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Abstract 

A case study is presented in this paper which describes finite element analysis of staged 

construction of the upstream tailings dam Aitik, located in north of Sweden. The purpose of the 

study is to evaluate stability of the dam for current and future raisings and to strengthen the dam 

with optimum volume of rockfill banks on the downstream side when stability of the dam is not 

satisfactory during a construction stage. The finite element method was utilized to model the 

consolidation process and stability of the dam during the staged construction. The study has 

shown that stability of the dam during raisings was reduced due to build-up of excess pore 

pressures. Therefore, the dam was strengthened with rockfill banks on the downstream side to 

carry out the construction of the dam at a planned rate of raising. An optimization analysis was 

performed in order to reduce the volume of the rockfill necessary for stabilizing the dam. With 

the use of the finite element based optimization approach discussed in this paper, stability of the 

dams during staged construction can be enhanced by utilizing a minimum volume of rockfill 

banks. 
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Introduction 

In this paper, finite element method is utilized to evaluate slope stability during staged 

construction of an upstream tailings dam Aitik, located in north of Sweden. The dam is being 

raised in stages with upstream construction method (see e.g., Vick, 1990). Excess pore pressures 
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can develop due to incremental raising of the dam. If the consolidation process is not 

completed before the placement of new raise, then excess pore pressures can build up 

cumulatively in the dam body. This gradual increase of pore pressures can cause reduction in 

effective stresses and shear strength of the tailings. Therefore, due to presence of high excess 

pore pressures, a critical stability situation may arise during the staged construction of the dam. 

The slope stability of the dam during staged construction has direct relation to the consolidation 

process. The consolidation process for a tailings dam  is  complex.  Hence,  it  is  appropriate  to  

model  the  consolidation  process  and associated  stability of the dam  with  advanced  

software based  on  the  finite element method. 

 

If the rate of raising of the dam is high so that the excess pore pressures are of concern, then a 

stabilization measure can be needed for stability of the dam. The choice of a stabilization 

measure, e.g., vertical drains, dewatering and rockfill supports, depends on location of a dam 

site, and economy. For the Aitik tailings dam, rockfill supports are suggested as a stabilization 

measure during the staged construction. Because sufficient volume of rockfill is available at 

the Aitik mine located at a short distance to the dam. 

 

In this paper consolidation process and slope stability of the dam EF (Fig. 1) was 

modelled  with  finite  element  program  PLAXIS  2D  (Brinkgreve  et  al.,  2011).  An 

optimization analysis was also performed to minimize the volume of rockfill that is necessary 

to maintain  the slope stability of the dam based  on safety guidelines for tailings dams in 

Sweden (GruvRIDAS, 2007). The results of this study have been previously published in a 

report (Ormann, 2012). 

 

The optimization technique to minimize the volume of rockfill discussed in this study can be a 

valuable supplement to the existing literature on the finite element analysis of tailings dams, 

e.g., (Ormann et al., 2011; Saad and Mitri, 2011; Saad and Mitri, 2010; Zandarín et al., 2009; 

Psarropoulos and Tsompanakis, 2008; Gens and Alonso, 2006; Priscu, 1999; Priscu et al., 

1999 and Desai et al., 1998). 
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Fig. 1. Satellite view of Aitik tailings dam and impoundment (Google map, 2011). 

 

 

Finite Element Model 

The numerical analysis was performed on the dam EF using PLAXIS 2D which is a finite 

element software for two dimensional deformation and stability analysis of various types of 

geotechnical applications (Brinkgreve et al., 2011). The dam was analysed with plane strain 

model. In this model, it is assumed that the deformations are zero in the longitudinal 

direction of the dam. 

 

The cross section of the dam containing different material zones is illustrated in Fig. 2. The 

existing level of the dam is +390 m. The rate of raising of the dam is 3 m per year from level 

+376 m to +409 m, while the dam will be raised 2.5 m annually from level 

+409 m to +429 m (Fig. 2). The dam was raised in 19 stages. Each stage consisted of a 

raising phase over 10 days followed by a consolidation phase over 355 days. The dam 

was simulated in stages so as 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  increase  in  strength  due  to  dissipation  of  excess  pore 

pressures and associated increase in effective stresses during consolidation process. 
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Fig. 2. Cross section of dam EF. 

 

The finite element mesh of the dam including future raises (up to level +429 m) is depicted 

in Fig. 3. The 15 noded triangular elements, with 5 nodes on each side, were utilized in the 

finite element mesh. These elements give a fourth order (quartic) interpolation for 

displacements (Brinkgreve et al., 2011). The horizontal displacements are assumed to be 

zero along the left vertical boundary. A fixed base was adopted since the bottom of the dam 

lies on a dense and impervious moraine deposit. 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. 

 

 

 

Fig. 3.  Finite element mesh of dam EF. 
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Material Parameters 

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 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 et al., 2011). 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 modulus of elasticity E of tailings (cf. 

Table 1) was evaluated from the drained triaxial tests (Jonasson, 2007).  

 

Loose tailings                      Table  1.  Parameters  of  the  Mohr-Coulomb  

model  (Jonasson  2007;  Pousette  2007; Jonasson 2008). 

 

 

 

Material type 

 

γunsat 

 

kN/m3
 

 

γsat 

 

kN/m3
 

 

kx 

 

m/s 

 

ky 

 

m/s 

 

E 

 

kN/m2
 

 

c' 

 

kN/m2
 

 

φ' 

 

º 

 

Moraine (initial dike) 

 

20 

 

22 

 

9.95 × 10
-8

 

 

4.98 × 10
-8

 

 

20000 

 

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

 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 

Sand tailings layered 

at top 

17 18.5 5.5 × 10
-7

 5.56 × 10
-8

 3895 9.5 22 

Compacted sand 

tailings (dikes) 

16 19 1 × 10
-6

 9.95 × 10
-8

 7200 13 26 

Rockfill (downstream 

support + erosion 

protection) 

18 20 1 × 10
-1

 1 × 10
-1

 40000 1 42 

Filter 18 20 1 × 10
-3

 1 × 10
-3

 20000 1 32 
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Note: γunsat is the unit weight above phreatic level, γsat 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 φ' is the effective friction angle. 

 

Results 

The slope stability of the dam during staged construction was evaluated with factor of 

safety. The 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 factor is computed with a phi-c reduction technique. In this technique, the 

strength parameters, i.e., tangent of the friction angle φ 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 limiting equilibrium methods 

and the safety factor is defined in the same way in both procedures. 

 

Stability 

Initially, the analysis was carried out on the dam section containing previously existing 

rockfill on the downstream side (Fig. 4). The analysis indicated that there was need for a 

suitable slope stabilization measure in order to carry out the construction of the dam at the 

desired rate of raising. Due to availability of sufficient volume of rockfill at a short distance 

from  the dam,  the rockfill  banks  were considered  as  appropriate for slope stabilization 

of this dam. Therefore, the dam was strengthened with rockfill supports on the downstream 

side (Fig. 4) to provide resistance against slope sliding. 

 

An optimization analysis was also performed (i) to minimize the weight of a rockfill that 

is necessary to increase the resisting force along the failure surface in order to avoid the 

condition in which the over weight of the rockfill bank may increase the sliding force
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and reduce the stability, and (ii) to reduce the construction cost by utilizing the 

minimum volume of a rockfill bank without compromise on slope stability. 

 

The volume of the rockfill banks (R2, R4, R5, R6, R7, R8, R9, R10, R11, R12, 

R14, R15, R16 and R17) was minimized by changing the width and height of the 

each bank until  a  safety  factor  of  approximately  1.5  was  achieved.     The  

placement of  the rockfill banks is illustrated in Fig. 4. 

 

 

 

 

 

 

 

Fig. 4. Placement of the rockfill banks on the downstream side to increase slope 

stability during construction (here the term R stands for raising). 

 

The stability of the dam was evaluated in terms of the factor of safety. The 

safety factor for each stage of construction of the dam, consisting of a raising phase 

and a consolidation phase, is shown in Fig. 5. It is seen that in all the construction 

stages, the critical stability condition (when the factor of safety is lower) occurred 

during raising phases. This decrease of safety factor is directly associated with 

increase of excess pore pressures during raising phases (see, e.g., Fig. 6). The factor 

of safety increased gradually during the partial consolidation period where effective 

stresses were increased due to dissipation of the excess pore pressures (see, e.g., 

Fig. 7). 

 

The dam is considered to be safe with respect to slope stability according to 

Swedish tailings dams’ safety guidelines document GruvRIDAS (2007) which 

states that a safety factor of 1.5 is needed for a tailings dam to be declared as stable 

during normal operation conditions. 
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Fig. 5. 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). 

 

 

 

 

Fig. 6. Excess pore pressures after 11th raising.
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Fig. 7. Excess pore pressures after consolidation of 11th raising. 

 

 

The likely failure mechanism of the dam after 11th and 19th raisings is demonstrated 

in Figs. 8 and 9, respectively. It is seen that the failure zones are deep and wide. 

 

 

 

Fig. 8. Illustration of the most likely failure mechanism of the dam after 11th raising. 

 

 

Fig. 9. Illustration of the most likely failure mechanism of the dam after 19th raising.
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Conclusions 

In  this  paper,  the  slope  stability  during  staged  construction  of  a  tailings  dam  was 

simulated with the finite element method. The slope stability of the dam was enhanced 

by using rockfill banks on the downstream side. An optimization method was described 

to obtain the required stability of the dam by using reduced volume of the rockfill banks. 

The finite element based optimization procedure presented in this paper, can be useful in 

strengthening the dams by utilizing minimum volume of the rockfill supports in order to 

reduce construction costs. 
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