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ABSTRACT

Numerical analyses are presented in this thesis to address potential stability problems 

that may occur during gradual raisings and under seismic loading conditions of Aitik 

tailings dam in northern Sweden. The dam is mainly raised using upstream 

construction method. It is planned to raise the dam gradually in several stages. Two 

dam parts were studied. The first dam part is a straight dam portion, and the second 

dam part is a corner. The main concerns associated with future raisings of the straight 

dam part were: (i) the stability of the dam could be affected by an increase in excess 

pore pressures during sequential raisings, (ii) how to gradually strengthen the dam by 

using rockfill berms as supports in such a way that required slope stability can be 

achieved with a minimum volume of rockfill berms, and (iii) if the dam is subjected to 

seismic loading, whether or not an increase in excess pore pressures could lead to 

extensive liquefaction which may cause a failure. The problems related to the dam 

corner were that tension zones and/or low compression zones could develop because 

of the horizontal pressure of the stored tailings on the inside of the curvature of the 

dam corner. 

Numerical analyses were conducted on both the dam parts using finite element 

method. Two dimensional (2D) plane strain finite element model was utilized to 

analyse the straight dam. The dam corner was analysed with both the three 

dimensional (3D) finite element model, and the 2D axisymmetric finite element 

model. Coupled deformation and consolidation analyses, and slope stability analyses 

were performed on both the dam parts to simulate gradual raisings, and to compute 

safety factors. In addition to this, dynamic analyses were carried out on the straight 

dam part to evaluate the potential for liquefaction, and seismic stability of the dam.
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The seismic behaviour of the dam was analysed for two cases: (i) a normal case 

(earthquake of 3.6 Swedish local magnitude), and (ii) an extreme case (earthquake of 

5.8 moment magnitude).

The results of the straight dam part, with only previously existing rockfill berms, 

indicate that stability of the dam was reduced due to an increase in excess pore 

pressures during raisings. Rockfill berms were utilized as supports to raise the dam 

with enough safety. An optimization technique was utilized to minimize the volume 

of rockfill berms. This technique could result in significant saving of cost of rockfill 

berms.   

The results of the dam corner show that tension zones and/or low compression zones 

were located on the surface of the dam corner, mainly above the phreatic level. It is 

interpreted that there is no risk of internal erosion through the embankments because 

no seepage path occurs above the phreatic level, and a filter zone exists along the 

slope of the dam. It is suggested to gradually strengthen the dam corner with rockfill 

berms. The results of the 2D axisymmetric analyses of the dam corner were in a fairly 

good agreement with those of the 3D analyses. This implies that the 2D axisymmetric 

analyses are valid for this dam corner. This is an important finding as 2D 

axisymmetric analyses require much less computational time compared to 3D 

analyses. 

The results of the dynamic analyses performed on the straight dam (including 

additional rockfill berms) suggest that, for the extreme case, liquefaction could occur 

in a limited zone that is located below the surface near the embankments. For both the 

normal and the extreme case, (i) seismically induced displacements seem to be 

tolerable, and (ii) the post seismic stability of the dam is considered to be sufficient.
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The findings of this study have been practically applied to the Aitik tailings dam. In 

general, the modelling procedure and the optimization technique to minimize volume 

of rockfill berms, presented in this study, could be applied to other tailings dams. 
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INTRODUCTION1

1.1 Background

In mining industry, tailings can be defined as the waste materials that are produced 

during extraction of minerals from ore. In general, the particle size of tailings may 

vary between fine sands to clay size (ICOLD, 1989). At a processing plant, tailings 

are obtained in slurry form, and are commonly transported through pipes to a tailings 

impoundment (Vick, 1990). Tailings slurry is normally discharged through spigots in 

a pipeline along a dam embankment (Vick, 1990). The coarse tailings particles 

usually settle near the point of discharge; whereas, the fine tailings particles move 

towards the ponded water in the impoundment, and finally settle there (Vick, 1990).

Tailings are commonly stored on surface by constructing raised embankments 

(ICOLD, 1996; Vick, 1990). Initially, a starter dike is constructed to store tailings that 

are produced during first two to three years (Vick, 1990). The embankments are then 

sequentially raised to store tailings that can be produced during the whole period in 

which the mine is in operation. Depending on the direction in which  sequential 

embankments move with respect to the initial starter dike, the raised embankments are 

generally classified into the following three types: upstream, downstream, and  

centerline (Vick, 1990).

Due to advances in technology, even low grade ore is mined which results in huge 

volumes of mine waste (Priscu, 1999). In order to store such a large volume of mine 

waste, the embankments are raised to a high elevation. A potential failure of such a 

large tailings dam may result in discharge of substantial volumes of water and/or 

tailings. This type of incident may cause loss of life and property, and pollution of the 
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environment (ICOLD, 1989). Therefore, it is necessary to ensure safety of such large 

embankments.  

Upstream embankments require less volume of mechanically compacted fill material 

in the dam compared to that needed for downstream embankments, and centerline 

embankments. This indicates that the embankments constructed with upstream raising 

method are economical in cost (Vick, 1990).

There are some disadvantages associated with the embankments constructed using 

upstream raising method. These disadvantages are described below.

Due to low hydraulic conductivity of tailings, the phreatic surface may reach a high 

level near upstream embankments. These high phreatic conditions could cause an 

increase in pore pressures, which in turn, may lead to instability of the slope (Vick, 

1990).

In upstream raising method, dikes are raised step by step mainly on the tailings beach. 

Excess pore pressures develop within the tailings when a new dike is raised. These 

excess pore pressures dissipate slowly due to low hydraulic conductivity of tailings. 

Because of this, the excess pore pressures might consecutively increase due to each 

new raising of the dam. Due to an increase in excess pore pressures, shear strength 

decreases, which in turn, may cause failure due to slope instability. Such types of 

failures of upstream raised embankments have occurred due to an increase in pore

pressures (see e.g. ICOLD, 2001). Some examples of such failures are (see ICOLD, 

2001): Iron Dyke at Sullivan mine (British Columbia), Bekovsky at Kuznetsk coal 

basin (Russia), Stava (Italy), No.3 Tailings dam/ Phelps-Dodge at Tyrone (USA), Pit 

No. 2 (Australia), and Maggie Pye (United Kingdom). 
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In general, upstream tailings dams are susceptible to liquefaction, because subsequent 

dikes are directly raised on the tailings that are loose and saturated (ICOLD, 2011; 

Vick, 1990). Liquefaction is defined as a process in which effective stresses and shear 

strength of loose saturated sand (e.g. tailings) largely reduces because of high excess 

pore pressures (Knappett & Craig, 2012). During past earthquakes, a number of 

upstream tailings dams have failed due to seismic liquefaction, see e.g. ICOLD 

(2001).

1.2 Problems associated with an upstream tailings dam

This study addresses potential stability problems that may occur during gradual 

raisings and under seismic loading conditions of the Aitik tailings dam in northern 

Sweden. The dam is mainly raised using upstream construction method. Two parts of 

the dam are studied: (i) a straight dam portion, and (ii) a dam corner. The potential 

stability problems, chosen for this study, are: inadequate stability of the straight dam 

during future raisings, possibility of tension zones and/or low compression zones in 

the dam corner and their influence on the stability, liquefaction potential and stability 

of the straight dam under seismic loading conditions. These potential stability 

problems are described, in more detail, below. 

1.2.1 Need for strengthening of the straight dam using rockfill berms

In order to store tailings generated at processing plant of the Aitik mine, it was 

required to raise the Aitik dam at a rate of three meters per year. In this regard, a

preliminary analysis was conducted to evaluate stability of the straight dam for future 

raisings. The results of this analysis showed that stability of the dam was not 

satisfactory due to an increase in pore pressures. In order to raise the dam with enough 
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safety, it was necessary to utilize a stabilization technique. In this context, rockfill 

berms were considered as a feasible option to strengthen this dam. In order to 

strengthen the dam with rockfill berms, detailed analyses were required (i) to find out 

when rockfill berms will be needed, and where to place them during the raising 

process, and (ii) to utilize a minimum volume of rockfill berms necessary to achieve 

sufficient stability of the dam. 

1.2.2 Potential tension zones and/or low compression zones in the dam corner
 
The dam corner is a curved structure. The deposited tailings exert horizontal pressure 

on inside of the curved structure. This horizontal pressure is likely to increase with 

further raisings of the dam corner. As a result of this, tension zones and/or low 

compression zones may develop in the dam corner and internal erosion may occur 

through such zones. Stability of the dam corner may be at risk, if such zones develop 

inside the dam body.

The other issue related to the study of the dam corner was to evaluate whether or not a

two dimensional axisymmetric model could give realistic estimates of the tensile 

stresses and/or low compressive stresses in the dam corner. 

1.2.3 Potential for liquefaction and stability of the dam under seismic loading 

conditions

In Sweden, approximately one earthquake with Richter magnitude above three occurs 

every year (SNSN, 2013). Data of earthquakes in Sweden, recorded during the last

100 years, indicates that one earthquake of Richter magnitude 5 could occur in each 

century, and one earthquake with Richter magnitude 6 might be expected in every 

1000 years (Bödvarsson, Lund, Roberts, & Slunga, 2006). Guidelines on tailings 
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dams in Sweden (GruvRIDAS, 2007) suggest that a tailings dam needs to be stable for 

at least 1000 years. In such a long time perspective, it is relevant to consider the 

possibility of a high magnitude earthquake (GruvRIDAS, 2007).

The above information on seismicity in Sweden suggests that it is important to 

analyse liquefaction potential and stability of the straight dam by taking into account 

both normal and extreme seismic conditions in Sweden.

1.3 Objectives of the research

The objectives of this study are to address potential stability problems of an upstream 

tailings dam in general and the Aitik tailings dam in particular. The main objectives of 

the research presented in this thesis are: 

1. To examine the consolidation process and associated stability of the dam

during gradual raisings

2. To perform optimization analyses in order to minimize volume of rockfill 

berms needed as necessary support to achieve sufficient stability of the dam

3. To investigate the existence of potential tension zones and/or low compression 

zones, and to evaluate the influence of these zones on the stability of the dam 

corner 

4. To evaluate whether the results of a two dimensional axisymmetric model of 

the dam corner are reliable compared to those of a 3D model of the dam corner

5. To analyse liquefaction behaviour and stability of the dam under seismic 

loading conditions.
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1.4 Structure of the thesis

This thesis consists of (i) an extended summary of the study presented in chapters one 

to six, and (ii) the five appended papers. The papers in the list below are:

Paper I

Ormann, L., Zardari, M.A., Mattsson, H., Bjelkevik, A., & Knutsson, S. (2013).

Numerical analysis of strengthening by rockfill embankments on an upstream tailings 

dam. Canadian Geotechnical Journal, 50, 391-399

Paper II

Ormann, L., Zardari, M.A., Mattsson, H., Bjelkevik, A., & Knutsson, S. (2011). 

Numerical analysis of curved embankment of an upstream tailings dam. Electronic 

Journal of Geotechnical Engineering, 16, 931-944

Paper III

Zardari, M.A., Mattsson, H., Knutsson, S., & Ormann, L. (2013). Comparison of three 

dimensional and two dimensional axisymmetric finite element analyses of a corner 

section of a tailings dam. Submitted to Journal Computers and Geotechnics

Paper IV

Zardari, M.A., Mattsson, H., & Knutsson, S. (2012). 3D finite element analyses of a 

corner at Aitik tailings dam in Sweden. In proceedings of the 13th International 

symposium on environmental issues and waste management in energy and mineral 

production, 28-30 November, New Delhi, India (pp. 444-453)

Paper V

Zardari, M.A., Mattsson, H., Knutsson, S., Khalid, M.S., Ask, M.V.S., & Lund, B.

(2013). Numerical analyses of seismic behaviour of an upstream tailings dam.

Submitted to Journal of Geotechnical and Geological Engineering.
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AITIK TAILINGS DAM2

It is mentioned in chapter 1 that this study addresses potential stability problems under 

static and seismic loading conditions of an upstream tailings dam with special 

reference to the Aitik tailings dam. This chapter gives information about Aitik mine 

and tailings impoundment, and numerical models of the dam sections that were 

analysed.

2.1 Aitik mine and tailings impoundment

Aitik is a copper mine which is located near Gällivare in northern Sweden. The Aitik 

mine is the largest open pit mine in Sweden. The annual production of Aitik mine in 

1968 was 2 million tonnes of ore and this production was increased to 34.3 million 

tonnes in 2012. This mine is owned by Boliden Mineral AB. 

Fig. 2.1 Aerial view of Aitik tailings impoundment (modified from Google Maps 
2011).

Fig. 2.1 shows the Aitik tailings impoundment which is spread over an area of 13 

square kilometers. The impoundment consists of four dams named, A-B, C-D, E-F
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(including E-F2 extension), and G-H. The clarification pond is situated downstream of 

dam E-F.

2.2 Numerical models of the dam

Numerical analyses were carried out to address potential stability problems of Aitik 

tailings dam under static and seismic loading conditions (see sections 1.2.1 to 1.2.3). 

Commercial finite element programs for geotechnical structures PLAXIS 2D 

(Brinkgreve, Swolfs, & Engin, 2011) and PLAXIS 3D (Brinkgreve, Engin, & Swolfs, 

2011) were utilized for the numerical analyses presented in this study. 

Numerical analyses were performed on the straight dam E-F (cf. Fig. 2.1) to 

investigate stability problems during gradual raisings (see section 1.2.1), and to 

analyse strengthening of the dam using a minimum volume of rockfill berms. In 

addition to this, numerical analyses were conducted on the dam E-F to evaluate 

liquefaction potential and seismic stability of the dam under a normal and an extreme 

earthquake in Sweden (see section 1.2.3). 

Numerical analyses were carried out on the dam corner E-F/G-H (cf. Fig. 2.1) to 

investigate potential tension zones and/or low compression zones and to evaluate 

influence of these zones on stability of the dam corner (see section 1.2.2).

The numerical models of the dam E-F, and the dam corner E-F/G-H are explained in 

next sections. 



9

2.2.1 Dam E-F

Fig. 2.2 illustrates the plane strain numerical model of dam E-F. Various material 

zones in the dam can be seen in Fig. 2.2. The tailings material zones 2, 3, 5, 6, 7, and 

8 can be classified as silty sands according to the unified soil classification system 

(ASTM D2487-10, 2010).

The bottom of the dam E-F is at an elevation of 340 m (cf. Fig. 2.2). In this study, 

stability of the dam E-F is evaluated for gradual raisings from elevation 376 to 410 m 

(cf. Fig. 2.2). It was assumed that tailings are deposited in the impoundment at a rate 

of three meters per year starting from level 376 m (cf. Fig. 2.2). The dam was raised 

to an elevation of 390 m in 2012. The gradual raisings of the dam, from level 376 to 

410 m, were simulated in 11 stages using the finite element program PLAXIS 2D.

Each stage consisted of a raising phase over 10 days and a consolidation phase over 

355 days.

It is to be noted that dynamic analyses were conducted directly after the 11th raising 

of the dam (cf. Fig. 2.2). The purpose of these analyses was to evaluate the potential 

for liquefaction, and seismic stability of the dam. 

Fig. 2.2 Plane strain model of dam E-F.
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2.2.2 Dam corner E-F/G-H

A view of the dam corner is presented in Fig. 2.3. Both 3D finite element analyses and 

2D axisymmetric finite element analyses were performed on the dam corner to 

evaluate potential tension zones and/or low compression zones, and to assess whether 

a 2D axisymmetric model of the dam corner could give a realistic estimates of tensile 

stresses and/or low compressive stresses compared to a 3D model of the dam corner. 

The 3D numerical model and the 2D axisymmetric numerical model of the dam 

corner are shown in Fig. 2.4 and 2.5, respectively. All the material zones in the 3D 

numerical model are exactly the same as in the 2D axisymmetric numerical model. 

These material zones are illustrated in Fig. 2.5 only. The tailings material zones 2, 4, 

5, 6, 7, and 8 can be categorized as silty sands in accordance with the unified soil 

classification system (ASTM D2487-10, 2010).

The base of the dam corner is at a level of 353 m (cf. Fig. 2.5). In this study, stability 

of the dam corner is analysed for gradual raisings from elevation 376 to 429 m (cf. 

Fig. 2.5). It was planned to gradually raise the dam corner in stages at a rate of 

(i) three meters per year from elevation 376 to 409 m, and (ii) 2.5 meters per year 

from elevation 409 to 429 m (Fig. 2.5). Like the dam E-F, the time for each raising 

phase and consolidation phase of the dam corner was assumed to be 10 days and 355 

days, respectively. 
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Fig. 2.3 A view of the dam corner E-F/G-H. 

Fig. 2.4 3D model of dam corner.  

Fig. 2.5 2D axisymmetric model of dam corner. 
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RESEARCH METHODOLOGY3

A literature review was conducted during this study (see Zardari, 2010) in order to 

identify a suitable numerical tool, appropriate constitutive models for tailings 

material, and types of analyses needed to meet the objectives of this study.

In this chapter, a brief description is presented about the finite element method, the 

constitutive models which were utilized, and the type of analyses which were 

performed on the Aitik tailings dam. 

3.1 Finite element method 

The finite element method (FEM) is a numerical procedure to obtain approximate 

solutions of boundary value problems in all fields of engineering. The FEM has been 

used for analyses of deformation, consolidation, seepage, and slope stability of

various geotechnical structures (Kattan, 2007).

The solution of a geotechnical problem by using the finite element method generally 

involves the following steps (see Potts & Zdravkovi , 1999): (i) the geometry of a

geotechnical structure is divided into small regions which are called finite elements, 

(ii) primary variables (e.g. displacements, pore pressures) are selected at the node 

points in a finite element, (iii) the variation of the primary variables within a finite 

element is assumed by interpolation of the nodal values (iv) the equations which 

govern the deformation of soil and flow of pore water through the soil are derived for 

all elements and are assembled together to form global equations (v) boundary 

conditions (e.g. displacements, consolidation and/or groundwater flow) are assigned, 

(vi) the global equations are simultaneously solved to compute the primary variables,
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and (vii) the values of secondary variables (e.g. strains and stresses) are computed 

from the primary nodal variables. 

The FEM was chosen to study the behaviour of the straight dam E-F and the dam 

corner E-F/GH (cf. Fig. 2.1). The reasons for selection of the FEM are: (i) it is 

suitable to analyse various geotechnical structures with complex geometries, loading

and boundary conditions (Duncan, 1996), (ii) it accounts for nonlinear material 

behaviour, and (iii) in slope stability analyses performed with the FEM, a failure 

surface is not assumed in advance, instead, the failure surface develops in those zones

where the shear strength of the soil is lower than the applied shear stresses (Griffiths 

& Lane, 1999).

3.2 Choice of constitutive models 

A constitutive model of a soil describes its stress strain behaviour. The stress strain 

behaviour of a soil depends on many factors such as the type of soil, stress-strain 

history, mode of deposition, anisotropy, and stress level dependency of stiffness

(Brinkgreve, 2005; Schweiger, 2008). A constitutive model may become very 

complicated if all the above mentioned aspects are included in it (Schweiger, 2008).

This type of complex constitutive model may require many input parameter values

that are difficult to evaluate from basic soil tests (Schweiger, 2008). While selecting a 

constitutive model, it is necessary that the constitutive model chosen is able to 

simulate the important features of material behaviour of a soil (Schweiger, 2008; 

Wood, 1990; Wood, 2004).

Elasto-plastic constitutive equations are generally nonlinear. Numerical integration is 

performed to implement a constitutive model in a nonlinear finite element program. 
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Many algorithms are presented in the literature to integrate constitutive equations, see 

e.g. (Borja & Lee, 1990; Borja, 1991; Borja, Sama, & Sanz, 2003; Clausen, 

Damkilde, & Andersen, 2006; Luccioni, Pestana, & Rodriguez-Marek, 2000; Nazem, 

Sheng, & Carter, 2006; Sheng, Sloan, & Yu, 2000; Simo & Taylor, 1986; Sloan, 

Abbo, & Sheng, 2001; Zhao, Sheng, Rouainia, & Sloan, 2005). It is to be noted that 

the performance of a nonlinear finite element analysis depends on the accuracy and 

efficiency of the integration algorithm used. 

The finite element program PLAXIS was utilized in this study. It is relevant to 

mention here that a number of constitutive models have been implemented as standard 

models in the program library and/or as user defined soil models (see Brinkgreve,

Swolfs, et al., 2011; PLAXIS, 2013). The Mohr Coulomb model and the UBCSAND 

model were used in the numerical analyses presented in this study.

3.2.1 Mohr Coulomb model

Mohr Coulomb model (MC) is an elastic perfectly plastic model. The MC model 

requires five input parameters, i.e., Young’s modulus, friction angle, cohesion, 

dilatancy angle, and Poisson’s ratio. These parameters can be evaluated from basic 

soil tests (Brinkgreve, Swolfs, et al., 2011).

In this study, the MC model was utilized for (i) static analyses to simulate gradual 

raisings, and (ii) slope stability analyses to compute safety factors. The MC model

was selected based on the following reasons: (i) Direct shear and/or triaxial tests on 

the Aitik tailings material (Pousette, 2007) were available in order to evaluate basic 

parameters (friction angle, cohesion, and Young’s modulus) of the MC model, and 

(ii) the MC model is considered to be suitable for stability analyses of dams, slopes, 
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and embankments (see Brinkgreve, 2005), (iii) the use of the MC model is 

appropriate in assessing potential tension zones and/low compression zones in 

embankments dams, see Bui, Tandjiria, Fell, Song, and  Khalili (2005); Bui, Song, 

and Fell (2004). For dynamic analyses, the MC model was applied to non-liquefiable 

zones only, i.e. moraine, rockfill, and filter zones (cf. Fig. 2.2). 

3.2.2 UBCSAND model

UBCSAND is a nonlinear elastic-plastic model that is capable of capturing seismic 

liquefaction behaviour of sands and silty sands (Beaty & Byrne, 2011). The 

UBCSAND model has been used to assess seismic liquefaction of embankment dams,

see e.g. Beaty and Perlea (2012); James and Aubertin (2012); James (2009); Stark et 

al. (2012). The UBCSAND model, with some modifications, has been implemented as 

a user defined soil model in the finite element program PLAXIS (Petalas & Galavi, 

2013). The PLAXIS version of the UBCSAND model has been utilized in dynamic 

analyses presented in this study.

3.3 Types of analyses

The analyses performed in this study were coupled deformation and consolidation

analyses, safety analyses, dynamic analyses, and free vibration analysis. These

analyses are described in next sections. 
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3.3.1 Coupled deformation and consolidation analyses

Coupled deformation and consolidation analyses (see Brinkgreve, Swolfs, et al., 2011;

Britto & Gunn, 1987; Potts & Zdravkovi , 1999) were conducted to simulate gradual 

raisings of the straight dam E-F, and the dam corner E-F/G-H. These analyses were 

carried out to estimate the development and dissipation of excess pore pressures as a 

function of time.  

Real soil behaviour is generally associated with a time related consolidation process 

that depends on hydraulic conductivity of soils, hydraulic boundary conditions, and 

the rate at which loads are applied (Potts & Zdravkovi , 1999). This behaviour is 

modelled with coupled deformation and consolidation theory (Biot, 1941) that 

combines the equations governing the flow of pore water and deformation of soils 

(Potts & Zdravkovi , 1999; Britto & Gunn, 1987; Brinkgreve, Swolfs, et al., 2011). 

3.3.2 Safety analyses

Safety analyses were performed to evaluate slope stability and to observe potential 

failure zones in the dam.

The finite element program PLAXIS 2D, and PLAXIS 3D utilizes a strength 

reduction method (Brinkgreve & Bakker, 1991) to compute safety factors. In the 

strength reduction method, the tangent of the friction angle, and the cohesion of the 

soil are gradually lowered in the same proportion until the geotechnical structure fails 

(Brinkgreve & Bakker, 1991). The factor of safety is defined as the ratio of available 

shear strength of soil to the minimum shear strength required to maintain a just 

equilibrium state.
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The factor of safety is mathematically expressed as (Brinkgreve & Bakker, 1991):

 =
+

 

+
 

(1)

where and are the input values of the cohesion and friction angle of the soil, 

respectively; and are the reduced values of the cohesion and friction angle of the 

soil required to maintain just equilibrium state, respectively; and  is the effective 

normal stress. The above definition of safety factor resembles with the definition of 

the safety factor in traditional limit equilibrium methods (Brinkgreve & Bakker, 

1991).

3.3.3 Dynamic analyses 

Dynamic analyses were carried out to evaluate the potential for seismic liquefaction 

and the post-seismic stability of the dam. These analyses were performed to estimate 

an increase in excess pore pressures, and deformations caused by an earthquake. 

3.3.4 Free vibration analysis

Free vibration is a type of dynamic analysis in which a system (e.g. a dam) is first 

disturbed with an external load and then the load is released in order to allow the 

system to vibrate freely. 

In this study, free vibration analysis of the dam was conducted to evaluate natural 

frequencies of the dam. 
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RESULTS4

The results of the numerical analyses on the straight dam E-F, and the dam corner are 

presented in the papers I-V that are appended in this thesis. This chapter provides a 

summary of the main results that are presented in these papers. 

4.1 Main results of Paper I

Initially, coupled deformation and consolidation analyses were performed to simulate 

gradual raisings of the straight dam E-F (from elevation 376 to 410 m) using a model 

geometry that consisted of previously existing rockfill berms only (see Fig. 4.1). The 

sequential raisings of the dam were simulated in 11 stages. Each stage consisted of a 

raising phase over 10 days and a consolidation phase over 355 days. In addition to 

this, safety analyses were performed for all the stages to compute safety factors in 

order to evaluate stability of the dam. It is to be noted that stability of the dam was 

evaluated according to Swedish tailings dams’ guidelines (GruvRIDAS, 2007) which 

recommend that a safety factor of about 1.5 is needed for a tailings dam to be safe 

enough in normal operation conditions.

Fig. 4.2 illustrates the safety factors computed for all the raising and consolidation 

phases. It can be observed that the safety factors continuously reduced as the dam was 

sequentially raised. This is because effective shear strength of the soils in the dam was 

reduced due to an increase in excess pore pressures. As a result of this, factors of 

safety were decreased during raising phases. 

Additional rockfill berms (see Fig. 4.3) were gradually applied, during various raising 

phases, in order to raise the dam with enough safety. Fig. 4.4 presents safety factors 
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computed after additional rockfill berms were placed. It can be seen that a safety 

factor of approximately 1.5 was achieved during the raising phases. The rockfill 

berms increase resistance against sliding, and because of this, slope stability of the 

dam is increased. 

In this paper, an optimization technique is presented to minimize the volume of 

rockfill berms. In this technique, consolidation and safety analyses are conducted for 

each raising. If the safety factor computed directly after a raising phase is less than 

1.5, a rockfill berm is utilized on the downstream side to strengthen the dam. The 

width and height of the rockfill berm is gradually increased until the safety factor of 

about 1.5 is achieved. The advantage of this optimization technique is that it utilizes a 

minimum volume of rockfill berms necessary to obtain a safety factor of about 1.5.

Fig. 4.1 Numerical model of dam E-F with only previously existing rockfill berms. 
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Fig. 4.2 Factor of safety for all raising and consolidation phases when there were 
only previously existing rockfill berms. R and C, raising and consolidation phases, 
respectively. 

Fig. 4.3 Additional rockfill berms (P, Q, R, S, T, U, V, and W) are suggested to be 
gradually placed to increase stability of dam E-F. 
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Fig. 4.4 Safety factors for all raising and consolidation phases when additional 
rockfill berms are placed. R and C, raising and consolidation phases, respectively. 

4.2 Main results of Paper II

The dam corner was analysed with a 2D axisymmetric model. In addition, for 

comparison purposes, the same cross section of the dam corner was analysed as a 

straight dam section, using the plane strain model. As expected, the results of the 

analyses show that compressive stresses were lower in the dam corner compared to 

those in the straight dam. Compressive stresses of low magnitude in the dam corner 

were observed mainly in the filter and rockfill zones that are located above the 

phreatic level. It is interpreted that internal erosion is not likely to occur through these 

zones because no flow of water occurs above the phreatic level and there is a filter 

zone along the slope of the dam corner. 

It was suggested to flatten out the slope of the dam corner in order to control the 

reduction in compressive stresses that might occur due to future raisings. Additional 
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rockfill berms (similar to those shown in Fig. 4.3) were recommended to be gradually

placed during future raisings in order to raise the dam corner with sufficient stability. 

4.3 Main results of Paper III

The dam corner was analysed with a 3D finite element model and a 2D axisymmetric 

finite element model. The results of both the 3D analyses and the 2D axisymmetric 

analyses indicate that tension zones and/or low compression zones were located only 

in the vicinity of the surface, mainly above the phreatic level. It is interpreted that 

internal erosion is not likely to occur through the embankments. This is because a 

filter zone exists along the slope of the dam corner, and there is no obvious flow of 

water above the phreatic level.

The results show that potential tensile stresses and/or low compressive stresses in the 

dam corner computed with the 2D axisymmetric analyses slightly differ from those 

obtained with the 3D analyses. This implies that 2D axisymmetric analyses are

appropriate for this dam corner. 

4.4 Main results of Paper IV

This paper describes 3D finite element analyses that were performed to identify 

potential tension zones and/or low compression zones in the dam corner, and to 

evaluate stability of the dam corner. The results presented in this paper are mainly the 

same as described in the paper III. However, it is to be noted that the focus of paper 

III is on comparison of the results of 3D analyses and 2D axisymmetric analyses of 

the dam corner, whereas, the Paper IV is more directed at the 3D analyses.
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4.5 Main results of Paper V

Liquefaction potential, permanent deformations, and seismic stability of the straight 

dam E-F (including additional rockfill berms) were evaluated, based on the results of 

dynamic finite element analyses. The seismic behaviour of the dam was analysed for

(i) an earthquake of 3.6 Swedish local magnitude (normal case), and (ii) an earthquake 

of 5.8 moment magnitude (extreme case). 

For the extreme case, the results show that liquefaction is likely to occur in a limited 

zone located below the surface near the embankment dikes. Due to the limited extent 

of the liquefied zone, it is interpreted that the stability of the dam could not be 

affected. For the both cases, seismically induced vertical deformations are tolerable 

because they are much less than the available freeboard, which is 2m. For both the 

cases, post seismic stability of the dam is satisfactory according to the 

recommendations of ANCOLD (2012).
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CONCLUDING REMARKS5

In this study, potential stability problems of an upstream tailings dam were addressed 

using finite element analyses. Aitik tailings dam in northern Sweden was chosen as 

the case for the study. Numerical analyses were performed for gradual raisings and 

seismic loading conditions of the dam. Two dam parts were studied: one dam part is a 

straight dam portion, and the other dam part is a corner. 

This study has pointed out that the stability of the Aitik tailings dam (straight dam 

part including previously existing rockfill berms only) was not sufficient, during 

gradual raisings, due to an increase in excess pore pressures. The stability problem of 

the dam was successfully solved using additional rockfill berms as supports on the 

downstream side. In this study, an optimization technique is presented in order to 

utilize a minimum volume of rockfill berms necessary to achieve sufficient stability of 

the dam. This technique of minimization of the volume of rockfill berms could result 

in significant construction cost savings.

The results of the 3D analyses and the 2D axisymmetric analyses, performed on the 

dam corner, have shown that tension zones and/or low compression zones occurred in 

the vicinity of the surface of the dam corner, mainly above the phreatic level. Internal 

erosion through the embankments is not anticipated because a filter zone is located 

along the slope of the dam corner, and no flow of water occurs above the phreatic 

level. Additional rockfill berms were suggested to be gradually placed on the 

downstream side to ensure that the safety of the dam corner is enough. 

The results of the comparison of the 3D analyses and 2D axisymmetric analyses of the 

dam corner have revealed that (i) the 3D analyses of the dam corner have only a slight 
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effect on the tensile stresses and/or low compressive stresses obtained which implies 

that 2D axisymmetric analyses are suitable for the dam corner. This is an important 

finding because 2D axisymmetric analyses require much less computational time 

compared to 3D analyses.

Liquefaction potential, permanent deformations and stability of the straight dam (with 

additional rockfill berms) were analysed for two earthquakes: one with local 

magnitude 3.6 (normal case), and the other with moment magnitude 5.8 (extreme 

case). The results of the dynamic analyses, for the extreme case, indicate that 

liquefaction is likely to occur in a limited zone located below the surface near the 

embankments. It is interpreted that stability of the dam could not be affected because 

of the limited extent of the liquefied zone. For both the normal and the extreme case, 

the seismic deformations seem to be tolerable and post seismic stability of the dam is 

considered to be satisfactory. However, for the extreme case, the post-seismic safety 

factor is just on the limit according to the available guidelines. In the numerical 

modelling, only horizontal ground accelerations were used. The results of the dynamic 

analyses may slightly vary if both the horizontal and vertical ground accelerations 

would be applied simultaneously.

This study has shown that the rockfill berms that were suggested to be placed during 

gradual raisings were effective in controlling the seismically induced horizontal 

deformations. This implies that the strategy of strengthening the dam with rockfill 

berms, presented in this study, is successful under both static and seismic loading 

conditions. 

This study has shown that the finite element method is a useful tool in analysing 

stability of tailings dams under static and seismic loading conditions. If a finite 
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element model of a tailings dam is developed, it can be gradually updated for analyses 

of additional raisings of the dam in the future. In general, the modelling techniques 

presented in this study are not unique for the Aitik dam, so these techniques can be 

applied to other tailings dams as well. 
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FUTURE RESEARCH6

Recommendations for future research on numerical modelling of tailings dams and 

laboratory testing of Aitik tailings material are presented below. The order of the 

recommendations does not show any priority. 

6.1 Use of advanced constitutive models 

A drawback of the Mohr Coulomb model is that it overestimates undrained shear 

strength of normally consolidated soils (Brinkgreve, 2005). At laboratory level, it is 

found that the MC model does not overestimate undrained shear strength of the 

tailings material mentioned in this study.

It is suggested to perform numerical analyses on the dam using advanced constitutive 

models, e.g. the Hardening soil model (Schanz, Vermeer, & Bonnier, 1999), and 

compare these results (e.g. excess pore pressures, and safety factors) with the 

corresponding results of this study in which the MC model was utilized. This 

comparison is needed to assess whether or not stability of Aitik dam has been 

overestimated with the MC model.

The hardening soil model was not used in this study because available laboratory tests 

on the Aitik tailings material were not sufficient to evaluate input parameters of this 

model. 

6.2 Potential for static liquefaction of tailings

During undrained shearing of loose tailings, an increase in pore pressures could cause 

decrease in effective stresses and loss of shear strength. This is known as strain 

softening behaviour which can lead to static liquefaction of tailings. It is to be noted 
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that static liquefaction is considered to be the most common cause of failures of 

tailings dams (Davies, McRoberts, & Martin, 2002).

In this context, it is important to perform laboratory tests specifically to examine 

strain softening behaviour of Aitik tailings material. These laboratory tests could form 

a basis for numerical analyses to investigate the potential for static liquefaction in the 

Aitik dam. 

6.3 Cyclic laboratory tests

In this study, PLAXIS version of the UBCSAND model (Petalas & Galavi, 2013)             

was utilized for dynamic analyses of the Aitik tailings dam. Suitable values of 

dynamic parameters of this model were assumed based on results of a case study of an 

upstream tailings dam presented in literature (Seid-Karbasi & Byrne, 2004; Byrne &

Seid-Karbasi, 2003).

In this context, cyclic soil tests (Direct shear/Triaxial) on the Aitik tailings are needed 

to examine liquefaction potential of this material and to evaluate dynamic parameters 

of the UBCSAND model. The dynamic analyses that were performed in this study 

should be refined using the model parameters that would be evaluated from such 

cyclic soil tests. 

6.4 Effect of frozen and unfrozen layers on thermal balance of the 

dam 

Aitik tailings dam is located in an arctic region. The tailings that are deposited during 

winter may freeze. During summer, new tailings are deposited on the old frozen 

tailings. The deposition has been carried out for many years during both the summer 



31

and winter times. This implies that alternate layers of frozen and unfrozen tailings 

could develop in the dam. In this situation, thermal balance of the dam could be 

disturbed (see e.g. Vick, 1990). The disturbance in thermal balance of the dam may 

lead to either thawing or freezing conditions that could continue for a long time (see 

e.g. Robertson & Clifton, 1987). 

The frozen layers in the dam could prevent the consolidation process (see e.g. 

Robertson & Clifton, 1987). During thawing of frozen layers, high pore pressures 

could occur in the dam (see e.g. Robertson & Clifton, 1987). These pore pressures 

could affect the stability of the dam. 

It is suggested to conduct geothermal analyses in order to investigate the influence of 

alternate deposition of frozen and unfrozen layers on the thermal balance of the dam.

6.5 Long time stability criteria based on numerical analyses

In Sweden, it is required that the tailings dams should be stable for a long period that 

is interpreted to be 1000 years (GruvRIDAS, 2007). This goal requires extensive 

knowledge in order to be able to design the tailings dams so that they can be stable for 

such a long time. Presently there are no clearly defined guidelines to assess long time 

stability of tailings dams. Such types of guidelines could be framed with the help of 

numerical analyses that take into account possible events and/or processes (e.g. 

earthquakes, high floods, and internal erosion) that might occur in the future.
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ARTICLE

Numerical analysis of strengthening by rockfill embankments on an
upstream tailings dam
Linda Ormann, Muhammad Auchar Zardari, Hans Mattsson, Annika Bjelkevik, and Sven Knutsson

Abstract: The consolidation process could be slow in an upstream tailings dam; therefore, the stability can reduce due to an increase
in excess pore pressures when the dam is raised. The safety of the dam can be enhanced by constructing rockfill berms on the
downstream side. This paper presents a case study on the strengthening of an upstream tailings dam with rockfill berms. The finite
element analyses were performed for modelling the staged construction of the dam and for optimizing the volume of the rockfill
berms. The damwas raised in 11 stages; each stage consisting of a raising phase and a consolidation phase. The study shows that the
slope stability of the dam reduced due to an increase of excess pore pressures during the raising phase. The stability of the dam was
successfully improved by utilizing rockfill berms as supports on the downstream side. A technique has been presented to minimize
the volume of the rockfill berms so that the required stability can be achieved at minimum cost. This paper shows that the finite
element method can be a useful tool for modelling the consolidation behaviour of an upstream tailings dam and minimizing the
volume of the rockfill berms that may be needed to maintain the stability of the dam during staged construction.

Key words: consolidation, optimization, rockfill berms, slope stability, staged construction, tailings dams.

Résumé : Le processus de consolidation peut être lent dans une digue en amont dans un parc à résidus, alors la stabilité peut être
réduite en raison de l'augmentation des pressions interstitielles excessives lorsque la digue est rehaussée. La sécurité de la digue peut
être améliorée par la construction de bermes de remblai rocheux sur la face aval. Cet article présente une étude de cas de
l'augmentation de la stabilité d'une digue amont d'un parc à résidu avec des bermes en remblai rocheux. Les analyses par éléments
finis ont été réalisées pour modéliser la construction par étapes de la digue et pour optimiser le volume des bermes de remblai
rocheux. La digue a été rehaussée en 11 étapes, chaque étape comprend une phase de rehaussement et une phase de consolidation.
L'étude démontre que la stabilité de la pente de la digue est réduite en raison des fortes pressions interstitielles durant la phase de
rehaussement. La stabilité de la digue a été améliorée avec succès par l'utilisation de bermes de remblai rocheux sur la face aval. Une
technique est présentée afin deminimiser le volume des bermes nécessaire pour atteindre la stabilité requise à un coûtminimal. Cet
article démontre que la méthode par éléments finis est un outil utile pour la modélisation du comportement en consolidation d'une
digue amont d'un parc à résidus et pour minimiser le volume des bermes de remblai rocheux qui peuvent être nécessaires pour
maintenir la stabilité de la digue durant la construction par étapes. [Traduit par la Rédaction]

Mots-clés : consolidation, optimisation, bermes de remblai rocheux, stabilité de pente, construction par étapes, digues de parc à
résidus.

Introduction
This paper presents a case study of a finite element analysis on

a tailings dam. The overall objective is that the description will
serve as an example of how advanced numerical software can be
utilized for examining the slope stability of dams.

The tailings dam in Aitik in northern Sweden is the subject of
the study. The design method for the dam is mainly upstream
construction; see e.g., Vick (1990). Compared to, for example, the
downstream construction method and the centreline construc-
tion method, the upstream construction method has the disad-
vantage that stability problems might occur if the dam is raised
too fast.

As the Aitik tailings dam is raised primarily with the upstream
construction method, new dikes are constructed step by step
mainly on the tailings beach. A rapid rate of raise results in excess
pore pressures within the tailings. These excess pore pressures
will gradually dissipate during the consolidation process and ef-
fective stresses and shear strengthswill increase. This implies that
the stability of the tailings dam is expected to bemost critical just

after a new dike is constructed. The time for consolidation de-
pends mainly on the permeability of the soils in the structure and
the drainage conditions in the surroundings. If the consolidation
process is not completed when a new dike is built, excess pore
pressures will remain in the structure and theymight successively
increase for each new raising of the dam and cause a potentially
dangerous stability situation. However, to increase the safety of
the dam, rockfill berms can be gradually constructed as support
fillings at the downstream toe. These rockfill berms will have a
limited impact on the consolidation time for the tailings, as they
are constructed primarily to provide a resisting moment against
slope failure.

It is seen that the slope stability of this type of tailings dam is
closely related to the consolidation process. The consolidation
process for a tailings dam is complex and consequently it is ap-
propriate to model the stability at potentially risky states of con-
solidation with advanced numerical software, one in which both
simulation of consolidation processes and stability analyses can
be performed, based on, e.g., the finite element method.
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In this case study, the commercial finite element software
PLAXIS (Brinkgreve et al. 2011) has been used for analyzing the
stability of the Aitik dam. For 11 consecutive yearly raisings in a
section of the tailings dam, the consolidation process and the
associated stability have been modelled with the software. The
results from the analysis indicate that the safety factors were
lower due to an increase in excess pore pressures during sequen-
tial raising of the dam. Thus, there was a need to stabilize the
slope of the dam to carry out the planned raisings successfully.

Various slope stabilizationmethods, such as rockfill berms, ver-
tical drains, and dewatering, etc., were considered. It was decided
to strengthen the slope by utilizing rockfill berms on the down-
stream toe of the dam because sufficient volume of rockfill is
available from the mine located a short distance from the tailings
impoundment. Hence, the use of rockfill berms is economical in
cost, easy in construction, and durable in the long term.

An optimization analysis was performed to examine when the
rockfill berms were needed and where to place them to minimize
the volume of rockfill required for support. The results of this
study have been previously published in a report (Ormann 2008).

To the authors' knowledge, just a few case studies of tailings
dams analysed with the finite element method have been pre-
sented in the literature; e.g., Desai et al. (1998); Priscu (1999);
Priscu et al. (1999); Gens and Alonso (2006); Psarropoulos and
Tsompanakis (2008); Zandarín et al. (2009); Saad and Mitri (2010,
2011); Ormann et al. (2011); Zardari et al. (2012). However, no opti-
mization analysis tominimize the amount of rockfill, as discussed
in this study, was mentioned in these references.

The Aitik tailings dam
Aitik is an open pit copper mine located close to Gällivare in

northern Sweden, and is managed by the mining company Bo-
liden Mineral AB. The mining activities started in 1968. The 2011
production of this mine was about 31.5 million tonnes of ore.

Tailings are the waste products obtained during extraction of
minerals from the ore. The particle size of tailings varies from
medium sand to clay-sized particles. In Aitik, the tailings are
pumped to the tailings disposal area and discharged by spigotting
from the dam embankments. The tailings impoundment, shown
in Fig. 1, is spread over a 13 km2 area and is limited by the topog-
raphy and four dams: A-B, C-D, E-F (including E-F2 extension), and
G-H. The settling pond is situated downstream of dam E-F. A view
of dam E-F is presented in Fig. 2.

It is interesting to note that a large failure occurred in the Aitik
tailings dam in 2000. Dam E-F2 failed over a length of 120 m. As a
result, 2.5 million m3 of water was discharged into the settling
pond. When the water level in the settling pond reached the
maximum level permitted, clarified water was further discharged
from the settling pond into rivers outside Aitik. The possible
causes of the failure can be found elsewhere (Göransson et al.
2001). No definite conclusion concerning the cause of the failure
was reached (Göransson et al. 2001).

The finite element analysis in this case study has been per-
formed on a section of dam E-F, shown in Fig. 3. Dam E-F is con-
sidered to be the most important dam to study as the
consequences of a failure at this location are regarded to be more
serious for humans and the surrounding environment than fail-
ures in other dams in the tailings pond. A failure of dam E-F may
lead to a failure of dam I-J, which is located downstream of dam
E-F and the settling pond (Fig. 1). In Sweden, the consequences of
a dam failure are evaluated in terms of probability of (i) loss of life
or serious injury and (ii) damage to the environment and infra-
structure facilities. The failure of a dam is classified into four
consequence classes, i.e., 1A, 1B, 2, and 3. These classes are ar-
ranged in order of most serious (1A) to least serious (3) conse-
quences (GruvRIDAS 2007).

Dam E-F was constructed using the upstream method. The dif-
ferent material zones are presented in Fig. 3. Tailings, based on
gradation, are generally characterized as sands and slimes. Tail-
ings particles that can be retained on a 0.074 mm sieve are called
sands, whereas the particles finer than 0.074 mm are termed
slimes (Vick 1990). Material zones 2, 3, 5, 6, 7, and 8 (cf. Fig. 3)
represent the coarse tailings particles. These material zones can
be classified as silty sands according to the unified soil classifica-
tion system (Wagner 1957).

Finite element model
It has been assumed that the stored tailings and the dam are

raised 3 m per year starting from a level 376 m above mean sea
level. The present (2012) level of the dam is 390 m. The slope
inclination of dam E-F from level 376 to 410 m is 1:6 (vertical to
horizontal). Figure 3 shows the expected appearance of dam sec-
tion E-F in 2018.

The stability of dam E-F was analysed with PLAXIS 2D, which is
a finite element program for numerical analysis of geotechnical
structures. As the dam is a long straight section, the plane strain

Fig. 1. Aerial view of Aitik tailings dam and impoundment (modified from Google Maps 2011).
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condition was adopted in the numerical analysis. It has been as-
sumed that the raising of the dam (from level 376 to 410 m) con-
sists of 11 stages. Each stage comprises a raising phase over 10 days
and a consolidation phase over 355 days. The dam is constructed
in stages to allow the tailings material to consolidate and gain
strength before next raising. A fully coupled (deformation and
consolidation) analysis was carried out to estimate the increase in
strength due to dissipation of excess pore pressures and associ-
ated increase in effective stresses during consolidation.

The stability of the dam for each raising was evaluated with a
factor of safety. If the safety factor was less than 1.5 during a
raising (GruvRIDAS 2007), a rockfill bermwas added on the down-
stream side to increase slope stability. Therefore, an optimization
analysis was also performed to minimize the volume of rockfill
berms required for slope stability during staged construction.

The finite element model of the dam including future raisings
(up to level 410 m) is shown in Fig. 4. The finite element mesh in
each cluster is composed of 15-noded triangular elements with
five nodes on each side. These elements give a fourth-order (quar-
tic) interpolation for displacements (Brinkgreve et al. 2011). The

coarseness of the mesh was selected so that a sufficient accuracy
of the computations was obtained for aminimum of computation
time spent. The horizontal displacements are assumed to be zero
along the left vertical boundary. The foundation of the dam con-
sists of a dense and impervious moraine deposit that lies on the
bedrock. The average depth of themoraine layer was estimated to
be 8 m (SWECO 2009). Computations have also been made on the
dam with an 8 m thick moraine foundation. The results indicate
that the moraine deposit has a slight influence on the safety fac-
tors and associated slip surfaces. Therefore, for simplification, the
foundation of the dam on the moraine was assumed as rigid and
the moraine layer was not included in the analysis. However, if
the dam is raised further in the future, it is likely to be necessary
to include the moraine layer in the finite element model. Flow of
water can occur through all boundaries in the finite element
model of the dam except at the left vertical boundary and the
base.

The Mohr–Coulomb (MC) model was chosen for all the materi-
als (tailings, rockfill, and filter) in the dam. The MC model is a
simple elastic–plastic model, which contains five model parame-

Fig. 2. View of Aitik tailings dam E-F (photo courtesy of Boliden Mineral AB, Sweden).

Fig. 3. Cross section of dam E-F.
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ters that can be easily determined from laboratory tests. The pa-
rameters of the MC model (except Poisson's ratio and angle of
dilatancy) were evaluated from field and laboratory tests, and are
presented in Table 1 (Jonasson 2007, 2008; Pousette 2007). The
Poisson's ratio is assumed to be 0.33 for all the materials, which is
a suitable value for this type of analysis (Brinkgreve et al. 2011).
The angle of dilatancy is assumed to be zero everywhere; a conve-
nient assumption for loose and contractant soil that make up the
major portion of the dam. The tailings are generally deposited in
a loose state and show contractant behaviour during shearing
(Martin and McRoberts 1999).

The hydraulic conductivity of the tailings was determined in
the laboratory using a permeameter (Jonasson 2007). Due to the
layered nature of the tailings, the hydraulic conductivity values in
the horizontal direction are assumed to be 10 times greater than
the values in the vertical direction (Jonasson 2007; GruvRIDAS
2007).

The phreatic level of the dam was determined with data ob-
tained from piezometers installed at the dam. The phreatic levels
for raisings 1 and 2 are shown in Figs. 5 and 6. The figures indicate
that the phreatic level for each raising is on the top surface of the
tailings along the upstream side and then it gradually lowers from
the downstream side of the dam. The portion of the phreatic level
from section A–A to the downstream side is kept the same for all
the raisings (Figs. 5 and 6). The phreatic levels for other remaining
raisings were evaluated in a similar pattern to the one shown in
Figs. 5 and 6.

The undrained shear strength of the loose tailings was deter-
mined from direct shear tests. The failure was evaluated at
0.15 radians of shear deformation (SGF 2004). The undrained shear
strength results were in agreement with the MC model predic-
tions. Therefore, in this case it can be interpreted that the un-
drained shear strength of the loose tailings is not overpredicted
with the MCmodel, which generally overestimates the undrained
shear strength of normally consolidated clays (Brinkgreve 2005).
Moreover, the results from the finite element analyses have been
validated with hand calculations.

Finite element analyses

Stability analyses
Slope stability is determined with a factor of safety. This safety

factor is defined as the available shear strength of the soil divided
by the shear stress required for equilibrium along the failure
surface. In the finite element program PLAXIS, the safety factors
are computed with a phi-c reduction technique. In this technique,
the strength parameters, i.e., tangent of the friction angle, �, and
the cohesion, c, of the soil are lowered gradually in the same
proportion until a failure of the structure occurs (Brinkgreve et al.
2011). The phi-c reduction approach resembles conventional lim-
iting equilibrium methods and the safety factor is defined in the
same way in both procedures. The safety factor is used as a crite-
rion to assess the stability of the dam. The Swedish safety guide-
lines document GruvRIDAS (2007) recommends a minimum
safety factor of 1.5 for slope stability at the end of construction and
during normal operation conditions for tailings dams. A high
value of the safety factor (i.e., 1.5) is chosen, to give consideration
to the uncertainty in evaluation of the shear strength parameters
and the knowledge of the subsoil conditions (GruvRIDAS 2007).

The consolidation and safety analyses were initially performed
on dam section E-F with the previously existing rockfill berms on
the downstream side (Fig. 7). It is noted that Figs. 7 and 3 are
exactly the same in all aspects (dimensions and material zones)
except for the number of rockfill berms on the downstream side.

The safety factors computed for all 11 raisings from level 376 to
410 m are shown in Fig. 8. It is seen that the safety factor contin-
uously decreased as the dam was raised. The gradual decrease of
the value of the safety factor indicates that the level of safety is not
enough based on the adopted code requirements, which might
imply potential instability problems for the dam.

The accessibility of a sufficient volume of rockfill at the Aitik
mine located close to the dam made it possible to use rockfill
berms as a stabilization measure to increase stability of the dam
during raising. An optimal technique for gradual strengthening of
the dam with rockfill berms (during staged construction) was ob-

Fig. 4. Finite element model of dam E-F.

Table 1. Parameters of the Mohr–Coulomb model (Jonasson 2007, 2008; Pousette 2007).

Material type
�unsat

(kN/m3)
�sat

(kN/m3)
kx
(m/s)

ky
(m/s)

E
(kN/m2)

c=
(kN/m2)

�=
(°)

Moraine (initial dike) 20 22 9.95×10−8 4.98×10−8 20 000 1 35
Sand tailings soft at bottom 18 18 9.95×10−8 1×10−8 9800 6 18
Layered sand tailings 17 18.5 5.5×10−7 5.56×10−8 9312 9.5 22
Moraine (dikes) 20 22 4.98×10−8 1×10−8 20 000 1 37
Compacted sand tailings 16 19 1×10−6 9.95×10−8 8790 13 26
Sand tailings soft at top 18 18 9.95×10−8 1×10−8 3048 6 18
Compacted sand tailings (dikes) 16 19 1×10−6 9.95×10−8 7200 13 26
Sand tailings layered at top 17 18.5 5.5×10−7 5.56×10−8 3895 9.5 22
Filter 18 20 1×10−3 1×10−3 20 000 1 32
Rockfill (downstream support + external

erosion protection)
18 20 1×10−1 1×10−1 40 000 1 42

Note: �unsat, unit weight above phreatic level; �sat, unit weight below phreatic level; kx, hydraulic conductivity in horizontal direction; ky,
hydraulic conductivity in vertical direction; E, Young's modulus; c', effective cohesion; �', effective friction angle.
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tained from the finite element analyses. To improve slope stability
during the second rasing, rockfill berm P (Fig. 9) was placed on the
downstream side at the start. The volume of rockfill berm P was
minimized by changing the width and height of the berm until a

safety factor of approximately 1.5 was achieved. After adding rock-
fill berm P at the beginning of the second raising, the safety fac-
tors were computed again for third to 11th raisings. It was
observed that during the third raising the slope was stable

Fig. 5. Phreatic level of dam E-F for the first raising.

Fig. 6. Phreatic level of dam E-F for the second raising.

Fig. 7. Cross section of dam E-F with only previously existing rockfill berms on the downstream side.

Fig. 8. Factor of safety for all raising and consolidation phases of the dam when no additional rockfill berms are placed on the downstream
side. R and C, raising and consolidation phases, respectively.
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enough, so there was no need for a rockfill berm at this stage.
However, the safety factors were still not adequate to ensure
enough slope stability for the fourth to 11th raisings. Therefore,
following a similar procedure as described for increasing the
slope stability during the second raising, rockfill berms Q, R, S, T,
U, V, and W were proposed for the fourth to 10th raisings, respec-
tively (Fig. 9). The slope stability was sufficient during the 11th
raising, so no rockfill berm was added then.

Table 2 summarizes the discussed scheme to enhance the sta-
bility of the dam with rockfill berms on the downstream side.
Table 2 shows that no rockfill berms were provided for case No. I,
whereas the other cases (II to IX) contained an increasing number
of rockfill berms. Case No. IX (Fig. 9) turned out to be the optimal
case. The optimized volume (m3/unit metre length of the dam) of
each rockfill berm (cf. Fig. 9) is given in parentheses: P (158), Q
(100), R (180), S (230), T (107), U (180), V (143), and W (173).

The safety factors for all the cases (cf. Table 2) are presented in
Fig. 10. For each case, the safety factors reduced after every raising
and increased due to the subsequent consolidation. The reason is
that the effective stresses increase at the same rate as the excess
pore pressures dissipate and consequently, the shear strength
increases gradually during consolidation. This means that the
lowest stability of the dam is always found directly after a raising
phase. For cases II to IX, the safety factors increased progressively
with the addition of rockfill berms on the downstream side as
compared to caseNo. I (Fig. 10). Theweight of the rockfill berms on
the downstream toe increased the resistance against sliding,
which in turn increased the slope stability.

The possible failuremechanism of the dam for the fifth and 11th
raisings is presented in Figs. 11 and 12, respectively. The most
likely slip surface occurs along the light blue line. It is seen that
the failure zones are deep and wide in the horizontal direction.

As mentioned earlier, the volume of the rockfill berms was
minimized using an optimization technique by gradually increas-
ing the width and height of a berm until a safety factor of 1.5 was
obtained. This optimization served two purposes, i.e., (i) to mini-
mize the weight of rockfill that is necessary to increase the resist-
ing moment along the failure surface to avoid the condition in
which the overweight of the rockfill berm may increase the slid-
ing moment and reduce stability and (ii) to reduce the construc-
tion cost by utilizing the minimum volume of a rockfill berm

without compromising the slope stability. Case No. IX was consid-
ered to be the optimum case, because safety factors of approxi-
mately 1.5 were attained for all the 11 raisings. The safety analyses
showed that the dam is stable up to the 11th raising (level 410m) if
the rockfill berms are constructed in accordance with case No. IX.

Excess pore pressures
If there is not enough time for the excess pore pressures to

dissipate after each new raising of the dam, they might succes-
sively increase and affect the stability. Therefore, it is interesting
to examine more closely the magnitudes of the excess pore pres-
sures that developed in this analysis. In this paper, the excess pore
pressures are illustrated with the following sign convention. The
excess pore pressures below the phreatic level, where the soil is
fully saturated, are denoted with a negative sign; whereas the
excess pore pressures above the phreatic level (suction), where the
soil is unsaturated, are represented with a positive sign.

Excess pore pressures after the second and 11th raising phase and
their associated subsequent consolidation phases, respectively, are
presented for caseNo. IX in Figs. 13–16. It is seen in Figs. 13 and 14 that
after each raising, relatively high excess pore pressures were ob-
served in material zones 2, 3, and 6 (cf. Fig. 3); particularly, the max-
imum excess pore pressures occurred in these zones directly below
the corresponding embankment. Theoccurrenceofhighexcess pore
pressures in the lower part of the dam is due to the presence of an
impermeable base, and the low permeability of the materials in
zones 2 and 6. The excess pore pressures increased after each raising
(Figs. 13 and 14) and decreased during consolidation (Figs. 15 and 16).
The excess pore pressures also increased cumulatively with the in-
crease in dam height, and the centre of the highest excess pore
pressures moved gradually inwards towards the dam body as the
dam height was increased (Figs. 13 and 14).

Concluding remarks
This study points out that it could take a long time for excess pore

pressures to dissipate during consolidation when an upstream tail-
ings dam is sequentially raised. If excess pore pressures are gradually
built up, a critical stability situation might be created.

By using the finite element method, an optimization technique
has been presented to minimize the volume of the rockfill berms.
In this technique, both consolidation and safety analyses are car-

Fig. 9. Placement of the rockfill berms (P, Q, R, S, T, U, V, and W) on the downstream side to increase slope stability during construction
(optimal case No. IX).

Table 2. Rockfill berms (refer to Fig. 9) proposed for each raising in various computation cases.

Case No. Raising 1 Raising 2 Raising 3 Raising 4 Raising 5 Raising 6 Raising 7 Raising 8 Raising 9 Raising 10 Raising 11

I — — — — — — — — — — —
II — P — — — — — — — — —
III — P — Q — — — — — — —
IV — P — Q R — — — — — —
V — P — Q R S — — — — —
VI — P — Q R S T — — — —
VII — P — Q R S T U — — —
VIII — P — Q R S T U V — —
IX — P — Q R S T U V W —
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Fig. 10. Factor of safety for all raising and consolidation phases of the dam. R and C, raising and consolidation phases, respectively.

Fig. 11. Illustration of the most likely failure mechanism of the dam after fifth raising.

Fig. 12. Illustration of the most likely failure mechanism of the dam after 11th raising.

Fig. 13. Excess pore pressures after second raising.
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ried out and safety factors are computed for each raising. If the
safety factor is less than 1.5, a rockfill berm is placed on the down-
stream side to improve the stability. The volume of a rockfill berm
is minimized by gradually increasing the width and height of the
berm until the desired slope stability is achieved.

It is believed that with this finite element method–based optimi-
zation technique, the desired slope stability of an upstream tailings
dam can be achieved by utilizing the minimum volume of rockfill
berms, which can result in significant construction cost savings.
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ABSTRACT 
A curved embankment (corner) of an upstream tailings dam was analyzed with the finite 
element method to identify possible zones of low compressive stresses susceptible to 
hydraulic fracturing that might initiate internal erosion. The embankment was also 
analyzed as a straight section, with the same cross section as in the corner, in order to 
compare compressive stresses in the corner and the straight section. The analysis showed 
that in comparison to the straight section of the dam, the compressive stresses in the 
corner were (i) much lower above the phreatic level, in the rockfill banks and the filter 
zones, and (ii) fairly lower below the phreatic level. The rockfill and the filter contain 
coarse materials, which are not sensitive to hydraulic fracturing and internal erosion. An 
increase in radius of the corner is proposed to avoid too low compressive stresses that 
may develop due to future raisings. The slope stability analysis showed that the corner is 
currently stable, but an additional rock fill bank on the downstream toe is required for 
future raisings.  
KEYWORDS: tailings dams, curved embankments, cracks, internal erosion, 
hydraulic fracturing, slope stability.  
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INTRODUCTION

A case study of a finite element analysis of an upstream tailings dam named Aitik, located 
in the north of Sweden, is presented. This study investigates the potential risk of hydraulic 
fracturing followed by internal erosion in the corner between the dam sections E-F and G-H 
(Figure 1). The corner E-F/G-H can be considered as a curved embankment in which retained 
tailings exert lateral earth pressure on the inner side of the embankment. Consequently, low 
compressive stresses (and even tensile stresses) may develop near the surface along the outer 
side of the embankment. Thus, the zones of low compressive stresses in the corner may be 
sensitive to hydraulic fracturing and internal erosion. 

In embankments, cracks or weak zones can appear even at very small tensile stresses. If 
no cracks develop immediately due to small deformations, cracking may occur later by 
hydraulic fracturing (Sherard, 1986; Kjaernsli et al., 1992). Internal erosion can then initiate 
through these cracks. Hydraulic fracturing in an embankment dam may occur through the 
zones of low compressive stresses, i.e. along the plane of minor effective principal stress 
(Kjaernsli et al., 1992). Hydraulic fracturing due to high water pressures might have caused 
leakage or failure of many embankment dams (Sherard, 1986; Singh and Varshney, 1995).  

Recently in Hungary, on October 4, 2010, Ajka tailings pond failed at a corner section. In 
this incident, 0.6 million cubic meters of sludge was released, which killed ten and injured 
120 people (WISE, 2010). The possible causes of the failure of Ajka tailings pond were (i)
generation of excess tensile stresses in the corner, and (ii) differences in cross sections of the 
two dikes that formed the corner (Zanbak, 2010).  

In a report (SWECO, 2005), it has been mentioned that low compressive stresses (and 
tensile stresses) might arise at the corner E-F/G-H. Since then, the dam has been raised, and 
the corner has become sharper.  

In this paper, the corner E-F/G-H was analyzed with the finite element program PLAXIS 
2D (Brinkgreve, 2002) in order to locate the zones of low compressive stresses that may be 
susceptible to hydraulic fracturing and internal erosion. The results of this study have been 
previously published in a report (Ormann and Bjelkevik, 2009).  
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Figure 1: Aerial view of Aitik tailings dam and impoundment (Photo 
courtesy of Boliden Mineral AB).     

FINITE ELEMENT MODEL 

The stability of the corner E-F/G-H was analysed with PLAXIS 2D, which is a finite 
element program for numerical analysis of geotechnical structures. The corner represents a 
complex three-dimensional geometry. An axisymmetric condition was assumed to model this 
geometry in two-dimensional space. This condition can be used for circular structures with an 
almost uniform cross section with load distribution around the central axis. In an 
axisymmetric condition, the x-coordinate represents the radius, and the y-coordinate denotes 
the axial line of symmetry. 

It is previously mentioned that due to horizontal pressure of retained tailings at the inner 
side of the corner, too low compressive stresses may occur near the surface along the outer 
side of the corner. It is assumed that if the corner is straightened, then the compressive 
stresses may be sufficiently high to resist hydraulic fracturing and internal erosion. Therefore, 
it is important to compare the compressive stresses in the corner with the straight section of 
the dam. Hence, the corner was also modelled with a plane strain condition, which is 
appropriate for any geotechnical structure - whose length is large compared with its cross 
section. Figure 2 illustrates the difference between a plane strain and an axisymmetric 
condition (Brinkgreve, 2002). In this paper, the compressive stresses are taken as positive and 
the tensile stresses as negative. 
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Figure 2: (a) Plane strain condition, and (b) Axisymmetric condition 
(Brinkgreve et al., 2010). 

It has been assumed that the stored tailings and the dam are raised 3 meter per year 
starting from the level 376 m above mean sea level. The crest level of the dam is 2 m above 
the level of the stored tailings. The present crest level of the dam in year 2010 is 387 m. The 
cross section of the corner is shown in figure 3. The estimated radius is 195 m (Figure 4). It is 
supposed that the dam is to be raised in stages with the upstream construction method with 
side slope of 1:6 (vertical to horizontal). Each stage comprises a raising phase of 10 days and 
a consolidation phase of 355 days.  

Figure 3: Cross section of corner E-F/G-H.
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Figure 4: Plan of existing corner between the dam sections E-F and G-H. 
The radius is 195 m.  

The finite element model of the corner is presented in figure 5. The finite element mesh in 
each cluster is composed of 15 node triangular elements. The computations were initially 
performed with different levels of coarseness of the mesh (fine, and very fine). There was a 
small difference in the results from the computations done with the fine and the very fine 
mesh. Therefore, the fine mesh was used in the analysis to save computational time. The 
horizontal displacements are assumed to be zero along the left vertical boundary. A fixed base 
was used assuming that the bottom of the dam lies on a dense and impervious moraine 
deposit. Water flow can occur through all boundaries in the geometry, except at the left 
vertical boundary and the base.  

Figure 5: Finite element mesh of corner E-F/G-H.  

The Mohr-Coulomb (MC) model was applied to all the materials (tailings, rockfill, and 
filter) in the dam. The MC model is a simple elastic - plastic model, which contains five 
model parameters that can be easily determined from laboratory tests. The parameters of the 
MC model (except Poisson’s ratio and angle of dilatancy), were evaluated from field and 
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laboratory tests, and are presented in Table 1 (Jonasson, 2007; Pousette, 2007; Jonasson, 
2008). The Poisson’s ratio is assumed to be 0.33 for all the materials, which is a 
representative value for this type of analysis (Brinkgreve, 2002). The angle of dilatancy of 
each material is assumed to be zero, which is a convenient assumption for loose and 
contractant soil e.g. tailings that occupy the major portion of the dam.   

The undrained shear strength of loose tailings was determined from direct shear tests. The 
failure was evaluated at 0.15 % of shear strain (SGF, 2004). The undrained shear strength 
results were in agreement with the MC model predictions. Therefore, in this case it can be 
interpreted that the undrained shear strength of loose tailings is not over predicted with the 
MC model, which generally over estimates the undrained shear strength of normally 
consolidated clays (Brinkgreve, 2005).  

As mentioned earlier, the possible risks of hydraulic fracturing followed by internal 
erosion in the corner have been investigated in this study. The hydraulic fracturing can occur 
along the plane of the minor effective principal stress. Therefore, it is important to locate the 
position of the minor effective principal stress in the corner. In this connection, consolidation 
analysis was performed for staged construction of the dam. The minor effective principal 
stress was calculated from the results of the consolidation analysis. In addition to this, safety 
analysis was also carried out to determine the slope stability of the dam. 

Table 1: Parameters of the Mohr-Coulomb model 
(Jonasson, 2007; Pousette, 2007; Jonasson, 2008) 

Material type 
unsat

(kN/m3)

sat

(kN/m3)

kx

(m/s) 

ky

(m/s)

E

(kN/m2)

c'

(kN/m2)

'

(º) 

Moraine (initial dike) 20 22 9.95×10–8 4.98×10–8 20000 1 35 

Layered sand tailings 17 18.5 5.5×10–7 5.56×10–8 9312 9.5 22 
Moraine (dikes) 20 22 4.98×10–8 1×10–8 20000 1 37 
Compacted sand tailings  16 19 1×10–6 9.95×10–8 8790 13 26 

Sand tailings soft at top 18 18 9.95×10–8 1×10–8 3048 6 18 

Compacted sand tailings 
(dikes) 

16 19 1×10–6 9.95×10–8 7200 13 26 

Sand tailings layered at 
top 

17 18.5 5.5×10–7 5.56×10–8 3895 9.5 22 

Filter 18 20 1×10–3 1×10–3 20000 1 32 
Rockfill (downstream  
support) 

18 20 1×10–1 1×10–1 40000 1 42 

Note: unsat is the unit weight above phreatic level, sat is the unit weight below phreatic level, 
kx is the hydraulic conductivity in horizontal direction, ky is the hydraulic conductivity in 
vertical direction, E is the Young’s modulus, c'  is the effective cohesion and ' is the 
effective friction angle. 
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FINITE ELEMENT ANALYSIS 

Evaluation of minor effective principal stress 

An element of a soil under an embankment can be subjected to three principal stresses 
acting on three mutually perpendicular planes. For the geometry of the corner E-F/G-H, two 
of the principal stresses act in the x-y plane, and the third principal stress occurs in the z
direction along the length of the dam. Hence, the normal effective stress 'zz in the z direction
is also a principal stress. The major effective principal stress '1 and the minor effective 
principal stress '2 in the x-y plane can be calculated according to Das (1997): 

( ) τ
σσ

σσσ 2

2

2,1 22
1

xy
yx

yx +
′+′

±′+′=′ (1)

where 'x and 'y  are the effective normal stress components in the  x and y directions
respectively, and xy is the shear stress component in the x-y plane. The values of these stress 
components were directly obtained from the results of the finite element analysis of the 
corner.

The major effective principal stress occurred in the x-y plane. As stated earlier, for this 
analysis, it is essential to locate the minor effective principal stress in the three dimensional 
space. Therefore, the minor effective principal stress '2 in the x-y plane was compared to the 
effective normal stress 'zz in the z direction. Figure 6 illustrates the ratio 'zz / '2 of the 
effective normal stress in the z direction and the minor effective principal stress in the x-y
plane. If the ratio is less than one, the effective normal stress in the z direction is the minor 
effective principal stress in the three dimensional space. In the upper parts of the geometry, 
the effective normal stress in the z direction, dominates as the minor effective principal stress 
in the three dimensional space. When the ratio is equal to one, the minor effective principal 
stress in the x-y plane and the effective normal stress in the z direction are equal. If the ratio is 
greater than one, the minor effective principal stress in the x-y plane acts as the minor 
effective principal stress in the three dimensional space. The ratio of 1 to 1.2 indicates that the 
effective normal stress in the z direction is approximately of the same magnitude as the minor 
effective principal stress in the x-y plane. It is obvious that the minor effective principal stress 
in the three dimensional space is located either in the x-y plane or in the z direction. 

Figure 6: The ratio of the effective normal stress in the z direction and the 
minor effective principal stress in the x-y plane for the axisymmetric 

condition (crest level +384 m).  
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The numerical analysis was carried out with both axisymmetric and plane strain 
conditions. This was done in order to compare the principal stresses '2 and 'zz in the 
axisymmetric and the plane strain cases. For this purpose, an absolute norm Nabs was 
computed for '2 and 'zz (equations 2 and 3).  

                           

plsaxs

absN 22 σσ ′−′=   (2) 

        

pls
zz

axs
zzabsN σσ ′−′=  (3) 

       

where the superscripts “axs” and “pls” represent the axisymmetric and the plane strain 
conditions respectively. The absolute norm shows that there was (i) small difference in 
magnitude of the minor effective principal stress '2 in the x-y plane for the plane strain and 
the axisymmetric cases (Figure 7), and (ii) large reduction of the effective normal stress 'zz in 
the z direction in the axisymmetric condition compared to the plane strain condition (see e.g. 
Figure 8b). Therefore, the effective normal stress 'zz in the z direction is examined in more 
detail in the next section. 

Figure 7: Absolute norm (difference) of the minor effective principal stress 
in the x-y plane for the axisymmetric and the plane strain conditions (crest 

level +384 m). 

Effective normal stress in the z direction 

It was concluded in the previous section that the effective normal stress in the 
longitudinal z direction in the corner need to be further studied to assess the zones of low 
compressive stresses that might be sensitive to hydraulic fracturing and internal erosion.  

In addition to examining the magnitude of the effective normal stress in the z direction in 
the corner, it is important to find out how much the effective normal stress in the z direction in 
the corner is reduced compared to the straight section. This was done by calculating (i) the 
absolute norm Nabs (equation 3), and (ii) the relative norm Nrel (equation 4).  
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( ) pls
zz

pls
zz

axs
zzrelN σσσ ′′−′×=100 (4)

An absolute norm here shows the difference in magnitude of the effective normal stress in 
the z direction in the corner and the straight section. For small values of the absolute norm, it 
may be interpreted that the difference of the effective normal stress in the z direction between 
the corner and the straight section is negligible. In fact, that difference might be considerable, 
if it is evaluated in percentage. Therefore, the relative norm is useful for this purpose. The 
relative norm indicates reduction in percentage of the effective normal stress in the z direction 
in the corner compared to the straight section. A disadvantage with the relative norm is that 
extremely large norm values can be obtained even for small absolute deviations, if the value 
of the effective normal stress 'zz

pls approaches zero. However, in this type of analysis both 
the absolute norm and the relative norm are of significance, and are therefore, studied 
together.

Figures 8a-9a show the magnitude of the effective normal stress 'zz in the z direction for 
the axisymmetric condition. The figures indicate that the effective normal stress in the z
direction increases with depth of the embankment, and low compressive stresses (and tensile 
stresses) occur only on the vicinity of the embankment surface. This is consistent with the 
findings of Sherard (1986) that the internal compressive stresses in an embankment increase 
with depth.  

The absolute and relative norms (Figures 8b-9b and 8c-9c) illustrate that the effective 
normal stress in the z direction in major portion of the cross section was lower in the 
axisymmetric case compared to the plane strain case. The largest difference of the effective 
normal stress in the z direction (between the axisymmetric and plane strain conditions) 
occurred above the phreatic level, in rockfill banks and the filter zones. This area is not 
susceptible to hydraulic fracturing (and consequently to internal erosion), because the material 
is mainly coarse grained and no water flow occurs above the phreatic level. Hydraulic 
fracturing takes place only in materials with low permeability such as dense cores of clay or 
moraine and not in the coarse-grained permeable material such as gravel and stones (Kjaernsli 
et al., 1992).   

Figures 8b-9b and 8c-9c depict that the effective normal stress in the z direction also 
reduced moderately below the phreatic level in axisymmetric condition compared to the plane 
strain condition. A comparison of Figures 8b-9b and 8c-9c indicates that the absolute and 
relative norm values were gradually increased with successive raisings of the dam. This 
implies that with every new raise, the effective normal stress in the z direction in the corner 
was reduced compared to the straight section. Therefore, it is interpreted that when the dam 
will be raised higher, the effective normal stress in the z direction in axisymmetric case can 
reduce significantly even under the phreatic level. 
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Figure 8: (a) Effective normal stress 'zz in the z direction in the 
axisymmetric condition (crest level +384 m). The correlation of 'zz for the 

axisymmetric and the plane strain conditions, (b) absolute norm, and            
(c) relative norm. 
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Figure 9: (a) Effective normal stress 'zz in the z direction in the 
axisymmetric condition (crest level +387 m). The correlation of 'zz for the 

axisymmetric and the plane strain conditions, (b) absolute norm, and            
(c) relative norm.



 Vol. 16 [2011], Bund. I 942 

The corner will be narrower, if raised continuously with side slope of 1:6, and within a 
few years, the crest of the dam will be so sharp that the dam sections E-F and G-H might meet 
and collapse. Presently the corner is stable. However, it might be unstable after future 
raisings. It is recommended to increase the radius of the corner. This can be done by 
increasing the side slope of the corner from 1:6 to 1:12. With a larger radius, a wider beach 
can be maintained which will help to reduce the height of the phreatic level in the 
embankment (Vick, 1990). This implies that a small portion of the embankment may be 
saturated, which can result in low pore pressures and increased strength. As the corner 
widens, the stress situation resemble more of the plane strain condition, with increasing 
compressive stresses in the dam longitudinally.  

Slope stability Analysis 

The slope stability of a dam can be evaluated with the factors of safety. In the safety 
guidelines document for Swedish tailings dams GruvRIDAS (2007), a safety factor of 1.5 is 
recommended for slope stability at the end of construction and during normal operation 
conditions, and 1.3 for extreme conditions. Table 2 shows the safety factors obtained from the 
safety analysis of the corner. 

Table 2: Safety factors for the corner E-F/G-H. 

The safety factors are approximately 1.5; therefore, the slope stability of the corner is 
considered satisfactory for present raising level. The safety factors may reduce during future 
raisings of the dam. In order to maintain desired slope stability of the dam (i.e. safety factor of 
1.5) for next raisings, it is recommended to provide an additional rockfill bank on the 
downstream side.  

CONCLUSIONS

The results of the finite element analysis have shown that the effective normal stress in 
the longitudinal z direction acts as the minor effective principal stress in the upper part of the 
corner. In comparison to the straight section of the dam, the effective normal stress in the z
direction in the corner was (i) much lower above the phreatic level, in the rockfill banks and 
the filter zones, and (ii) moderately lower below the phreatic level. The rockfill and the filter 
contain coarse materials, which are not influenced by hydraulic fracturing and internal 
erosion. Larger reductions of the effective normal stresses in the z direction are expected, 
even below the phreatic level, as the dam height is gradually increased. For future raisings, it 
has been proposed to increase the radius of the corner by increasing the slope inclination of 
the corner section from 1:6 to 1:12. Currently the dam section in the corner has adequate 

Crest level Factor of  safety 

Level +384 m before consolidation 1.43 
Level +384 m after yearly consolidation 1.47 
Level +387 m before consolidation  1.44 
Level +387 m after yearly consolidation 1.47 
Level +390 m before consolidation 1.43 
Level +390 m after yearly consolidation 1.47 



 Vol. 16 [2011], Bund. I 943 

slope stability, but for future raisings, an additional rockfill bank on the downstream side will 
be needed.

Admittedly, the corner is not circular, but due to its uniform cross section, an 
axisymmetric condition was applied. Hence, the obtained results might differ slightly from 
reality; in this regard, three dimensional finite element analyses can give further insight into 
the problem.  

This paper shows that the finite element method can be a good tool to investigate the risks 
of hydraulic fracturing followed by internal erosion in the zones of low compressive stresses 
in a curved embankment of a tailings dam. 
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ABSTRACT

This paper presents a comparison of the results obtained from three dimensional (3D) finite 

element analyses and two dimensional (2D) axisymmetric finite element analyses of a corner 

section of a tailings dam. The aim of the comparison was to find whether the results of 2D 

axisymmetric analyses can be reliable for the complex geometry of the corner. The overall 

purpose of the analyses was to locate tension zones and/or low compression zones and to 

evaluate slope stability during sequential raising of the dam corner. The corner is a potentially

weak section of the dam where tension zones and/or low compression zones may develop. 

Development of such tension zones and/or low compression zones inside the dam corner can 

lead to cracks and initiation of internal erosion. The results of both the 3D analyses and 2D 

axisymmetric analyses indicated that (i) tension zones and/or low compression zones were 

located on the vicinity of the surface of the dam corner mainly above the phreatic level. 

Internal erosion through the embankments is not anticipated because there is a filter zone

along the slope of the dam corner and no water flow occurs above the phreatic level, and (ii)

the dam corner is stable with enough safety up to the planned height provided that the dam 
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corner is gradually strengthened with rockfill berms on the downstream side. The results of 

2D axisymmetric analyses showed a fairly good agreement with those of 3D analyses. It can 

be concluded that 2D axisymmetric analyses are appropriate for this particular dam corner. 

This is an important finding since significant computational time can be saved by utilizing 2D 

analyses instead of 3D analyses. 

Keywords: tailings dam, corner, finite element analysis, internal erosion, consolidation, slope 

stability

1. Introduction

A corner of the Aitik tailings dam is the subject of this study. The dam is situated in the

north of Sweden. The dam corner is being raised with an upstream construction method (see 

e.g. [1]). The deposited tailings exert horizontal pressure on the inside of the curvature of the 

dam corner. This horizontal pressure is expected to increase due to additional raisings of the 

dam corner in future. Consequently, there may be a risk of developing tension zones and/or 

low compression zones in the dam corner. 

Cracks are likely to occur at tension zones and/or low compression zones in the dam corner 

(see e.g. [2-3]). If the cracks appear in the transverse direction (i.e. perpendicular to the length 

of the dam corner), they can create a path for leakage through the embankment. Cracks in the 

dam corner can facilitate the process of internal erosion. The development of such cracks at 

internal portions of the dam corner can pose a potential risk to the stability of the dam corner. 

It is pertinent to mention here a failure of the corner of the Ajka tailings pond in Hungary 

on October 4, 2010. In this incident, 0.6 million cubic meters of a mixture of red mud and 

water were released. As a consequence of this incident, ten people were killed and about 120
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people were injured [4]. One possible cause of this failure was development of cracks at 

tension zones in the corner [5].

Three dimensional (3D) finite element analyses and two dimensional (2D) axisymmetric 

finite element analyses were performed on the corner of the Aitik tailings dam. These 

analyses were carried out to locate tension zones and/or low compression zones and to 

evaluate slope stability of the dam corner. The particular aim of these analyses was to 

compare the results of the 2D axisymmetric analyses with those of the 3D analyses in order to 

find out the reliability of the 2D axisymmetric analyses.

It should be  noted that there are some case studies about finite element analyses of tailings 

dams presented in the literature, see e.g. the references [6-17]. To the authors’ knowledge, the 

validity of 2D axisymmetric analyses for a dam corner has not been addressed before. 

Three dimensional analyses are generally considered to be useful for corners of 

embankments (see e.g. [18-21]). Due to complicated geometry of the corner of the Aitik 

tailings dam, a finite element program for three dimensional models PLAXIS 3D [22] was 

utilized to simulate gradual raisings of the dam up to a height of 76 m. The gradual raisings of 

the dam corner were simulated in various stages. Each stage consisted of a raising phase and a 

consolidation phase. 

The 3D analyses of the dam corner consumed much computational time. For this reason,

the dam corner was also analysed with a two dimensional axisymmetric finite element model 

in the program PLAXIS 2D [23] in order to save computational time. The 2D axisymmetric 

model was chosen on the assumption that the dam corner resembles a nearly circular 

structure. This study was specifically performed to validate the results of the 2D axisymmetric 

analyses.
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2. The Aitik tailings dam

Aitik is a copper mine which is located at about 15 km from Gällivare in the north of Sweden. 

The mine is owned by Boliden Mineral AB and is today one of the largest copper mines in 

Europe and the largest open pit mine in Sweden. The mining activities started in 1968. The 

annual production at the Aitik mine was about 34.3 million tonnes of ore in year 2012.

Tailings are the waste materials which are produced in slurry form during extraction of 

minerals from the ore. At Aitik, the tailings are pumped to the disposal area where they are 

discharged by spigotting from the dam embankments. Based on the particle size, the tailings 

in the vicinity of embankments of the Aitik dam can be classified as silty fine sands according 

to the European Standard EN ISO 14688-1:2002 [24] and as silty sands according to the 

unified soil classification system [25]. 

Fig. 1 shows the tailings impoundment which is spread over an area of 13 square 

kilometers. This impoundment consists of four dams A-B, C-D, E-F (including E-F2 

extension) and G-H. 

Fig. 2 presents a view of the corner E-F/G-H which is the subject of the study. The dam 

corner is being progressively raised in stages. The dam corner was 37 m high in year 2012. It 

is planned to raise the dam corner gradually up to a height of 76 m in year 2026. 
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Fig. 1. Aerial view of Aitik tailings dam and impoundment [26].

Fig. 2. Aerial view of the corner E-F/G-H of the Aitik tailings dam [27]. 

A plan view of the corner is displayed in Fig. 3. The corner ranges between the sections

AA and EE. The dam becomes almost straight after the two outer sections AA and EE. The 

downstream slope of the corner has been gradually flattened out from 1:6 (at sections AA and 
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EE) to 1:12 at the central section CC. For simplification, both the 3D analyses and 2D 

axisymmetric analyses were performed on the corner with a downstream slope of 1:6, which 

gives a conservative estimate for slope stability. 

 
Fig. 3. Plan view of the dam corner [28]. 

3. The finite element models

The finite element programs PLAXIS 3D [22] and PLAXIS 2D [23] were utilized to 

analyse the dam corner to identify tension zones and/or low compression zones and to 

determine slope stability for gradual raisings of the dam. The 3D and 2D finite element 

models, construction schedule and material properties of the dam corner are described below.

3.1. 3D finite element model

The region BBDD of the corner (cf. Fig. 3), with some modifications, has been chosen for 

the 3D analyses. Geometrically, this region is considered to be the most sensitive to the 

potential development of tension zones and/or low compression zones compared to the other 

parts of the dam.
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The 3D model of the dam corner is shown in Fig. 4. The different material zones are 

illustrated in the cross section of the dam corner in Fig. 5. It was mentioned before that the 

tailings material zones 2, 4, 5, 6, 7 and 8 (cf. Fig. 5) can be categorized as silty sands 

according to the unified soil classification system [25]. 

The elevation of the dam corner was +390 m in year 2012 (Fig. 5). It was planned to raise 

the dam corner in several stages at the rates of (i) 3 m per year from level +376 m to +409 m 

and (ii) 2.5 m per year from level +409 m to +429 m (Fig. 5). The sequential raisings of the 

dam corner were simulated in 19 stages. Each stage consisted of a raising phase over 10 days 

followed by a consolidation phase over 355 days.

Fig. 4. Three dimensional model of dam corner.



8 

 

 
Fig. 5. Cross section of dam corner.

The 3D finite element mesh of the dam corner including future raisings (up to level +429 

m) is presented in Fig. 6. In the finite element mesh, 10 noded tetrahedral elements are used. 

These elements give a second order interpolation of displacements [22]. The 3D mesh was 

sufficiently refined to obtain accurate results from the analyses. 

 
Fig. 6. 3D finite element mesh of dam corner. 
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The following boundary conditions were used in the 3D finite element model of the dam 

corner [22]:

1. The vertical model boundaries with their normal in x direction (parallel to the yz plane) 

are fixed in x direction and free in y and z directions. 

2. The vertical model boundaries with their normal in y direction (parallel to the xz

plane) are fixed in y direction and free in x and z directions. 

3. The vertical model boundaries with their normal neither in x nor in y direction are 

fixed in x and y directions and free in z direction. 

4. The model bottom boundary is fixed in all x, y and z directions. 

5. The surface of the model is free in all x, y and z directions.

6. Groundwater flow and/or consolidation are restricted to occur across: the bottom, the 

left vertical boundary, the right vertical boundary, and the curved boundary between 

the left and right vertical boundaries (Fig. 6). All the other boundaries are open where 

groundwater flow and/or consolidation can occur. 

3.2. 2D finite element model

The dam corner has a complex three dimensional geometry. For simplification, the dam 

corner was analysed in a two dimensional space with an axisymmetric model which can be 

used for circular structures with a nearly uniform radial cross section and load distribution

around the central axis. Fig. 7 shows a two dimensional axisymmetric model in which the 

x-coordinate represents the radius and the y-coordinate denotes the axial line of symmetry

[23].
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Fig. 7. Axisymmetric model in two dimensional space [23]. 

Fig. 8 shows the 2D finite element mesh of the dam corner (up to level +429 m). The finite 

elements utilized in the mesh are triangular in shape with 15 nodes. These elements give a 

fourth order (quartic) interpolation for displacements [23]. The 2D mesh was also gradually 

refined to obtain results with sufficient accuracy.  

In the 2D finite element model of the dam corner, water can flow through all boundaries 

except at the left vertical boundary and the base. It is assumed that horizontal displacements 

are zero along the left vertical boundary. There is a dense and impervious moraine layer 

between the bottom of the dam and the bedrock. It was estimated that the average depth of the 

moraine layer is about 8 m [29]. Initially, an analysis was performed on the dam with an 8 m 

thick moraine foundation. From this analysis, it was concluded that the moraine deposit has

only a slight influence on the safety factors and associated slip surfaces. Therefore, for 

convenience, it was assumed that the foundation of the dam on the moraine is rigid and the 

moraine layer was not included in the analysis. However, it may be necessary to include the 

moraine layer in the finite element model, if the dam would be raised further in the future.
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Fig. 8. 2D finite element mesh of dam corner. 

3.3. Material properties

The Mohr-Coulomb (MC) model was utilized to represent the constitutive behaviour of all 

the material zones in the dam corner. The MC model is a simple linear elastic perfectly plastic 

model, which requires five input parameters, i.e. Young’s modulus, Poisson’s ratio, friction 

angle, cohesion and dilatancy angle. These parameters can be determined from basic soil tests 

[22-23]. In addition to the parameters required for the MC model, other soil parameters such 

as unit weight and hydraulic conductivity are also needed for the analyses [22-23].

Field and laboratory tests were performed on the tailings material to evaluate the values of 

the parameters: Young’s modulus, friction angle, cohesion, unit weight and hydraulic 

conductivity [30-31]. On the other hand, suitable values of these parameters for other material 

zones (moraine, filter and rockfill) were obtained from the following references [32-36]. 

Table 1 presents the above mentioned parameters for all the material zones in the dam corner

[30-36]. 

For each material zone of the dam corner, the value of the Poisson’s ratio is assumed to be 

0.33, which is a suitable value for this type of analysis [22-23]. It is assumed that the angle of 

dilatancy is zero for all the material zones of the dam corner [22-23]. This is an appropriate 

assumption because the use of a positive dilatancy angle may lead to unrealistically large 

tensile pore pressures (suction) and the use of a negative dilatancy angle may lead to 

unreasonably high pore pressures [22-23]. 
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Laboratory experiments were conducted with permeameter to determine the hydraulic 

conductivity of the tailings [30]. Because of the layered nature of the tailings, it was assumed 

that the hydraulic conductivity values in the horizontal direction are 10 times greater than the 

values in the vertical direction [30, 32].

The Young’s moduli of the tailings material zones (cf. Fig. 5) are dependent on the 

effective stress state [30]. A value of the Young’s modulus for each material zone was 

determined for a representative value of the effective stress (cf. Table 1 and Fig. 5). During 

raisings of the dam from level +409 m to +429 m, the values of the previous Young’s moduli 

of the tailings material zones 2, 5 and 7 (cf. Fig. 5) were re-calculated because the effective 

stress was increased in the already deposited tailings. The new increased values of the 

Young’s moduli of the tailings material zones 2, 5 and 7 (cf. Table 1 for previous values of 

the Young’s moduli) are about 17400 kPa, 12300 kPa and 8000 kPa, respectively. 

A drawback of the MC model is that it overestimates the undrained shear strength of 

normally consolidated soils [22-23, 37]. In order to check whether the MC model 

overestimates the undrained shear strength of the tailings material mentioned in this paper, the

results of the undrained direct shear tests on the tailings were compared with the 

corresponding results simulated with the MC model and a fair agreement was observed. 

Hence, it can be deduced that the MC model does not overestimate the undrained shear 

strength of the tailings material in the analyses described in this paper.
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Table 1 

Material properties of various zones in the dam corner [30-36].

Note: unsat is the unit weight above phreatic level, sat is the unit weight below phreatic level, kx and ky

is the hydraulic conductivity in horizontal direction, kz is the hydraulic conductivity in vertical 
direction, E is the Young’s modulus, c' is the effective cohesion and ' is the effective friction angle.

3.4. Slope stabilization with rockfill berms

It is relevant to mention here that the downstream side of the dam corner has been 

gradually strengthened with rockfill berms as shown in Fig. 9. The rockfill berms were placed 

during various raising phases to increase slope stability. The rockfill berms are marked with 

the capital letter R followed by a number (Fig. 9). For example, R2 (Fig. 9) indicates that this 

rockfill berm has been placed during second raising. The volume of the rockfill berms,

utilized in the present analyses of the corner, was adopted from another study performed by 

the authors on the straight dam section E-F [38]. The reason for using the same volume of 

rockfill is that both the dam parts, i.e. the dam E-F and the dam corner are almost identical in 

terms of material zones, rate of raising and time for raising and consolidation phases. For the 

Material 
zone 

Material type unsat

kN/m3

sat

kN/m3

kx= ky

m/s

kz

m/s

E

kN/m2

c'

kN/m2

'

º

1 Moraine (initial dike) 20 22 1 10 7 5 10 8 20000 1 35
2 Layered sand tailings 17 19 5 10 7 5 10 8 9300 10 22
3 Moraine (dikes) 20 22 5 10 8 1 10 8 20000 1 37
4 Compacted sand tailings 16 19 1 10 6 1 10 7 8800 13 26
5 Soft sand tailings 18 18 1 10 7 1 10 8 3100 6 18
6 Compacted sand tailings 

(dikes)
16 19 1 10 6 1 10 7 7200 13 26

7, 8 Layered sand tailings 17 19 5 10 7 5 10 8 3900 10 22
9 Filter 18 20 1 10 3 1 10 3 20000 1 32
10, 11 Rockfill (berms + external 

erosion protection)
18 20 1 10 1 1 10 1 40000 1 42
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sake of uniformity and ease of construction, it is also practical to use the same volume of 

rockfill in both parts of the dam. 

 
Fig. 9. Placement of rockfill berms on the downstream side to increase slope stability of the 
dam corner. Here the term R indicates a rockfill berm and the number specifies the raising
during which the rockfill berm was placed.

4. Results 

Coupled deformation and consolidation analyses [22-23, 39-40] were carried out to 

simulate the gradual raisings of the dam corner. These analyses were conducted to estimate 

the development and dissipation of excess pore pressures, as a function of time, in the dam

corner.  

As mentioned before, the purpose of the analyses of the dam corner was to identify tension 

zones and/or low compression zones where cracks and internal erosion may occur. The 

magnitudes of the minor effective principal stresses were used as a criterion to locate potential 

tension zones and/or low compression zones. A tension zone is defined as a zone where the 

minor effective principal stresses are in tension. On the other hand, a low compression zone is 

described as a zone where the magnitudes of the compressive minor effective principal 

stresses are reduced to small values near zero. It is assumed that cracks may develop in the 

dam corner at tension zones and/or low compression zones. 

It is also interesting to observe the directions of the minor effective principal stresses so as 

to know in which direction the potential cracks may develop and progress. A crack in a dam 
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may appear in a direction roughly perpendicular to the direction of the minor effective 

principal stress. If minor effective principal stresses located in the longitudinal direction of the 

dam are of small magnitude, it is likely that cracks may develop in the transverse direction. 

From stability point of view, the cracks in the transverse direction of the dam are more 

dangerous than those in the longitudinal direction. 

Analyses of safety were also performed by computing safety factors for slope stability and 

by observing the potential failure zones for each raising of the dam corner. The results (minor 

effective principal stresses and safety factors) obtained with 3D analyses and 2D 

axisymmetric analyses of the dam are explained and compared to each other. For the sake of 

brevity, the minor effective principal stresses computed from the 3D analyses and the 2D 

axisymmetric analyses are referred to as 3D minor effective principal stresses and 2D minor 

effective principal stresses, respectively. The following sign convention is used in this paper,

the compressive stresses are denoted by a positive sign and the tensile stresses are indicated 

with a negative sign. The sign convention adopted here is opposite to the sign convention 

utilized in the finite element programs PLAXIS 3D and PLAXIS 2D [22-23]. 

4.1. Minor effective principal stresses

The magnitudes of 3D minor effective principal stresses and 2D minor effective principal 

stresses in the dam corner after the 18th raising are shown in Figs. 10 and 11, respectively. 

The magnitudes of both the 3D and 2D minor effective principal stresses indicated that 

tension zones and/or low compression zones are located on the vicinity of the surface of the 

dam corner primarily above the phreatic level (Fig. 11). Internal erosion is not likely to occur

through the embankments because no flow of water occurs above the phreatic level and there 

is a filter zone along the slope of the dam corner (see e.g. [41]).
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As expected, the magnitudes of both the 3D and 2D compressive minor effective principal 

stresses (Figs. 10 and 11) gradually increased from the surface to the bottom of the dam. This 

implies that a zone located in the lower part of the dam corner is more compressed than the 

zones which lie above that zone. The increase in the magnitudes of both the 3D and 2D 

compressive minor effective principal stresses along the depth of the dam corner suggests that 

cracks are not likely to develop in the interior of the dam corner. 

It can be observed that the distribution of magnitude of 2D minor effective principal 

stresses (Fig. 11) closely matches the distribution of magnitude of 3D minor effective 

principal stresses (Fig. 10). 

Fig. 10. Distribution of the magnitude of 3D minor effective principal stresses in the dam 
corner after 18th raising. For visibility, the height of the figure is enlarged twice the original 
height.
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Fig. 11. Distribution of the magnitude of 2D minor effective principal stresses in the dam 
corner after 18th raising. For visibility, the height of the figure is enlarged twice the original 
height.

Figure 12 illustrates the magnitude and directions of 3D minor effective principal stresses 

in the dam at level +376 m. It can be seen that 3D minor effective principal stresses are 

largely located in the longitudinal direction. It is to be noted that the 3D minor effective 

principal stresses in the whole dam body were mainly located in the longitudinal direction 

except at the bottom part of the dam (from level +353 m to +361 m), where the 3D minor 

effective principal stresses were mainly in the transverse direction. The directions of 2D 

minor effective principal stresses were observed to be consistent with the directions of 3D 

minor effective principal stresses. 

From the above results, it is deduced that transverse cracks are not likely to develop in the 

interior of the dam because of the high magnitude of the minor effective principal stresses at 

those locations. The interpretation that cracks are not likely to occur in the interior of the dam, 

implies that there is no increased risk of internal erosion in the dam corner. The reason is that 
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the process of internal erosion in an embankment dam is frequently associated with the 

development of cracks within the dam (see e.g. [41]).

.

Fig. 12. Magnitude and directions of 3D minor effective principal stresses in the dam corner
after 18th raising at level +376 m. Here the directions of the lines indicate the directions of the 
minor effective principal stresses and the colour of the lines represents the magnitude of the 
minor effective principal stresses.

It was mentioned above that there is a close similarity between the magnitudes of the 3D 

minor effective principal stresses and the 2D minor effective principal stresses.  However, the 

quantitative difference in magnitude between the 3D and 2D minor effective principal stresses 

was also evaluated with the help of an absolute norm and a relative norm. The absolute norm
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 gives the difference of the minor effective principal stresses obtained from 2D 

axisymmetric analyses and 3D analyses and is defined as:

=
  (1)

where  represents the minor effective principal stresses computed with the 2D 

axisymmetric analyses and  symbolizes the minor effective principal stresses from the 

3D analyses. 

The relative norm shows increase or decrease, in percentage, of the 2D minor 

effective principal stresses compared to the 3D minor effective principal stresses and is 

expressed as:

= 100 × (
  

)
 (2)

If the values of the absolute norm are small, it may give impression that there is a 

negligible difference between the 2D and 3D minor effective principal stresses. However, the 

difference might be significant, if it is evaluated in percentage. In order to avoid this type of 

misjudgment, the relative norm was computed to quantify the difference in percentage. A 

drawback of the relative norm is that the norm value can be absurdly high even for small 

absolute deviations, if the value of the 3D minor effective principal stress approaches zero                 

(cf. equation 2). Obviously, both norms are needed.

The magnitudes of the 2D minor effective principal stresses were computed at the Gauss 

points in the 2D finite element mesh. The Gauss points in the 2D mesh were different than 

those of the 3D mesh. It is necessary to compare the magnitudes of the 2D and 3D minor 

effective principal stresses at the same locations in the dam. Therefore, an interpolation 

technique was employed to compute the magnitudes of the 3D minor effective principal 
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stresses at those points where the magnitudes of the 2D minor effective principal stresses 

were obtained. 

The values of the absolute norm and the relative norm of the minor effective principal 

stresses were mainly observed in the range of 0 to 10 kPa and 0 to 10 %, respectively. For 

convenience, only the above mentioned range of the values of the absolute norm and the 

relative norm of the minor effective principal stresses is presented here. 

The absolute norm and the relative norm of the minor effective principal stresses, after 

18th raising of the dam corner, are presented in Figs. 13 and 14, respectively. The absolute 

norm (Fig. 13) indicates that in comparison with the 3D minor effective principal stresses, the 

2D minor effective principal stresses were (i) overestimated about 0 to 10 kPa in major 

portions of the dam, and (ii) underestimated about 0 to 10 kPa in remaining parts of the dam. 

The relative norm (Fig. 14) showed the similar trends like the absolute norm (Fig. 13). The 

relative norm illustrates that in comparison with the 3D minor effective principal stresses, the 

2D minor effective principal stresses were (i) about 0-10% higher in major portions of the 

dam, and (ii) about 0-10% lower in remaining parts of the dam. 

From the norm values discussed above, it is interpreted that there is not a significant 

difference between the 2D and 3D minor effective principal stresses in the dam corner. It 

leads to the conclusion that 2D axisymmetric analyses are suitable for this dam corner. This is 

an important finding, because, 2D axisymmetric analyses require much less computational 

time compared to 3D analyses.  
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Fig. 13. Absolute norm of the minor effective principal stresses after 18th raising of the dam
corner. For visibility, the vertical axis in the figure is enlarged compared to the horizontal 
axis. 

Fig. 14. Relative norm of the minor effective principal stresses after 18th raising of the dam
corner. For visibility, the vertical axis in the figure is enlarged compared to the horizontal 
axis. 
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4.2. Slope stability

It was described previously that the raisings of the dam corner were simulated in stages. In 

each stage, the dam corner was raised in 10 days followed by a consolidation period of 355 

days. Moreover, the dam corner was progressively strengthened with rockfill berms on the 

downstream side (cf. Fig. 9). 

The stability of the dam corner was evaluated in terms of factors of safety. The safety 

factor in the finite element programs PLAXIS 3D [22] and PLAXIS 2D [23] is computed by 

means of a strength reduction method [42]. In this method, the strength parameters, i.e.

tangent of the friction angle and the cohesion of the soil are gradually decreased in the same 

proportion until failure of the structure occurs [22-23, 42]. The safety factor is defined as the 

ratio of available shear strength of the soil to the shear strength at failure and is 

mathematically expressed as [42]:

  =
+

 

+  

(3)

where and are the input values and and are the reduced values of the cohesion and 

friction angle of the soil, respectively; and  is the effective normal stress. It is to be noted 

that the definition of the safety factor becomes the same in the strength reduction method as in 

conventional limiting equilibrium methods [42].

The safety factors computed with the 3D analyses and the 2D axisymmetric analyses are 

here referred to as 3D safety factors and 2D safety factors, respectively. Fig. 15 shows the 3D

safety factors and the 2D safety factors for all the raising phases and associated consolidation 

phases. It is seen that the factors of safety increased gradually during the consolidation period 

due to dissipation of excess pore pressures and increase in effective stresses.
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Fig. 15. Comparison of safety factors computed with 3D analyses and 2D axisymmetric 
analyses. Here the terms R and C stand for raising and consolidation phases, respectively.

The dam corner is considered to be safe with respect to slope stability according to 

Swedish tailings dams’ safety guidelines document GruvRIDAS [32] which states that a 

safety factor of 1.5 is needed for a tailings dam to be declared as stable during normal 

operation conditions. 

The 2D safety factors were greater than 1.5 during all the raising phases except for the first

raising where the safety factor was a little bit smaller than 1.5. The 2D safety factors for each 

raising phase and the associated consolidation phase were lower than the corresponding 3D 
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safety factors (Fig. 15). This is most likely due to the fact that, in two dimensional space, the 

potential slip surface in the dam does not gain strength from the adjacent soil in the third 

direction (see e.g. [43]). This implies that the slope stability results of the dam corner 

computed with the 2D axisymmetric analyses were conservative (i.e. more on the safe side)

compared to the corresponding results obtained with the 3D analyses. 

The possible 3D failure mechanism of the dam corner after the 18th raising is displayed in 

Fig. 16. The most likely slip surface occurred along the light blue shape which indicates that 

the slip surface is nearly symmetric in the xz and yz planes. It can be seen that the failure zone

was deep and wide (Fig. 16). The corner is not exactly symmetric, therefore, larger 

deformations were observed in the yz plane as compared to the xz plane (Fig. 16). It is to be 

noted that in slope stability analyses, it is important to observe the shape of the failure zone 

and it is not relevant in a strength reduction method to describe the actual magnitudes of the 

deformations in the failure zone [22-23]. 

The failure mechanism of the dam corner after the 18th raising, obtained from 3D analysis, 

is presented in the two dimensional xz plane (Fig. 17) in order to make a comparison with the 

corresponding failure mechanism taken from 2D axisymmetric analysis (Fig. 18). It can be 

observed that both the slip surfaces were almost similar in width and depth. 

 

Fig. 16. Illustration of the most likely 3D failure mechanism of the dam corner after 18th 
raising.
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Fig. 17. Illustration of the most likely failure mechanism of the dam corner in the two 
dimensional xz plane after 18th raising (taken from 3D analysis). 

 
Fig. 18. Illustration of the most likely failure mechanism of the dam corner after 18th raising 
(obtained with 2D axisymmetric analysis). 

5. Conclusions

A corner section of a tailings dam was analysed with both a 3D finite element model and a 

2D axisymmetric finite element model. The analyses were carried out to identify tension

zones and/or low compression zones and to evaluate slope stability of the dam corner during 

sequential raisings. A relative comparison was presented for the results (the magnitudes and 

the directions of the minor effective principal stresses, and factors of safety) obtained with the 

3D analyses and the 2D axisymmetric analyses. The comparison showed that the results of the 

2D axisymmetric analyses were consistent with the results of the 3D analyses. 

The results of both the 3D analyses and 2D axisymmetric analyses have indicated that the 

tension zones and/or low compression zones were observed in the vicinity of the surface of 

the dam corner, mostly above the phreatic level. It is interpreted that internal erosion is not 

likely to occur through the embankment because there is a filter zone along the slope of the 

dam corner and no flow of water occurs above the phreatic level. The results of both the 3D
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and 2D stability analyses have shown that the dam corner can be raised safely up to a height 

of 76 m, if the dam corner is gradually strengthened with rockfill berms on the downstream 

side. As expected, the safety factors computed with the 3D analyses were greater than those 

from the 2D axisymmetric analyses. 

A fairly good agreement was observed in the magnitudes and directions of the minor 

effective principal stresses computed with the 3D analyses and the 2D axisymmetric analyses

of the dam corner. This, together with the conservative values of the safety factors obtained, 

implies that the 2D axisymmetric analyses are suitable for this particular dam corner. A

significant amount of computational time can be saved by performing 2D analyses of the dam 

corner instead of 3D analyses.
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3D Finite Element Analyses of a Corner at Aitik Tailings Dam in Sweden 

ZARDARI, M.A.1*, MATTSSON, H.1 AND KNUTSSON, S.1 

1Division of Mining and Geotechnical Engineering, Department of Civil, Environmental and 
Natural Resources Engineering, Luleå University of Technology, SE-971 87 Luleå, Sweden 

The 3D finite element analyses were performed for the gradual raisings of a corner section of Aitik 
tailings dam, located in the north of Sweden. The purpose of the analyses was to investigate the potential 
risk of low compressive stresses or tensile stresses in the corner and to evaluate the slope stability of the 
dam for current and future raisings. The results indicate that the magnitudes of the minor effective 
principal stresses in the interior of the dam are sufficient to resist the development of soft zones or cracks 
in the dam and it is interpreted that there is no increased risk of internal erosion. The slope stability 
analyses show that the dam has enough safety up to a height of 76 m, if the dam is gradually strengthened 
with rockfill supports on the downstream side.  

Keywords: tailings dams, corner, cracks, internal erosion, consolidation, slope stability 

1.0 Introduction 

This study presents three dimensional (3D) finite element analyses of the corner between the two 
dam sections (E-F and G-H, shown in Figure 1) of the Aitik tailings dam, located in the north of Sweden. 
The purpose of the analyses is to identify zones of low compressive stresses or tensile stresses in the 
corner and to evaluate slope stability during sequential raising of the dam. It was suspected that low 
compressive stresses or tensile stresses in the corner may develop in the longitudinal direction when the 
lateral earth pressure, along the inside of the corner, will increase due to gradual raisings. Low 
compressive stresses in the corner may lead to soft zones. Hydraulic fractures (cracks) may develop in the 
corner, if the ground water level in the dam rises above the soft zones. The soft zones or cracks in the 
corner can be a potential source for initiation of internal erosion.  

The corner between the dam sections E-F/G-H is primarily raised with the upstream construction method 
(see e.g., Vick 1990). The construction work of the dam is in progress and the dam is being raised in 
stages. The dam is 37 m high in year 2012. It is planned to raise the dam up to a height of 76 m in year 
2026.  

The corner was analysed previously with a two dimensional finite element model (Ormann and Bjelkevik 
2009 and Ormann et al. 2011). In these studies it was suggested to perform three dimensional finite 
element analyses of the corner to get a better understanding of the state of stresses that can develop during 
sequential raising of the dam.  

In this paper, the corner was analysed with the finite element program PLAXIS 3D (Brinkgreve et al. 
2011) to locate the zones of low compressive stresses and to find out the slope stability of the dam. 
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Table 1 Parameters of the Mohr-Coulomb model (Jonasson 2007, Pousette 2007 and Jonasson 2008) 

Note: �unsat is the unit weight above phreatic level, �sat is the unit weight below phreatic level, kx and ky is 
the hydraulic conductivity in horizontal direction, kz is the hydraulic conductivity in vertical direction, E is 
the Young’s modulus, c'  is the effective cohesion and �' is the effective friction angle. 

The following boundary conditions were used in the 3D finite element model (Brinkgreve et al. 2011): 

1. The vertical model boundaries with their normal in x direction (parallel to the yz plane) are fixed 
in x direction and free in y and z directions.  

2. The vertical model boundaries with their normal in y direction (parallel to the xz plane) are fixed 
in y direction and free in x and z directions.  

3. The vertical model boundaries with their normal neither in x nor in y direction are fixed in x and y
directions and free in z direction.  

4. The model bottom boundary is fixed in all x, y and z directions.  
5. All the boundaries in the finite element model of the dam are closed for water flow except the top 

and outer boundary.  

The Young’s modulus of elasticity E of tailings is dependent on confining effective stress (Jonasson 
2007). For raisings of the dam from level +409 m to +429 m, the Young’s moduli of the tailings material 
zones 2, 5 and 7 (cf. Figure 4) were increased to 17350 kPa, 12296 kPa and 7979 kPa, respectively. 

It is relevant to mention here that the downstream side of the corner has been strengthened with rockfill 
banks. These rockfill banks have been placed during various raising phases to increase slope stability of 
the dam. The details of the volume of rockfill banks utilized can be found in another study (Ormann 
2012).  

Material type �unsat

kN/m3

�sat 

kN/m3

kx= ky

m/s 

kz 

m/s

E 

kN/m2

c'  

kN/m2

�' 

º 

        
Moraine (initial dike) 20 22 1×10-7 5×10-8 20000 1 35

Layered sand tailings 17 18.5 5×10-7 5×10-8 9312 9.5 22

Moraine (dikes) 20 22 5×10-8 1×10-8 20000 1 37

Compacted sand tailings 16 19 1×10-6 1×10-7 8790 13 26

Sand tailings soft at top 18 18 1×10-7 1×10-8 3048 6 18

Compacted sand tailings 
(dikes) 

16 19 1×10-6 1×10-7 7200 13 26

Sand tailings layered at top 17 18.5 5×10-7 5×10-8 3895 9.5 22

Filter 18 20 1×10-3 1×10-3 20000 1 32

Rockfill (downstream  
support + external erosion 
protection) 

18 20 1×10-1 1×10-1 40000 1 42
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Figure 7 Factor of safety for all the raising and consolidation phases of the dam (here the terms R and C 

stand for raising and consolidation phases, respectively) 

The factor of safety, in all the raising phases, is greater than 1.5 (Figure 7). The stability of the dam is 
satisfactory according to the Swedish safety guidelines document (GruvRIDAS 2007) which recommends 
a minimum safety factor of 1.5 for slope stability at the end of construction and during normal operation 
conditions for tailings dams.  

The possible failure mechanism of the dam after the 18th raising is illustrated in Figure 8. The most likely 
slip surface occurs along the light blue shape which indicates that the slip surface is nearly symmetric in 
the xz and yz planes. It is seen that the failure zone is deep and wide. The corner is not exactly symmetric, 
therefore, more deformations are observed in the yz plane as compared to the xz plane.  

�
Figure 8 Illustration of the most likely failure mechanism of the dam after 18th raising                         

(crest level +428.5 m) 
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4.0 Conclusions 

The results of the 3D finite element analyses have shown that the magnitudes of the minor 
effective principal stresses in the interior of the dam are satisfactory to resist the development of soft 
zones or cracks in the dam. It is interpreted that internal erosion is not likely to occur in the dam. In 
addition, the stability analyses indicate that the dam can be raised safely up to a height of 76 m provided 
the dam is gradually strengthened with rockfill supports on the downstream side. 
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Abstract

Much of the seismic activity of northern Sweden consists of micro earthquakes occurring 

near postglacial faults. However, larger magnitude earthquakes do occur in Sweden, and 

earthquake statistics indicate that a magnitude 5 event is likely to occur once every 

century. This paper presents dynamic analyses of the effects of larger earthquakes on an 

upstream tailings dam at the Aitik copper mine in northern Sweden. The analyses were 

performed to evaluate the potential for liquefaction, and to assess stability of the dam 

under two unique earthquakes; a commonly occurring magnitude 3.6 event, and a more 

extreme earthquake of magnitude 5.8. The dynamic analyses were carried out with the 

finite element program PLAXIS using a recently implemented constitutive model called 

UBCSAND. The results indicate that the magnitude 5.8 earthquake would likely induce

liquefaction in a limited zone located below the ground surface near the embankment 
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dikes. It is interpreted that stability of the dam may not be affected due to the limited 

extent of the liquefied zone. Both types of earthquakes are predicted to induce tolerable 

magnitudes of displacements. The results of the post-seismic slope stability analysis,

performed for a state after a seismic event, suggest that the dam is stable during both the 

earthquakes. 

Keywords: liquefaction, slope stability, tailings dam, earthquakes, consolidation, finite

element analysis.

1 Introduction

This paper presents finite element analyses of dynamic behaviour of the Aitik tailings 

dam in northern Sweden in response to the impact of an earthquake. It is one of the first 

attempts to investigate the stability of a tailings dam in Sweden, using numerical 

methods to study dynamic loading. The purpose of this study is to evaluate liquefaction 

potential, permanent deformations, and the stability of the dam under both a commonly 

occurring Swedish earthquake and a more extreme event. 

In Sweden, approximately one earthquake with magnitude above three occurs every 

year (SNSN 2013). Using the available database of earthquakes that have occurred in 

Sweden since the 19th century, there are indications of approximately one magnitude 5 

event every century and one magnitude 6 event every millennium (Bödvarsson et al. 

2006). Guidelines on tailings dams in Sweden (GruvRIDAS 2007) suggest that a tailings 

dam needs to be stable for at least 1000 years. In such a long time perspective, it is

therefore relevant to consider the possibility of a large magnitude earthquake 

(GruvRIDAS 2007).
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The Aitik tailings dam is mainly raised using the upstream construction method 

(e.g. Vick 1990). In this raising method, dikes are sequentially constructed on the 

previously deposited tailings that could be in a loose and saturated state. In this type of 

dam structure, pore water in saturated tailings may not drain as rapidly as seismic 

shaking occurs. As a result, excess pore pressures increase cumulatively with each cycle 

of loading. If the excess pore pressures increase to such an extent that effective stresses 

are reduced to near zero, it could lead to a phenomenon called liquefaction (see e.g. 

Robertson and Wride 1998). In the liquefied state, large deformations could occur due to 

low stiffness of the tailings. The deformations progressively increase with each cycle of 

loading and may lead to failure of the dam. It is relevant to mention here that several 

tailings dams, located in different parts of the world, have failed due to seismic 

liquefaction (see e.g. WISE 2013).

Seismic liquefaction in a tailings dam is a complex phenomenon. Therefore, it is 

appropriate to investigate seismic behaviour of the tailings dam with advanced numerical 

software, based on, e.g. the finite element method. To the authors’ knowledge, there are

just a few case studies of tailings dams published, where such advanced numerical tools

have been used, see, e.g. Seid-Karbasi et al. (2011); Seid-Karbasi and Atukorala (2011); 

Seid-Karbasi and Byrne (2004); Byrne and Seid-Karbasi (2003). More case studies of 

this type are needed in order to gain more experience of numerical modelling of seismic 

liquefaction in tailings dams. In this study, numerical modelling of seismic liquefaction 

of the Aitik tailings dam is performed with the finite element program PLAXIS 2D 

(Brinkgreve et al. 2011), using a recently implemented advanced constitutive model 

called UBCSAND (see Petalas and Galavi 2013; Beaty and Byrne 2011). 
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The above information on seismicity in Sweden suggests that it is important to 

analyse liquefaction potential and stability of the Aitik dam by taking into account both 

normal and extreme seismic conditions in Sweden. The modelling technique presented in 

this paper is not unique for the Aitik tailings dam and can be used for other tailings dam 

facilities. 

2 Seismicity of Northern Sweden

Intraplate seismicity is characterized by few, dispersed and irregularly occurring 

earthquakes. In general, these earthquakes tend to be relatively small in magnitude, 

although there are many examples of devastating intraplate earthquakes. England and 

Jackson (2011) report that ~100 out of the ~130 earthquakes that have resulted in a 

thousand or more casualties over the last 120 years world-wide, took place in continental 

interiors. Therefore, they conclude that research efforts should focus on the threat of 

unanticipated earthquakes located in intraplate regions. 

Sweden is located within the Baltic Shield, far away from plate boundaries. Fig. 1

shows that the micro-earthquake activity in northern Sweden is surprisingly high 

(Lindblom 2011; Lindblom and Lund 2011; Lindblom et al. 2011), and focused along 

postglacial faults (e.g. Lagerbäck and Sundh 2008). It has been proposed that these faults 

hosted earthquakes with magnitudes between 7 and 8 when the ice disappeared after the 

latest glaciation, some 10000 years ago (e.g. Arvidsson 1996). The roles of the ice, 

in-situ effective stresses and the nature of the crust have been analysed in terms of fault 

instability (e.g. Muir-Wood 1989; Lund et al. 2009). The Swedish National Seismic 

Network (SNSN, 2013) has recorded 9 earthquakes larger than magnitude 3 in northern 

Sweden since 2000, and in 1983, a magnitude 4.1 earthquake occurred in Solberga in the 
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southern part of the region (Kim et al. 1985). The largest earthquake with waveform data,

from south of Skellefteå, was used in this study.  

Near the Pärvie fault, the longest known postglacial fault in the world (cf. (1) in 

Fig. 1), a number of events have been reported by people living near the fault, and the 

instrumental record contain earthquake data of up to magnitude 4 (FENCAT, 2011). 

Further to the southeast, historical data from the Gulf of Bothnia area derived from 

newspaper reports, suggest that nine earthquakes occurred during the period from 1757 

to 1909 (e.g. Mäntyniemi 2008; 2012). The majority of these events have estimated 

magnitudes of 3.5 to 3.9, with a few events having magnitudes above 4, and the largest 

earthquake with magnitude 4.7 recorded in the Gulf of Bothnia in 1898 (e.g. Mäntyniemi 

2008; 2012). Mäntyniemi (2012) propose that earthquake activity in this region may 

occur in clusters over time. The largest known historical earthquake near the study area 

had a magnitude of 5.3, and is proposed to have occurred in 1819 in Lurøy, Norway 

(Bungum and Olesen 2004).

The Aitik tailings dam is located within about 20 km and 100 km from the large 

underground mines of LKAB in Malmberget and Kiruna, respectively. As the mining 

progress to deeper levels, mining-induced seismicity has been increased. LKAB has 

established local seismic networks to monitor mining-induced seismicity, and the larger 

events are also recorded by the SNSN (2013). Two magnitude 2.9 events were recorded 

in 2007 and 2008 in Malmberget and Kiruna, respectively. 
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Fig. 1 Observed earthquakes from year 1398 and onwards from the joint Nordic 
catalogue at Helsinki University FENCAT (2011) and from 2000 – 2011 by the Swedish 
National Seismic Network (SNSN) at Uppsala University (e.g. Bödvarsson et al. 2006). 
The location of the Aitik tailings dam is indicated by the circle. Red dots show the 
epicentral location of the earthquakes. Blue rectangles shows the location of permanent 
Swedish seismic stations. Postglacial faults are highlighted by numbers: (1) the Pärvie 
fault, (2) the Merasjärvi fault (3) the Lainio-Suijavaara fault, (4) the Stuoragurra fault, 
(5) the Suasselka fault, (6) the Pasmajärvi/Venejärvi fault, (7) the Lansjärv fault and (8) 
the Burträsk fault. Modified from Lindblom (2011)
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3 The Aitik tailings dam

Aitik is the largest open pit copper mine in Sweden. This mine is situated near Gällivare 

in northern Sweden, and is owned by Boliden Mineral AB. The annual production of the 

mine was about 2 million tonnes of ore in 1968. In 2012, this production was expanded 

to 34.3 million tonnes of ore yearly.

Tailings are the by-products which are generated in a mine processing plant when 

minerals are extracted from the ore. The tailings, produced at Aitik, are transported in 

slurry form to the tailings impoundment. The tailings slurry is then discharged through 

spigots in the pipeline along the dam embankments. The tailings which are deposited 

close to the embankments can be classified as silty fine sands according to the European 

standard EN ISO 14688-1:2002, and as silty sands in accordance with the unified soil 

classification system (ASTM D2487-10).

Fig. 2 shows Aitik tailings impoundment which occupies an area of 13 square 

kilometres. The impoundment comprises four dams named A-B, C-D, E-F (including 

E-F2 extension), and G-H. The clarification pond is situated downstream of dam E-F. 
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Fig. 2 Aerial view of Aitik tailings dam and impoundment (modified from Google Maps 
2011)

Stability of the dam E-F, as well as the corner between the dam parts E-F and G-H has 

already been analysed under static loading conditions for gradual raisings (Ormann et al. 

2013; 2011). Among the various dams at the Aitik impoundment, the dynamic finite 

element analyses have been performed on the dam E-F. The consequences of a failure of 

the dam E-F are expected to be more serious compared to failures of other dam parts at 

the Aitik impoundment. The reason is that a failure of the dam E-F may also lead to a 

failure of the dam I-J which is located downstream of the clarification pond (Fig. 2). 

Such a failure would lead to discharge of tailings and waste water which might affect the 

surrounding environment. 



9 
 

4 Finite element model of the dam

The construction of a finite element model basically consists of the following steps 

before calculation: specify the type of analysis and the type of elements, input of 

geometry, input of boundary conditions, input of material properties, mesh generation, 

input of initial conditions and definition of the calculation phases. 

Figure 3 presents the finite element model of the dam E-F. The different material 

zones are illustrated in the model. The tailings material zones 2, 3, 5, 6, 7, and 8 are

categorized as silty sands. The bottom of the dam is at an elevation of 340 m. It has been 

assumed, based on mine production plans, that the tailings are deposited in the 

impoundment at a rate of three meters per year from a level of 376 m. The elevation of

the dam in 2012 was about 390 m and it is planned to raise the dam to the level of 409 m 

in 2018 (cf. Fig. 3). The gradual raisings of the dam, from level 376 m to 409 m, were 

simulated in eleven stages. Each stage consisted of a raising phase over 10 days and a 

consolidation phase over 355 days. 

Fig. 3 Finite element model of dam E-F. Dimensions are in meters
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A finite element program for two dimensional models PLAXIS 2D (Brinkgreve et al. 

2011) was utilized for numerical analyses of the dam. A plane strain condition was 

adopted which is a suitable assumption for both static and dynamic analyses of the long

and straight dam section E-F.

The numerical analyses were conducted in two steps. In the first step, static analyses 

were performed to simulate the sequential raisings of the dam. For this purpose, coupled 

deformation and consolidation analyses (Britto and Gunn 1987; Potts and Zdravkovi

1999; Brinkgreve et al. 2011) were carried out to estimate the development and

dissipation of excess pore pressures, as a function of time, in the dam. In the second step, 

dynamic analyses were performed directly after the 11th raising of the dam (elevation 

409 m, cf. Fig. 3) to evaluate the seismic behaviour of the dam for two different 

earthquake events. In both steps, slope stability analyses were conducted to compute 

safety factors and to observe the potential failures zones in the dam. Slope stability 

analyses for static loading (i.e. gradual raisings) of the dam are described in more detail 

in Ormann et al. (2013). 

Fig. 4 illustrates the finite element mesh adopted in the analyses. Fifteen noded

triangular elements were utilized in the mesh. These elements give a fourth order 

(quartic) interpolation for displacements (Brinkgreve et al. 2011). The finite element 

mesh was sufficiently refined, as suggested by Kuhlemeyer and Lysmer (1973), to ensure

that seismic waves are realistically transmitted through the numerical model. The 

horizontal width of the numerical model was large enough in order to minimize the 

influence of seismic waves that might reflect back from the left vertical boundary. 
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Fig. 4 Finite element mesh of dam E-F

In both the static, and the dynamic analyses, groundwater flow and/or consolidation 

can occur through all the boundaries except the left vertical boundary, and the base. In 

the static analyses, displacements along the left vertical boundary were restrained in the 

horizontal direction; while displacements at the base were restricted in both the 

horizontal, and the vertical directions. In the dynamic analyses, (i) an absorbent boundary 

was utilized on the left vertical boundary to absorb the seismic waves, which otherwise 

would reflect back into the dam body (Brinkgreve et al. 2011), and (ii) a prescribed 

horizontal displacement factor of 0.01 m was applied at the bottom of the model, and 

vertical displacements are set to zero there. The prescribed horizontal displacement 

factor of 0.01 m at the bottom of the model is scaled to the actual magnitudes of the 

displacements that vary with respect to time during an earthquake. In the finite element 

program PLAXIS, an input for a dynamic load can be given with either displacements or 

velocities or accelerations produced due to a seismic shaking (Brinkgreve et al. 2011).

The velocities or accelerations are then converted into displacements in the computation 

process.

The foundation of the dam lies on a dense moraine layer. There is bedrock below the 

moraine layer. The average depth of the moraine deposit is about 8 m (SWECO 2009). It

was assumed that the foundation of the dam on the moraine deposit is rigid and non-

liquefiable; so the moraine layer was not included in the analyses. 
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It is to be noted, in the static analyses, rockfill berms were placed on the downstream 

side of the dam to increase slope stability during various raisings (see Ormann et al. 

2013). The rockfill berms P, Q, R, S, T, U, V, and W (Fig. 5) were placed at the start of 

the second, fourth, fifth, sixth, seventh, eighth, ninth, and tenth raising, respectively. 

Fig. 5 Placement of the rockfill berms P, Q, R, S, T, U, V, and W

5 Constitutive models and material properties

In the static analyses, the Mohr Coulomb model was used to represent the constitutive 

behaviour of all the material zones in the dam. For the dynamic analyses, (i) the 

UBCSAND model (Beaty and Byrne 2011; Petalas and Galavi 2013) was chosen to 

simulate the constitutive behaviour of the tailings material zones, and (ii) the Mohr 

Coulomb model was applied to the filter, moraine, and rockfill zones (cf. Fig. 3) which 

are assumed to be non-liquefiable. A detailed description of the two selected constitutive 

models is presented in the following sections.

5.1 Mohr Coulomb Model

The Mohr Coulomb (MC) model is a simple linear elastic perfectly plastic model which 

requires five input parameters. These input parameters are: Young’s modulus, Poisson’s 

ratio, friction angle, cohesion, and dilatancy angle. These parameters can be obtained 
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from basic soil tests (Brinkgreve et al. 2011). In the finite element program PLAXIS, 

some additional material parameters such as unit weights, and hydraulic conductivities 

are also needed. 

The values of the Young’s modulus, friction angle, cohesion, unit weights, and 

hydraulic conductivities for tailings material zones were determined from field and

laboratory tests (Jonasson 2007, Pousette 2007). Appropriate values of these parameters 

for moraine, filter, and rockfill zones were obtained from the available literature

(Stål et al. 1984; Vattenfall 1988; Bergdahl et al. 1993; Vägverket Bro 2004; 

GruvRIDAS 2007). The above mentioned parameters for all the material zones in the 

dam are presented in Table 1. It is to be remembered that for the dynamic analyses the 

MC model is just utilized for the non-liquefiable zones 1, 4, 9, 10, and 11 (cf. Fig. 3). 

The value of the Poisson’s ratio is assumed to be 0.33 for all the materials in the dam. 

This value of the Poisson’s ratio is considered to be suitable for this type of analysis 

(Brinkgreve et al. 2011). For all material zones in the dam, the value of the dilatancy 

angle is assumed to be zero. This is a convenient assumption. The reason is that 

unrealistically high tensile pore pressures may occur due to the use of a positive value of 

the dilatancy angle; whereas, unreasonably large compressive pore pressures may 

develop if the value of the dilatancy angle is negative (Brinkgreve et al. 2011).

5.2 UBCSAND Model 

UBCSAND is an effective stress elastic-plastic model which is capable of simulating

the liquefaction behaviour of sands and silty sands under seismic loading (Beaty and 

Byrne 2011). The name UBCSAND implies that this model was developed at the 

University of British Columbia for prediction of liquefaction behaviour of sand. An 
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earlier version of the UBCSAND model (Puebla et al. 1997; Beaty and Byrne 1998) was 

used in a case study of dynamic analyses of Mochikoshi tailings dam, in Japan, and the 

results of these analyses were consistent with the observed failure pattern of the dam 

induced due to seismic liquefaction (see Seid-Karbasi and Byrne 2004; Byrne and 

Seid-Karbasi 2003). The UBCSAND model (Beaty and Byrne 2011), with some 

modifications, has been implemented as a user defined soil model in the finite element 

program PLAXIS (Petalas and Galavi 2013). The PLAXIS version of the UBCSAND 

model is utilized in this study. 

The material parameters required for the UBCSAND model are (Petalas and Galavi 

2013): constant volume friction angle , peak friction angle , cohesion , elastic 

shear modulus number , plastic shear modulus number , elastic bulk modulus

number , elastic bulk modulus index , elastic shear modulus index , plastic shear 

modulus index , failure ratio , atmospheric pressure (100 kPa), tension cut-off 

(0 kPa), densification factor , corrected standard penetration test value of the soil 

( ) , and post liquefaction factor .

The constant volume friction angle, the peak friction angle, and cohesion were 

evaluated from direct shear tests on tailings material (Pousette 2007). The values of the 

constant volume friction angle were assumed to be the same as the values of the effective 

friction angle evaluated for the MC model (cf. Table 1). The values of the parameter 

( )
 for tailings were obtained by using correlations (see Robertson and Cabal 2010)

with the results of cone penetration tests which were performed on the Aitik deposit 

(Jonasson 2007). The elastic shear modulus number, the plastic shear modulus number,

and the failure ratio were obtained by curve fitting with the direct shear test results. The 
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elastic bulk modulus number was related to the elastic shear modulus number using the 

Poisson’s ratio (see Petalas and Galavi 2013). For geotechnical problems which involve

unloading and reloading (e.g. dynamic loading), a low value of the Poisson’s ratio is 

recommended to be used in advanced soil models (Brinkgreve et al. 2011). A Poisson’s 

ratio of 0.12 was utilized to evaluate stiffness parameters of the UBCSAND model. This 

value of the Poisson’s ratio is considered to be suitable for this type of analysis (Beaty 

and Byrne 2011, Hardin 1978). For a Poisson’s ratio of 0.12, the elastic bulk modulus 

number is approximately equal to the elastic shear modulus number. Therefore, the same 

value is used for the elastic shear modulus number, and the elastic bulk modulus number.

The elastic shear modulus index, elastic bulk modulus index, and plastic shear modulus 

index were assigned as 0.5, 0.5 and 0.4, respectively (see Beaty and Byrne 2011). 

Appropriate values of the densification factor, and the post liquefaction factor were taken 

as 0.3, and 0.01, respectively (see Naesgaard 2011; Petalas and Galavi 2013). Table 2 

presents the following input parameters: the peak friction angle, the elastic shear 

modulus number, the plastic shear modulus number, the failure ratio, and the corrected 

standard penetration test value of the soil.

It is to be noted that due to unavailability of cyclic direct shear and/or cyclic triaxial 

test results, suitable values of the damping ratio, densification factor, and post 

liquefaction factor were assumed based on results of a case study of an upstream tailings 

dam presented in the literature (Seid-Karbasi and Byrne 2004, Byrne and Seid-Karbasi 

2003). It would of course be better if these parameters had been evaluated from cyclic 

soil tests on Aitik tailings material. However, it is believed that the results of the analyses 
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give reasonable estimates of the liquefaction potential, and the stability of the dam under 

seismic loading conditions.  

Table 1 Parameters of the Mohr Coulomb model (Stål et al. 1984; Vattenfall 1988; 
Bergdahl et al. 1993; Vägverket Bro 2004; GruvRIDAS 2007; Jonasson 2007; Pousette 
2007) 

Note: unsat is the unit weight above phreatic level, sat is the unit weight below phreatic level, kx is 
the hydraulic conductivity in horizontal direction, ky is the hydraulic conductivity in vertical 
direction, E is the Young’s modulus, c' is the effective cohesion and ' is the effective friction 
angle.  
 

Material 
zone 

Material type unsat

kN/m3

sat 

kN/m3

kx 

m/s

ky 

m/s

E 

kN/m2

c'  

kN/m2

' 

º

1 Moraine (initial dike) 20 22 1 10 5 10 20000 1 35

2 Soft sand tailings 18 18 1 10 1 10 9800 6 18

3 Layered sand tailings 17 19 5 10 5 10 9300 10 22
4 Moraine (dikes) 20 22 5 10 1 10 20000 1 37

5 Compacted sand tailings 16 19 1 10 1 10 8800 13 26

6 Soft sand tailings 18 18 1 10 1 10 3000 6 18

7 Compacted sand tailings (dikes) 16 19 1 10 1 10 7200 13 26

8 Layered sand tailings 17 19 5 10 5 10 3900 10 22

9 Filter 18 20 1 10 1 10 20000 1 32

10,11 Rockfill (berms + external 
erosion protection) 

18 20 1 10 1 10 40000 1 42
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Table 2 Some input parameters of the UBCSAND model

Note: is the peak friction angle, is the elastic shear modulus number, is the plastic 
shear modulus number, is the failure ratio, ( )

 is the corrected standard penetration test 
value of the soil.

6 Damping 

The amplitude of elastic waves in soils may decrease with time. This property of elastic

waves is known as material damping (see e.g. Das and Ramana 2011). In dynamic 

computations performed with the finite element program PLAXIS 2D, material damping 

occurs to some extent due to viscous properties of soil, friction, and development of 

plastic strains (Brinkgreve et al. 2011). However, this damping is generally lower than 

the actual damping observed in soils. Therefore, an extra damping is required to simulate 

damping effects in soils in a realistic manner (Brinkgreve et al. 2011). This additional 

damping is provided by means of Rayleigh damping which is a function of mass, and 

stiffness of the soil, and is defined as (see e.g. Zienkiewicz et al. 2005):

= + (1)

where C, M, and K are the damping matrix, the mass matrix, and the stiffness matrix, 

respectively; and are the Rayleigh coefficients. 

The Rayleigh damping coefficients  and can be calculated as a function of two

representative frequencies of the waves which propagate through the soil (Brinkgreve 

Material 
zone

Material type   
 

 
 

 
 

( )
  

 

2,6 Soft sand tailings 18.60 120 36 0.95 6

3,8 Layered sand tailings 22.60 120 36 0.90 6

5,7 Compacted sand tailings 26.80 120 72 0.86 8
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et al. 2011) and an associated damping ratio (Itasca 2011). The two representative 

frequencies, 0.5 Hz, and 9.5 Hz, were obtained by taking into consideration both the 

natural frequencies of the dam, and the input frequencies of the seismic waves. The 

natural frequencies were evaluated from a free vibration analysis of the Aitik dam. 

The UBCSAND model is capable of producing damping. However, for non-

symmetric cyclic loading conditions, the UBCSAND model predicts a less amount of 

damping compared to the damping of soils observed in laboratory tests (Beaty and Byrne 

2011). As additional damping, 1 % of the critical damping (i.e. damping ratio 0.01) was 

assigned to the tailings material zones whose constitutive behaviour was represented with 

the UBCSAND model (see Beaty and Perlea 2011; Stark et al. 2012). On the other hand, 

3 % of the critical damping was assigned to the moraine, rockfill, and filter zones where 

the MC model was utilized (see Beaty and Perlea 2011; Stark et al. 2012).

7 Input for ground motion

The seismic behaviour of the dam was evaluated for one somewhat larger than normal, 

and one extreme earthquake in northern Sweden. For the normal case, an earthquake of 

local magnitude 3.6 was selected. This earthquake occurred in 2010 outside Skellefteå, in 

northern Sweden. The input data for this earthquake was obtained from the Swedish 

National Seismic Network (SNSN). For the extreme case, an earthquake of moment 

magnitude 5.8 was selected. This earthquake occurred in 2011 in Virginia, eastern United 

States. It was chosen because the geology of eastern Unites States is similar to that of 

northern Sweden and no records of such a large magnitude earthquake exist in Sweden. 

The data for the Virginia earthquake was downloaded from the U.S. Geological Survey. 

As the Swedish local magnitude scale is moment based a comparison between the 
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magnitude scales is straightforward and in this case the Virginia earthquake radiated 

approximately 14,000 times more energy than the Skellefteå earthquake. From now on, 

the Skellefteå earthquake will be referred to as the normal earthquake/case, and the 

Virginia earthquake as the extreme earthquake/case.

The input data for both the normal earthquake, and the extreme earthquake are shown 

in Figs. 6 and 7, respectively. It can be seen that the horizontal ground motions of the 

normal earthquake and the extreme earthquake are expressed in velocity, and 

acceleration, respectively. The normal earthquake and the extreme earthquake were 

recorded at a distance of 11 km, and 53 km, respectively. 

In this study, only the horizontal ground motions (accelerations and/or velocities) 

were applied and the vertical ground motions were not considered. The reason is (see 

Seed et al. 1973) that (i) vertical motions cause much less shear stresses compared to 

those due to horizontal motions, and (ii) pore pressures that develop due to vertical 

motions are smaller than those caused by horizontal motions. 

Remember, in the finite element program PLAXIS, a seismic loading can be applied 

with any of the following quantities: velocity, acceleration, or displacement. In order to 

reduce computational time, low values of acceleration and/or velocity are filtered out. It 

is to be noted that the results of the dynamic analyses are not affected by this filtering 

process. 
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Fig. 6 Input ground motion of Skellefteå earthquake (normal case)

Fig. 7 Input ground motion of Virginia earthquake (extreme case)
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8 Results

Dynamic analyses were performed for the state directly after the 11th raising of the Aitik 

dam. This state was chosen because it is considered as critical since excess pore 

pressures have developed due to the gradual raisings of the dam. In the following 

sections, the seismic behaviour of the dam is analysed in terms of excess pore pressures, 

liquefaction, earthquake induced permanent deformations, and post seismic stability.

8.1 Excess pore pressures

Fig. 8 shows excess pore pressures, after 11th raising of the dam, prior to the earthquake 

shakings. Figs. 9 and 10 illustrate the development of excess pore pressures when the 

dam is shaken with the normal and the extreme earthquake, respectively. It can be 

observed that the largest initial excess pore pressures, due to the static loading, are of 

magnitude 95 kPa (Fig. 8). As expected, the largest magnitudes of excess pore pressures,

due to the seismic loadings, have increased to (i) about 220 kPa for the normal

earthquake (Fig. 9), and (ii) about 320 kPa for the extreme earthquake (Fig. 10). As 

anticipated, the magnitudes of the excess pore pressures were higher for the extreme 

earthquake compared to those generated from the normal earthquake. There was an 

increase in excess pore pressures throughout the dam body. The maximum increase in 

excess pore pressures was observed at the lower parts of the dam below the embankment 

dikes (Figs. 9 and 10). 
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Fig. 8 Excess pore pressures in the dam after 11th raising. Negative sign indicates 
suction

Fig. 9 Excess pore pressures after the dam is shaken with normal earthquake. Negative 
sign indicates suction

Fig. 10 Excess pore pressures after the dam is shaken with extreme earthquake. Negative 
sign indicates suction
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8.2 Liquefaction

Liquefied zones in the dam were identified by evaluating the excess pore pressure ratio

which is defined as (Beaty and Byrne 2011):

= ( ) = 1 (2)

where stands for function, is the excess pore pressure and is the vertical effective 

stress in the dam after seismic shaking; is the initial excess pore pressure and  is 

the initial vertical effective stress in the dam prior to earthquake loading. 

It is assumed that liquefaction is likely to occur in the dam at such zones where the

values of the excess pore pressure ratio are equal to or greater than 0.7 (Beaty and Perlea

2011). For the normal earthquake, no liquefaction was observed in the dam with the 

selected input parameters. For the extreme earthquake, potential liquefied zones

( 0.7) are illustrated in Fig. 11. It can be seen that liquefaction is likely to occur in 

the deposited tailings below the ground surface. The potential liquefied zone is located 

about 4 m below the ground surface near the embankment dikes. It can be observed 

(Fig. 11) that the extent of the liquefied zone is limited. It is, therefore, interpreted that 

this liquefied zone could not affect the stability of the dam. The occurrence of a liquefied 

zone below the surface is consistent with general observations that liquefaction initiates 

at the surface and then extends downwards if the seismic shakings generate high excess 

pore pressures in the deep layers (see e.g. Knappett and Craig 2012). 
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Fig. 11 Potential liquefied zones after shaking with extreme earthquake. Dimensions are 
in meters. For visibility, scale of vertical axis is larger than the horizontal axis

8.3 Earthquake induced permanent deformations

The horizontal displacements in the dam induced due to the normal earthquake, and the 

extreme earthquake are shown in Figs. 12 and 13, respectively. The maximum horizontal 

displacements of about 0.3 m and 0.6 m are predicted, in the vicinity of the downstream 

slope, for the normal earthquake, and the extreme earthquake, respectively. As expected, 

the horizontal displacements are controlled by the rockfill berms (see Figs. 12 and 13). 

Figs. 14 and 15 show the predicted vertical displacements after the dam is shaken with 

the normal earthquake, and the extreme earthquake, respectively. It can be seen that the 

maximum vertical displacements of about 0.3 m and 0.4 m mainly occurred on the crest 

of the embankment, for the normal earthquake, and the extreme earthquake, respectively.

The vertical displacements are tolerable because they are much smaller than the 

freeboard (vertical distance between the surface of tailings and crest) which is 2 m. In 

general, total displacements of these magnitudes in a dam (see Kostaschuk et al. 1999) 

are considered to be within acceptable limits.
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Fig. 12 Horizontal displacements in the dam after shaking with normal earthquake. The 
positive direction is to the right

Fig. 13 Horizontal displacements in the dam after shaking with extreme earthquake. The 
positive direction is to the right

Fig. 14 Vertical displacements in the dam after shaking with normal earthquake. The 
positive direction is upward
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Fig. 15 Vertical displacements in the dam after shaking with extreme earthquake. The 
positive direction is upward

8.4 Slope stability

Slope stability of the dam, under static and seismic loading conditions, was assessed on 

the basis of a safety factor. In the finite element program PLAXIS, a strength reduction 

technique is employed to compute safety factors (Brinkgreve et al. 2011). In this 

technique, the tangent of the friction angle, and the cohesion of the soil are gradually 

reduced in the same proportion until the geotechnical structure fails (Brinkgreve et al. 

2011). In the strength reduction method, the safety factor is defined in the same way as 

described in the limit equilibrium methods (Brinkgreve and Bakker 1991).

A safety factor of about 1.45 was achieved directly after the 11th raising (static 

loading). Post seismic safety factors of about 1.32, and 1.22 were obtained from the slope 

stability analyses for the normal earthquake, and the extreme earthquake, respectively.

As expected, these post seismic safety factors are less than the safety factor obtained 

under static loading. This is because shear strength is reduced due to an increase in 

excess pore pressures caused by the earthquakes. 

Post seismic stability of the dam was evaluated with the safety factor criterion 

suggested by ANCOLD (2012) which states that a safety factor of at least 1.2 is required 
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for a tailings dam to be safe enough against seismic shakings. The stability of the dam is 

considered to be satisfactory for both the earthquakes according to the guidelines 

provided by ANCOLD (2012). It is to be noted, for the extreme earthquake, the value of 

the post seismic safety factor of the dam is just on the limit recommended by ANCOLD 

(2012). This implies that the dam may not be safe enough for earthquakes stronger than 

the Virginia earthquake presented in this paper.

In this type of analysis, in addition to the value of the safety factor, it is important to 

identify possible failure zones that would have developed if the dam had failed. Figs. 16

and 17 show such failure zones that were obtained from the post seismic slope stability 

analyses for the normal earthquake, and the extreme earthquake, respectively. It can be 

seen that the failure zone caused by the extreme earthquake is less wide and deep 

compared to the one that developed due to the normal earthquake. This is because the 

extreme earthquake has led to larger tensile pore pressures and higher strength in the 

moraine dikes, and the rockfill berms (cf. Fig. 3); therefore, the failure zone did not 

extend to these zones.  

Fig. 16 Failure zone of the dam after shaking with normal earthquake

Fig. 17 Failure zone of the dam after shaking with extreme earthquake
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9 Concluding remarks

In this paper, seismic behaviour of the Aitik tailings dam was evaluated, based on results 

of dynamic finite element analyses, in terms of liquefaction potential, permanent 

deformations, and post seismic stability. The seismic behaviour of the dam was analysed 

for two cases: (i) a normal case (an earthquake of Swedish local magnitude 3.6), and (ii)

an extreme case (an earthquake of moment magnitude 5.8). The results, for the extreme 

case, indicate that liquefaction could occur in a limited zone located below the surface 

near the embankments. Because of the limited extent of this liquefied zone, it is 

interpreted that the stability of the dam could not be affected. The predicted 

displacements induced by both the earthquakes are considered to be within acceptable 

limits. Post earthquake slope stability analyses suggest that the dam could resist the 

above mentioned earthquakes. However, for the Virginia earthquake, the post-seismic 

safety factor is just on the limit suggested by the available guidelines. Since no vertical 

ground accelerations were used in the numerical modelling, the results may slightly 

differ if the vertical ground accelerations are applied in addition to the horizontal ground 

accelerations. 

The stability of the Aitik tailings dam has been studied due to the occurrence of one 

earthquake at a time. The possibility of subsequent weakening of the structure by 

multiple earthquakes of various magnitudes has not been examined. 

Due to unavailability of cyclic laboratory test results on the Aitik tailings material,

dynamic material properties were evaluated with engineering judgement based on results 

of a case study relevant to this dam. However, it is believed, by utilizing such properties 

in the numerical analyses, the liquefaction potential, the permanent deformations, and the 
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stability of the dam is predicted with fairly good accuracy. If cyclic laboratory tests are 

conducted in the future, they could provide valuable information in further understanding 

of the seismic behaviour of the dam. 
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