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Introduction
Proper disposal of mining waste is one of 
the biggest concerns of major mines in 
the world. In many mines (especially in 
copper and gold mines), more than 99% 
of the processed materials are turned 
into residual wastes including tailings 
(Villavicencio et al 2013), which generally 
contain a considerable amount of water 
and environmental pollutants. Therefore 
safe and sustainable tailings disposal is 
crucial for protecting water resources and 
the environment against contamination 
hazards. One common method of tailings 
management is the construction of tail-
ings dams (with coarse-grained tailings) 
in the form of raised embankments with 
upstream, downstream or centreline 
designs. The objective of such structures is 
to ensure sufficient and safe storage of tail-
ings during and after mining operations 
(Hamade & Mitri 2013). However, failure 
of two to five tailings dams per year on 
average (Davies 2002; Bowker & Chambers 
2015) shows that conventional seepage 
and stability analyses may not encompass 
all the behavioural aspects of these struc-
tures. Consequently hydro-mechanical 
analyses aimed at determining the actual 
behaviour of tailings dams during staged 
construction and making sure of their sta-
bility and safe operation are of vital (Saad 
& Mitri 2010a).

Besides the dynamic studies, which are 
beyond the scope of this paper, the latest 
numerical studies carried out on tailings 
dams can be divided into three groups. 
The first group includes seepage analyses 
performed with the objective of locating 
the phreatic surface, managing the water 
resources or providing inputs for stability 
analyses. See, for example, the studies 
of Rykaart et al (2001) and Yuan and 
Lei (2015). The second group comprises 
conventional stability analyses that utilise 
numerical or limit equilibrium methods 
to determine the safety factor under static 
and/or pseudo-static conditions. See, for 
example, the studies by Ozcan et al (2013), 
Wei et al (2016) and Zhang et al (2016). 
Owing to the complex behaviour of tail-
ings dams during staged construction, the 
third group of numerical studies focuses 
on hydro-mechanical analyses. For exam-
ple, Psarropoulos and Tsompanakis (2008) 
studied the behaviour and stability of three 
upstream, downstream and centreline tail-
ings dams during staged construction, and 
found that from the stability and displace-
ment perspective, the downstream method 
has the best and the upstream method 
has the worst performance, while the 
centreline method provides intermediate 
results. Saad and Mitri (2010a) performed 
transient coupled non-linear analyses 
on an upstream tailings dam built of oil 
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sand, coal wash and gold tailings in staged 
construction. This study reported that the 
highest pore water pressure (PWP) in the 
impoundment and horizontal displace-
ment in the dam body were observed in 
the model whose materials had the lowest 
permeability. It was also reported that 
total and differential settlement in the 
embankment dykes must be checked to 
prevent erosion and overtopping (Saad & 
Mitri 2010b). Hamade and Mitri (2013) 
developed a new approach for evaluat-
ing the performance of the tailings dam 
by incorporating its hydro-mechanical 
behaviour as well as uncertainties in mate-
rial characteristics. Ormann et al (2013) 
utilised a fully coupled analysis to place 
rock dykes at the downstream side of the 
Aitik tailings dam so that with each raise 
in elevation the safety factor remained 
higher than 1.5. In a three-dimensional 
hydro-mechanical analysis of an upstream 
tailings dam, Hu et al (2015) reported that, 
given the tailings permeability variations 
during the staged construction process, 
the long-term behaviour of the dam is best 
determined through coupled analysis.

To the authors’ knowledge, most 
numerical studies of tailing dams have 
been conducted with the upstream method 
and/or a height of less than 40–60 m. 
However, in most countries, such as 
Chile, the upstream method is forbidden 
outright (Villavicencio et al 2013), and in 
large mines where a high volume of tail-
ings needs to be disposed the use of high 
tailings dams is inevitable. In this article, 
the coupled hydro-mechanical (stress-pore 
pressure) behaviour of a high centreline 
tailings dam is evaluated by coupled stress-
pore pressure analysis, and the effects 
of important factors such as foundation 
permeability, raising rate, anisotropic 
permeability of slimes and dykes slopes on 
structural response are examined. In these 
analyses the realistic conditions of tailings 
dams including saturated-unsaturated 
seepage of materials, consolidation and 
loading due to staged construction are 
simulated with the SIGMA/W finite ele-
ment software (Krahn 2012). The results of 
these analyses provide useful information 
on the performance of this type of tailings 
dam under different conditions.

The studied mine and 
tailings dam
The Sungun porphyry copper mine is 
located 125 km north-east of Tabriz 
in East Azerbaijan Province of north-
western Iran at 43° 46́  E and 38° 42´ N 
(Figure 1). Having a proved reserve of 
about 410 million tons of copper ore with 
an average grade of 0.67% (Ghasemi et al 
2012), this mine is the largest open copper 
pit in Iran, and it is expected to produce at 
least 380 million tons of tailings in about 
30 years. As a result, extensive studies 
have been done on the safe and sustain-
able disposal of tailings in compliance 
with environmental laws in the basin of 
Zarnekabchay Stream located 6 km south-
east of the mine. One of the main options 
for the construction of the Sungun tailings 
dam was the use of cycloned-sand tailings 
for elevation raise with the centreline 
method, which is addressed in this study.

Figure 2 shows the idealised geometry 
of the dam at the maximum cross-section 
along with its main components. The main 
components of this dam are as follows:
1.	 Foundation: To simplify the behavioural 

analysis and make it applicable to other 
high centreline tailings dams, the 
foundation is assumed to have a smooth 
bottom and a thickness of 10 m (based 
on field investigations).

2.	 Starter dam: This structure is made of 
waste rock and an inclined clay core 
rising to a final height of 70 m. In reality 
there is a filter layer, which protects the 
core against piping failure; however this 
layer was not modelled because of its 
low thickness (1 m).

3.	 Sand dykes: This region is modelled 
with underflow tailings and a down-
stream slope of 4H:1V, an upstream 
slope of 2H:1V, a crest width of 10 m, 
and a height of up to 170 m.

4.	 Slimes: Considering the design of 
hydro-cyclones and separation of most 
of the coarse-grained materials from 
tailings slurry, impoundment materials 

Figure 2 Idealised geometry of the dam at the maximum cross-section
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are assumed to consist entirely of fine-
grained tailings (slimes). This section 
is modelled with a length of 490 m in 
a slope of 0.5%, and its freeboard is 
assumed to be equal to 5 m at the end 
of construction. It should be noted that 
the cycloned-sand/slimes interface does 
not include any low permeability core/
barrier system.

Constitutive law and 
materials properties
The geotechnical properties assumed for 
the materials in the hydro-mechanical 
analyses are given in Table 1. All the 
materials are assumed to behave according 
to the elastic perfectly plastic constitutive 
model. SIGMA/W uses the Mohr-Coulomb 
yield criterion as the yield function 
(Krahn 2012):

F	 =	 √J2sin ⎛
⎜
⎝
θ + 

π

3
⎛
⎜
⎝
 – 

J2

3
cos ⎛

⎜
⎝
θ + 

π

3
⎛
⎜
⎝

		  sinφ – 
I1

3
 sin φ́  – c cos φ́ � (1)

where J2 is the second deviatoric stress 
invariant, θ is the lode angle, and I1 is the 
first stress invariant. The plastic potential 
function (G) employed in the software is 
similar to the yield function, except that in 
Equation (1) the dilation angle, ψ, is used 
instead of the effective friction angle, φ́  
(Krahn 2012). The suction influence on the 

strength can be obtained from Equation (2) 
(Krahn 2012):

C = c' + (ua – uw) tanφ' 
(θ – θr)

(θs – θr)
� (2)

where c' is the effective cohesion, θs and θr 
are the saturated and residual volumetric 
water contents, θ is the volumetric water 
content, and (ua – uw) is the matric suction.

The non-linear elastic modulus of sand 
tailings and the foundation are calculated 
with Equation (3) (Byrne et al 1987):

E = k.Pa
⎛
⎜
⎝

σ'v
Pa

⎛
⎜
⎝

n
 = Kσ'vn� (3)

where σ'v is the vertical effective stress, 
Pa is the atmospheric pressure, and K and 
n are the coefficient and power. Based on 
the results of Rowe cell consolidation tests, 
the average elastic modulus of slimes is 
calculated to be 7 000 kPa, which is within 
the range of assumptions or measurements 
reported by Liang and Elias (2010), Jaouhar 
et al (2011), L. Bolduc (2012) and Ferdosi 
et al (2015b). Based on the assumptions of 
L-Bolduc and Aubertin (2014) and Ferdosi 
et al (2015a), the elastic modulus of waste 
rock is assumed to be 50 000 kPa.

To determine the failure parameters, 
the effective friction angle of sand tailings 
is obtained from anisotropically consoli-
dated undrained (CK0U) triaxial shear 
tests conducted over a range of densities 

and cell pressures. In addition, given the 
small difference between φ' values of sand 
tailings and the slimes produced in hard-
rock mines (Bussière 2007), the effective 
friction angle of slimes is assumed to be 
35°, which is within the range of results 
reported by Volpe (1979) and Vick (1990) 
for copper slimes. In view of the discus-
sions by Ferdosi (2014) and based on the 
assumption of Ferdosi et al (2015a), φ́  of 
waste rock is assumed to be 45°. Moreover, 
φ́  and ć  of the core and the foundation 
materials are determined based on the 
results of consolidated drained (CD) tri-
axial shear tests.

Based on the results of constant head 
permeability tests, the average verti-
cal permeability of sand tailings with 
a void ratio of 0.82 is determined to be 
kv = 4.9 × 10–6 m/s. The permeability 
of slimes is obtained by two methods: 
(a) measuring directly at the end of every 
stress increment in a Rowe cell consolida-
tion test, and (b) using the coefficient of 
consolidation (cv), which is within the 
approximate range of 10–7–10–8 m/s in 
the stress of 1–640 kPa. The results of 
consolidation tests show that the effective 
vertical stress function (void ratio) – satu-
rated permeability of tailings can be well 
expressed by an exponential function in 
the form of Equation (4):

kvi

kv0
 = (σ΄vi)–0.363� (4)

Table 1 Geotechnical properties assumed for the materials in the hydro-mechanical analyses

Material
USCS 

classification
γwet  

(kN/m3)
γsat  

(kN/m3)

Poisson’s 
ratio  

(ν)

E  
(kPa)

C' 
(kPa)

φ’ 
(°)

ψ 
(°)

ky  
(m/s)

ky

kx

Water retention curve

Model Parameters

Sand 
tailings

SM 18.5 19.40 0.28
*K = 628
n = 0.5

0 38 5 4.9 × 10–6 0.8
Van Genuchten 
(1980)

a = 2.408
n = 1.716

θs = 0.45
θr = 0.04

Slimes ML – 19.2 0.30 7 000 0 35 0
1.4 × 10–7  

to  
8.7 × 10–9

0.1
Aubertin et al 
(1998); Aubertin 
et al (2003)

D10 = 0.0015
D60 = 0.03

θs = 0.48

Waste rock GW 22 – 0.23 50 000 0 45 10 1.6 × 10–3 1
Aubertin et al 
(1998); Aubertin 
et al (2003)

D10 = 4.7
D60 = 26.2

θs = 0.38

Compacted 
clay (core)

CL 18.3 19.7 0.3 20 000 15 32 0 6.8 × 10–9 0.4
Van Genuchten 
(1980)

a = 14.29
n = 1.14

θs = 0.41
θr = 0.2

Foundation CL – 20.7 0.3
*K = 

1 040 
n = 0.45

10 25 0 6.0 × 10–6 1
Van Genuchten 
(1980)

a = 29.64
n = 1.94

θs = 0.44
θr = 0.08

* Parameters of Equation (3)
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where kvi is the permeability coefficient 
at each stress increment, kv0 is the initial 
permeability coefficient and σ΄v is in kPa. 
Additionally, given the layered nature of 
tailings (Sarsby 2013), the anisotropy ratio 
(kv/kh) is assumed to be 0.8 for sand tailings 
(based on the discussions of Klohn (1979); 
Saad & Mitri (2010a, 2010b)) and 0.1 for 
slimes (based on the discussions and results 
of Vick (1990); Abadjiev (1976); Vermeulen 
(2001); Saad & Mitri (2010a, 2010b)). 
Based on the test results of L-Bolduc and 
Aubertin (2014), permeability of waste rock 
is assumed to be 1.6 × 10–3 m/s, which is 
in the range of results of other researchers 
(L-Bolduc & Aubertin 2014).

To obtain the unsaturated parameters, 
the water retention curve of sand tailings 
is determined by laboratory tests, and is 
then curve-fitted using the Equation (5) 
(Van Genuchten 1980):

θw = θr + 
θs – θr

1 + ⎛⎜
⎝

ψ

a
⎛
⎜
⎝

n m
� (5)

where θw is the volumetric water content 
at different suctions, Ψ is the negative 
pore water pressure, and a (in kPa), n, and 
m are the curve fitting parameters. The 
parameter m is assumed to be equal to 
1 – 1/n (Krahn 2012). For the core mate-
rial, parameters a and n are determined 
using the equations suggested by Tinjum 
et al (1997) for compacted clays, and the 
retention curve of the foundation material 
is assumed to match the default curve 
provided in SIGMA/W for clays containing 
sand and gravel. In addition, the retention 
curve of slimes and waste rock is estimated 
using the modified Kovacs model. This 
model was first introduced by Aubertin et 
al (1998) for tailings from hard-rock mines, 
and was later developed for other soils 
(Aubertin et al 2003). The unsaturated 
permeability function of all the materials is 
determined based on their retention curves 
and on the equation provided by Van 
Genuchten (1980).

Numerical Analysis

Coupled analysis
SIGMA/W is a computer program for 
solving two-dimensional soil consolidation 
problems by using fully coupled analysis 
(Krahn 2012). In this analysis, each node 
of element grid (mesh) is assigned three 
equations, two of which concern the dis-
placements (horizontal and vertical) while 
the third expresses the flow. Variations of 
displacement and pore water pressure can 
be determined by solving these three equa-
tions simultaneously.

Constitutive equation of the soil structure
Equation (6) shows the strain-stress 
development of an unsaturated soil in two-
dimensional space (Fredlund & Rahardjo 
1993):

⎧
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where ε is the normal strain, γ is the shear 
strain, σ is the normal stress, τ is the shear 
stress, ua is the pore air pressure, uw is the 
pore water pressure, E is the elastic modu-
lus of the soil structure, ν is the Poisson’s 
ratio, and H is the modulus of unsaturated 
soil for soil structure in regard to matric 
suction (ua – uw), which can be obtained 
by using the procedure described by Chen 
et al (2014).

Flow equation for water phase
Two-dimensional water flow in saturated-
unsaturated soil is solved with Darcy’s law 
(Fredlund & Rahardjo 1993):

kx

γw 

д2uw

дX 2
 + 

ky

γw 

д2uw

дY2
 + 

дθw

дt
 = 8� (7)

where kx and ky are the permeability on 
the horizontal and vertical directions, uw 
is the seepage velocity, θw is the volumet-
ric water content, γw is the unit weight of 
water, and t is time. The volumetric water 
content of elastic materials is determined 
by Equation (8) (Darkshanamurthy et al 
1984):

θw = 
β

3
εv + ωuw� (8)

where

β = 
E

H  

1

(1 –2v)
 = 

3KB

H
� (9)

 
ω = 

1

R
 – 

3β

H
� (10)

where KB is the bulk modulus and R is a 
modulus relating the change in volumetric 
water content to the change in matric 
suction, and equals the inverse of the 
slope of the soil-water characteristic curve 
(Krahn 2012).

Staged construction and boundary 
conditions of the base model
Figure 3 shows the regions and boundary 
conditions of the base model in the last 
stage of construction. In general, staged 
construction of the dam is modelled in 
three phases.
1.	 In situ analysis: To determine the 

initial stresses in the foundation, the 
volume of each element is multiplied 
by its corresponding unit weight, and 
the resultant force is exerted verti-
cally on the nodal points. SIGMA/W 
determines the horizontal stresses using 
the coefficient of earth pressure at rest, 
k0=ν’/(1 – ν’) (Krahn 2012). In the next 
phases, coupled analysis is conducted 
to determine the pore water pressure 
developed in the foundation due to 

Figure 3 Modelling regions and boundary conditions used for hydro-mechanical analyses
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staged construction of the starter dam, 
impoundment and dykes.

2.	 Starter dam: In view of the model-
ling approach, investigations and 
results provided by Naylor et al (1988), 
Zomorodian et al (2006) and Elia et 
al (2011), the fully coupled analysis of 
staged construction of the starter dam 
is performed by assuming seven 10 m 
thick layers. Furthermore, the total 
construction time of this structure is 
assumed to be two years.

3.	 Dykes and impoundment: Once the 
starter dam has been modelled, slimes 
are disposed of into impoundment and 
sand dykes constructed downstream. 
The fully coupled analysis of dykes 
and impoundment is performed by 
assuming 33 and 32 layers 5 m thick 
respectively. The total duration of this 
operation is assumed to be 30 years, 
with an annual elevation rise of 5.67 m.

Concerning the boundary conditions, in 
the in situ analysis the initial water surface 
is defined to be at the level of the ground 
surface in order to produce hydrostatic 
water pressure in the foundation. In addi-
tion to displacement boundaries, for 
which the method of assignment in all 
the analyses is illustrated in Figure 3, the 
coupled analysis also requires a hydraulic 
boundary condition. For this purpose, 
when a new layer is added to the core and 
slimes, the boundary condition of zero 
pressure (p = 0) is assigned to the upper 
boundary of this layer. With this approach, 

variations of water level are modelled with 
the rise in the elevation of materials, and 
the surface of the new layer can be drained. 
With the addition of the weight of each 
new layer, the resulting increases in the 
pore water pressure in the previous layers 
and the loading-induced consolidation 
are calculated simultaneously using the 
coupled analysis.

Meshing
In view of the inclined geometry of the 
core, mesh is developed in the form of a 
rectangular grid of quads, which is well 
suited for four-sided regions according 
to the software manual (Krahn 2012). 
Other regions have an unstructured 
quad and triangle mesh, which has been 
recommended for various geometries 
(Krahn 2012). Additionally, triangular and 
rectangular elements are assigned with 3 
and 9 Gauss points respectively to enhance 
the accuracy.

Based on the results of mesh con-
vergence analyses, dykes, impoundment 
and foundation are modelled with 5-m 
elements, and layers of starter dam are 
modelled with 10-m elements. This mesh 
consists of 6 246 nodes and 6 064 elements 
in total.

Other models
The previous section explained the 
geometry, material properties and method 
of analysis for the base model. Using 
this base model as the basis of work, the 

hydro-mechanical behaviour of the dam 
under the conditions described in Table 2 
is studied. As this table shows, in Models 1 
and 2 the effect of foundation permeability, 
in Models 3 and 4 the effect of raising rate, 
in Models 5 to 8 the effect of anisotropic 
permeability of slimes, in Models 9 and 10 
the effect of changes in downstream slope, 
and in Model 11 the effect of the presence 
of permeable bedrock on the structural 
response are investigated. Models 5 and 
8 are very unlikely to occur, and they are 
only analysed because of their conceptual 
utility. Moreover, apart from the differ-
ences listed in this table, all the models use 
the same material properties, modelling 
technique and analysis conditions previ-
ously explained for the base model.

Results and discussion
Based on the discussions of Saad and 
Mitri (2010a, b), the hydro-mechanical 
behaviour of the tailings dam during staged 
construction, in terms of pore water pres-
sure developed in the impoundment and 
horizontal displacement of the dam body, 
was evaluated. All outputs were obtained 
for the base model as well as for the other 
models in Table 2, and the results of these 
models are compared. Two cross-sections, 
A and B (see Figure 4), were selected for 
detailed study of the pore water pressure 
in the impoundment and the horizontal 
displacement in the dam body respectively. 
The position of these two cross-sections 

Table 2 �Models used to study the effects of different factors on the hydro-mechanical behaviour of the high centreline tailings dam

Model 
no

Description Parameter
Model 

no
Description Parameter

1 Increasing foundation permeability kh = 1 × 10–3 (m/s) 7 Increasing anisotropic permeability of slimes kv/kh = 0.5

2 Decreasing foundation permeability kh = 1 × 10–7 (m/s) 8 Increasing anisotropic permeability of slimes kv/kh = 1.0

3 Increasing raising rate 25 Years 9 Increasing downstream slope 1H:3V

4 Decreasing raising rate 35 Years 10 Decreasing downstream slope 1H:5V

5 Decreasing anisotropic permeability of slimes kv/kh = 0.01 11 Permeable bedrock Drainage at base

6 Increasing anisotropic permeability of slimes kv/kh = 0.2

Figure 4 Position of cross-sections A and B used for presenting the results of the analyses
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allows them to provide useful information 
on the performance of the impoundment 
and the dam body.

Figure 5 shows the pore water pressure 
and the effective confining pressure in 
cross-section A at the end of construction 
in Models 1–8 and the base model, and 
Figure 6 shows the horizontal displace-
ment in cross-section B at the end of 

construction in all the models (excluding 
Model 11).

The base model
Figure 7 shows the contour lines of the 
pore water pressure developed in the 
impoundment at the end of construction in 
the base model. The peak PWP has devel-
oped in the middle of the impoundment 

at the approximate range of (0.3–0.5) H. 
This is due to the permeability value of the 
foundation and the possibility of drainage 
at the impoundment surface, which cause 
the PWP to dissipate more quickly in the 
upper and lower layers than in the middle 
layers. This can also be seen in cross-
section A in Figure 5(a). The trend of PWP 
change in this cross-section is similar to 
that reported by Gassner and Fourie (1998) 
for the case where the bottom of the tail-
ings was allowed to drain. At heights above 
80 m, the pore water pressure in cross-
section A exceeds the confining pressure, 
and the materials have an undrained-like 
behaviour (see Figure 5). In addition, at all 
heights, the PWP in cross-section A is less 
than the hydrostatic pressure (Figure 5a).

Figure 8 shows the contour lines of 
the horizontal displacement of the dam at 
the end of construction. The maximum 
displacement in the dykes (1.8–2.0 m) is 
observed in the upper section and down-
stream of the starter dam in the range 
of (0.35–0.6) H. This range is similar to 
the results of the analysis conducted by 
Törnqvist and Lindquist (2016) for a high 
tailings dam with similar geometry.

Effect of foundation permeability
The results of field tests conducted by drill-
ing boreholes in the foundation indicate 
that the coefficient of permeability is in 
the range of 10–7–10–3 m/s. Given that the 
obtained field data has no specific distribu-
tion, the effect of permeability of the foun-
dation on the hydro-mechanical behaviour 
was investigated by assuming a fixed value 
for this parameter.

Based on the contour lines of the pore 
water pressure in the impoundment of 
Models 1 and 2 (Figure 9), several results 
can be inferred. First, there is little differ-
ence between the results of the base model 
and Model 1, both of which have a foun-
dation with “low” permeability, and the 
maximum pore water pressure in Model 1 
is about 50 kPa lower than that in the base 
model. This is while the permeability of the 
foundation has increased a hundredfold. In 
Model 2, where the foundation permeabil-
ity is in the category of “very low”, the peak 
pore water pressure in the impoundment 
area has reached more than 1 600 kPa. In 
addition, in this model the bulb of maxi-
mum pore water pressure area has shifted 
closer to the foundation, because of the 
much lower potential for drainage of excess 
pore water through the foundation. This 
is similar to the results obtained by Saad 
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and Mitri (2010a, 2010b) and Ormann et 
al (2013) for upstream tailings dams with 
low permeable foundations, where the bulb 
of maximum pore water pressure has been 
reported to be in the range of approximate-
ly 20 to 30% of the impoundment floor.

According to Figure 5, there is very 
little difference between the base model 
and Model 1 in terms of pore water pres-
sure and effective confining pressure in 
cross-section A. This result indicates 
that, as long as the foundation has a “low” 
permeability, the pore water pressure of 
the impoundment is not very sensitive to 
changes in the permeability coefficient 
of the foundation. However, in Model 2, 
in addition to pore water pressure being 
greater than the base model and closer to 
the hydrostatic pressure, there is a much 
wider difference between the effective con-
fining pressure and the pore water pressure. 
In other words, in cross-section A, a large 
area of the impoundment (from a height of 
approximately 45 m from the floor) has an 
undrained-like behaviour. Nevertheless, in 
the two previous models, this condition is 
observed at heights above 80 m. The trend 
of pore water pressure change in this model 
and at this cross-section is similar to the 
results reported by Gassner and Fourie 
(1998) for the scenario where there was no 
drainage in the model floor.

Comparing the horizontal displacement 
in cross-section B of Models 1 and 2 with 
that of the base models, Figure 6 shows 
little difference between the results of 
Model 1 and the base model, as both have a 
maximum horizontal displacement of about 
1.96 m; however, horizontal displacement 
of Model 2 in cross-section B reaches about 

2.2 m. Therefore, as the permeability of the 
foundation decreases to a “very low” cat-
egory, the PWP developed in the impound-
ment and the resulting seepage force applied 
to the body increase, which in turn result 
in increased horizontal displacement in 
the dam body. The above results show that 
more detailed studies are needed on the 
permeability parameters of the foundation 
of tailings dams.

Effect of raising rate
Duration of construction is an important 
factor in the stability of upstream tailings 

dams and this issue for this method of 
construction has been discussed in inves-
tigations such as those by Sarsby (2013) 
and Saad (2013), although Vick (1990) has 
not specified any limit for the raising rate 
of centreline tailings dams, and has only 
recommended a certain height limit for 
each individual elevation raise.

Figure 10 shows the contour lines of 
the pore water pressure in Models 3 and 
4. It can be observed that the maximum 
pore water pressure (up to 800 kPa) has 
been developed in Model 3, but that in 
Model 4 the pore water pressure developed 

Figure 6 Horizontal displacement in cross-section B (see Figure 4) at the end of construction
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in the impoundment has decreased with 
the decrease in the raising rate down to a 
peak value of 650 kPa. Hence, in general 
the pore water pressure increases with an 
increase in the raising rate because faster 
construction means materials have less 
time for drainage. Obviously, at the end of 
construction, the dam built at a faster rate 

needs a longer time for the pore water pres-
sure to dissipate.

In cross-section A (Figure 5), the pore 
water pressure of Model 3 is closer to the 
hydrostatic pressure than it is in Model 4 
and the base model, but the PWP value 
and the effective confining pressure of all 
three models are almost the same, and 

at a height of above 80 m materials of all 
three models exhibit an undrained-like 
behaviour. In cross-sections closer than A 
to the dam body, all three models show less 
difference between PWP and σ’x; therefore, 
although the maximum pore water pres-
sure of the impoundment increases with 
the raising rate, the overall performance 
of the impoundment near the dam body 
does not depend much on this parameter. 
This causes the horizontal displacement 
in cross-section B of Models 3 and 4 to be 
almost identical to that which is observed 
in the base model (see Figure 6). On the 
whole, an increase (decrease) in the raising 
rate increases (decreases) the maximum 
x-displacement in this cross-section by 
roughly 10%. This amount of change is 
not sufficiently large to cause significant 
changes in the dam performance.

Effect of anisotropic permeability 
of slimes
It has been reported that seepage pattern is 
influenced more by the anisotropic perme-
ability of tailings than by the definite value 
of this coefficient (Sarsby 2013). For this 
reason, some studies, such as those of Klohn 
(1979), Vick (1990) and Sarsby (2013), have 
investigated the effect of this parameter on 
the position of the phreatic surface under 
steady seepage conditions. However, the 
technical literature provides only sparse 
information regarding the effects of anisot-
ropy in the permeability of slimes on the 
development of pore water pressure and 
overall performance of tailings dams during 
staged construction. Thus Models 5 to 8 
are used to evaluate the performance of the 
dam. The resulting contour lines obtained 
for the pore water pressure in the impound-
ment are shown in Figure 11:
(a)	�Maximum PWP of the impoundment 

has decreased from 1 400 kPa in 
Model 5 to 550 kPa in Model 8. This 
means that as kv/kh increases, the 
pore water pressure developed in the 
impoundment decreases because dis-
sipation of excess pore water pressure 
along the vertical direction and flow 
of water towards the impoundment 
surface or the foundation become easier.

(b)	�As kv/kh increases, the bulb of maxi-
mum pore water pressure shifts towards 
the foundation, perhaps because the 
flow of water towards the impoundment 
surface and the dissipation of excess 
pore water pressure along this path 
require less energy than does the flow 
towards the foundation. Thus water 

Figure 9 �Contour lines of pore water pressure developed in the impoundment area at the end of 
construction in (a) Model 1 and (b) Model 2
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pressure dissipation in the upper sec-
tions of the impoundment takes less 
time than it does in the lower sections, 
and the bulb of maximum pore water 
pressure shifts closer to the foundation.

(c)	As kv/kh increases, so does the pore 
water pressure developed in the founda-
tion. In Model 8, the PWP developed in 
the foundation even exceeds the maxi-
mum PWP developed in the impound-
ment. In this model, as the developed 
PWP decreases, the effective vertical 
stress in the impoundment increases 
and the weight of materials exhibits a 
greater effect on the foundation.

(d)	Comparison between the results of the 
base model and Model 6 with maximum 
PWP values of 750 and 550 kPa respec-
tively shows that the slightest change in 
the anisotropy ratio triggers significant 
changes in the maximum PWP and 
its distribution in the impoundment, 
hence the overall performance of the 
impoundment is strongly affected by 
this parameter.

Figure 5 shows a clear increase in the pore 
water pressure and decrease in the effective 
confining pressure with the decrease in 
kv/‌kh. Generally, as this coefficient decreas-
es, the gap between the effective confining 
pressure and the pore water pressure grows, 
and a larger portion of the impoundment in 
cross-section A exhibits an undrained-like 
behaviour. In this situation, the profile of 
pore water pressure shifts closer to the 
hydrostatic pressure, and in some parts of 
Model 5 it even exceeds the hydrostatic 
pressure. The other notable point is the 
negligible effect of changing the anisotropy 
ratio from 0.5 to 1 (in Models 7 and 8) on 
the results in cross-section A.

Examination of Figure 6 for Models 5–8 
shows that in general, as the kv/kh of tail-
ings in the impoundment increases, hori-
zontal displacement of the body decreases. 
The other notable results are as follows:
a.	 In Model 5 the greatest horizontal 

displacement in cross-section B is 2.4 m, 
but in other models it is within the 
range of 1.6 to 1.8.

b.	 Models 7 and 8 have similar displace-
ments. These two models also have the 
same value of PWP developed in cross-
section A at the end of the construction. 
Therefore in the range of kv/kh = 0.5 to 
kv/kh = 1.0, the effect of anisotropy in the 
permeability of slimes on the x-displace-
ments of the studied dam can be ignored.

c.	 Comparison of Model 6 with the base 
model shows that, although the slightest 

change in permeability leads to signifi-
cant changes in the pore water pressure, 
its effect on the horizontal displacement 
in the dam body is somewhat negligible.

d.	 According to Figure 12, in Model 5 
displacements in the impoundment 
are greater than those in the body and 
reach 2.8 m. In this model, given that 
the movement of excess pore water 
pressure is mostly horizontal, slimes are 
subjected to great horizontal seepage 

force, which leads to large horizontal 
displacements in the impoundment.

Effect of changing the downstream 
slope of the dykes
Based on the studies of Rico et al (2008) 
and Bowker and Chambers (2015), the 
downstream slope of the dykes is one of the 
most important factors controlling the sta-
bility of tailings dams, and slope instability 
has led to dam failure on many occasions.

(a)

(b)

(c)

(d)

Figure 11 �Contour lines of pore water pressure developed in the impoundment area at the end of 
construction in (a) Model 5, (b) Model 6, (c) Model 7, (d) Model 8
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Here Models 9 and 10 are used to 
evaluate the effect of changes in the down-
stream slope of the dykes on the horizontal 
displacement of the dam body. Figure 13 
shows the contour lines of the horizontal 
displacement of the body at the end of con-
struction in these two models. In Model 9, 
the maximum horizontal displacement 
in the body is 2.6 m, but in Model 10 
this value has decreased by about 80 cm. 
Therefore, in general, decreasing the slope 
of the dam body triggers a substantial 
decrease in the horizontal displacements.

In Figure 6, a significant effect of a 
change in the downstream slope of the 
dam on the horizontal displacement can be 
observed. In cross-section B, the minimum 
and maximum displacements are observed 
in Models 9 and 10 respectively, and the 
results of other analysed models are all 
within the range bounded by the profiles 
of these two models. Comparison between 
the results of Models 9 and 10 with those 
of the base model shows that an increase in 
the slope changes the displacement more 
noticeably than does a decrease.

Effect of permeable bedrock
Some borehole samples obtained from the 
bedrock show extensive weathering down to 
depths of 10–25 m. Therefore in Model 11, 
the base of the foundation is assumed to 
have a drained boundary condition and the 
resulting effect on the pore water pressure 
of the impoundment is studied (Figure 14a). 
The maximum PWP in the impoundment of 
Model 11 is 50 kPa less than that in the base 
model, so there is actually little difference 
between the pore water pressures developed 
in these two models. In this model, with 
the construction of primary layers of the 
impoundment, the PWP is drained towards 
the bedrock. However, since the rate of 
elevation raise of the impoundment is 
faster than the time needed for complete 
drainage, the movement of water towards 
the bedrock occurs at a slower rate, and the 
PWP becomes almost similar to that of the 
base model. Consequently, the seepage force 
exerted on the dam body is almost the same 

as that in the base model, and both models 
have almost similar horizontal displace-
ments in cross-section B (see Figure 14b). 
Thus it can be seen that the great height 
of the impoundment in comparison to the 
foundation, assuming a drained boundary 
condition at the lower boundary of the 
model, has little effect on the distribu-
tion and value of pore water pressure and 
horizontal displacement.

ConclusionS
The results of this study can be summa-
rised as follows:
1.	 Given the permeability value of the 

foundation in the base model, maxi-
mum pore water pressure was observed 
in the middle of the impoundment in 
the approximate range of (0.2–0.5) H. 
Meanwhile, peak horizontal displace-
ment in the dykes was observed in the 
range of (0.35–0.6) H.

2.	 A decrease in permeability of the foun-
dation has a significant effect on the 
distribution of PWP in the impound-
ment, an effect that is reflected in the 
increased value of the bulb of maximum 
pore water pressure and a shift in its 

position toward the bottom layers of 
the impoundment. This leads to an 
increase in the seepage force exerted 
on the dam body and triggers more 
horizontal displacements.

3.	 Although an increased raising rate 
increases the pore water pressure devel-
oped in the impoundment, its effect on 
horizontal displacement in the body of 
the analysed tailings dam is negligible.

4.	 Anisotropy in the permeability of 
slimes has a significant effect on the 
pore water pressure developed in the 
dam impoundment, as it was observed 
that an increase in the coefficient 
kv/‌kh decreased the maximum PWP 
in the impoundment. It is important 
to note that even a slight change in the 
anisotropy ratio leads to considerable 
changes in the distribution of the PWP 
and its maximum value. Therefore it is 
vitally important to pay due attention 
to this parameter, especially in dams in 
which pore water pressure has a signifi-
cant effect on the structural stability 
(e.g. upstream tailings dams). However, 
from the perspective of displacement in 
the analysed tailings dam, when kv/kh 
is in the range of 0.5–1, this coefficient 

Figure 12 Contour lines of horizontal displacement (m) in the dam at the end of construction in Model 5
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shows an insignificant effect on the 
horizontal displacement of the dam 
body and can therefore be disregarded.

5.	 Changing the downstream slope of the 
dam wall causes significant changes in 
its horizontal displacements. In fact, 
among the analysed parameters, this 
parameter has the greatest effect on the 
horizontal displacement. This result 
shows the importance of paying due 
attention to the outer slope in addition 
to other factors related to dam stability 
in staged construction.

6.	 Given the great height of the dam, the 
permeable bedrock has little effect on 
the horizontal displacement and pore 
water pressure of the dam.

7.	 It can be generally stated that, as the 
pore water pressure in the impoundment 
increases, so do the seepage forces and the 
hydraulic gradient exerted horizontally 

on the dam wall. This leads to greater 
horizontal displacements in the dam. This 
relation is validated by comparing Models 
2, 3 and 5 with the base model.

8.	 From a qualitative perspective, the 
overall performance of the analysed 
tailings dam under different condi-
tions is in good agreement with the 
results obtained by other researchers. 
This is particularly true for the pore 
water pressure developed in the dam 
impoundment. Therefore factors 
affecting the structural response 
of this dam are applicable to other 
‑tailings dams.
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