equation does not accumulate
and gives a wrong solution, but instead it is a negligible error.
The challenge to solve partial differential equations is to find an equation that
describes the studied equation while it remains stable. One advantage with FEM is
that the size of each matrix can be chosen, this is decided in the mesh. Where a fine
mesh has smaller matrixes (nets) and a more general mesh has bigger nets and isn’t as
accurate as the fine mesh.
The mesh consists of a number of geometric elements. A high accuracy in the
calculations requires a high resolution in the mesh. The general algorithm solution
that the finite element method is based on can be divided into a number of steps. First
one discretize the geometry by splitting it up into a network of computing elements.
Depending on the accuracy and nature of the problem the geometry is divided into a
larger or smaller number of elements. The elements do not overlap and are usually
simple geometric shapes such as triangles whose corner meet in so-called nodes. In
the division of the geometry one should consider to avoid large and small angles. It is
also important to have the finest mesh where the solution is expected to vary the most.
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The current differential equation is formulated weakly over the elements. This means
that the equation no longer needs to have an exact solution but a so-called weak
solution. First the equation is multiplied with a weight function, and then integrated
over the element. The integral equation should be satisfied for all reasonable weight
functions. The differentiation is then moved to the weight function by partial
integration, using the definition of the natural boundary condition in the weak form.
The solution is then approximated locally, thereafter all the local element equations is
collected in a matrix, which represents the whole system. The equation system is then
solved by the boundary conditions with direct or indirect iteration and the global
solution is obtained. If there is enough elements in the calculation the numerical
solution is converging to the real solution. (COMSOL help, The finite element
method, 2012)
For the PDE calculation of the old dam a time dependent solution was used during
1095 days (3 years) with a time step of 10 days. For the new tailings dam, same time
step and length of simulation was used.
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