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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 specific 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 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 postseismic slope stability analysis, performed for a state after a seismic event, suggest that the dam is stable during both the
earthquakes.

1. Introduction

This paper presents finite element analyses of dynamic behav-
iour 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 magni-
tude above three occurs every year [1]. 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 [2]. Guidelines on tailings dams in Sweden
[3] 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 [3].

The Aitik tailings dam is mainly raised using the upstream
construction method [4]. 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
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to liquefaction (see, e.g., [5]). 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., [6]).

Seismic liquefaction in a tailings dam is a complex phe-
nomenon. Therefore, it is appropriate to investigate seismic
behaviour of the tailings dam with advanced numerical
software, based on, for example, the finite element method. To
the authors’ knowledge, there are just a few case studies of tail-
ings dams published, where such advanced numerical tools
have been used (see, e.g., [7-10]). Some similar case stud-
ies regarding seismic behaviour of geotechnical structures
(mainly embankment dams) could be found in the literature
(see, e.g., [11-17]). 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 [18],
using a recently implemented advanced constitutive model
called UBCSAND (see [19, 20]).

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.

1.1 Seismicity of Northern Sweden. Intraplate seismicity is
characterized by few, dispersed, and irregularly occurring
earthquakes. In general, these earthquakes tend to be rela-
tively small in magnitude, although there are many examples
of devastating intraplate earthquakes. England and Jackson
[21] report that ~100 out of the ~130 earthquakes that have
resulted in a thousand or more casualties over the last 120
years worldwide took place in continental interiors. There-
fore, 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. Figure 1 shows that the micro-earthquake
activity in northern Sweden is surprisingly high [22-24] and
focused along postglacial faults (e.g., [25]). It has been pro-
posed 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., [26]). 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., [27, 28]).
The Swedish National Seismic Network [1] 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 southern part of the region [29]. The largest
earthquake with waveform data, from south of Skellefted, was
used in this study.

Near the Parvie fault, the longest known postglacial
fault in the world (cf. (1) in Figure 1), a number of events
have been reported by people living near the fault, and
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FIGURE 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., [2]). The location of the
Aitik tailings dam is indicated by the circle. Red dots show the
epicentral location of the earthquakes. Blue rectangles show the
location of permanent Swedish seismic stations. Postglacial faults
are highlighted by numbers: (1) the Parvie fault, (2) the Merasjarvi
fault, (3) the Lainio-Suijavaara fault, (4) the Stuoragurra fault, (5) the
Suasselka fault, (6) the Pasmajérvi/Venejarvi fault, (7) the Lansjarv
fault, and (8) the Burtrésk fault. Modified from [22].

the instrumental records contain earthquake data of up to
magnitude 4 [30]. 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., [31, 32]). 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., [31, 32]). Méntyniemi [32] proposed 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 Lurey, Norway [33].

The Aitik tailings dam is located within about 20 km and
100 km from the large underground mines of LKAB in Malm-
berget 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 [1]. Two magnitude 2.9 events were
recorded in 2007 and 2008 in Malmberget and Kiruna, res-
pectively.

2. The Aitik Tailings Dam

Aitik is the largest open pit copper mine in Sweden. This mine
is situated near Gillivare in northern Sweden. The annual
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FIGURE 2: Aerial view of Aitik tailings dam and impoundment [36].

production of the mine was expanded to 34.3 million tonnes
of ore yearly in 2012.

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 [34] and as silty
sands in accordance with the unified soil classification system
[35].

Figure 2 shows Aitik tailings impoundment which occu-
pies 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-E

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 raising [37, 38]. Among
the various dams at the Aitik impoundment, the dynamic
finite element analyses have been performed on the dam E-
E 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-] which is
located downstream of the clarification pond (Figure 2). Such
a failure would lead to discharge of tailings and waste water
which might affect the surrounding environment.

3. 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
calculation phases.

Figure 3 presents the finite element model of the Aitik
tailings dam section named 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.

Figure 3). The gradual raising of the dam, from level 376 m to
409 m, was simulated in eleven stages. Each stage consisted
of a raising phase over 10 days and a consolidation phase over
355 days.

The phreatic level of the dam was evaluated using
Piezometers. The phreatic level for first raising is shown in
Figure 4. It can be seen that the phreatic level is on the surface
of tailings and then it is parallel to the downstream slope of
the dam. The same trend of the phreatic level was utilized in
further raising of the dam (see Figure 5).

A finite element program for two-dimensional models
PLAXIS 2D [18] 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 raising of the dam. For this purpose, coupled
deformation and consolidation analyses [18, 39, 40] 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. Figure 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 raising) of the dam are
described in more detail in Ormann et al. [37].

Figure 6 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 [18]. The elements used in the
mesh were 14077 in number. Average size of an element was
about 1.88 m. The finite element mesh was sufficiently refined,
as suggested by Kuhlemeyer and Lysmer [41], 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.

In both the static and the dynamic analyses, ground-
water 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 hori-
zontal 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 [18], and (ii) a pre-
scribed 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 0.01m 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



4 Advances in Materials Science and Engineering
415 7 11
e 4
390 8 : 9
6
365 - %1 Sy
340 2
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
(1) Moraine (initial dike) (5) Compacted sand tailings (9) Filter
(2) Soft sand tailings (6) Soft sand tailings (10) Rockfill berms
(3) Layered sand tailings (7) Compacted sand tailings (dikes) (11) Rockfill (external erosion
(4) Moraine (dikes) (8) Layered sand tailings protection)

FIGURE 3: Finite element model of dam E-F. Dimensions are in meters.

Phreatic level at 1st raising of dam

d

FIGURE 4: Location of phreatic level at first raising of the dam.

Phreatic level at 11th raising of dam

A

FIGURE 5: Location of phreatic level at eleventh raising of the dam.

a seismic shaking [18]. 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. It was assumed that the
foundation of the dam on the moraine deposit is rigid and
nonliquefiable; so the moraine layer was not included in the
analyses.

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 raising (see [37]). The rockfill berms
PQR,S T, UV, and W (Figure 7) were placed at the start
of the second, fourth, fifth, sixth, seventh, eighth, ninth, and
tenth raising, respectively.

3.1. 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
[19, 20] 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. Figure 3) which are assumed to be nonliquefiable. A
detailed description of the two selected constitutive models
is presented in the following sections.

3.2. 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 from
basic soil tests [18]. In the finite element program PLAXIS,

FIGURE 6: Finite element mesh of dam E-E.

some additional material parameters such as unit weights and
hydraulic conductivities are also needed.

The values of Young’s modulus, friction angle, cohesion,
unit weights, and hydraulic conductivities for tailings mate-
rial zones were determined from field and laboratory tests.
Appropriate values of these parameters for moraine, filter,
and rockfill zones were obtained from the available literature
[3, 42-45]. The abovementioned parameters for all the mat-
erial 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 nonliquefiable zones 1, 4, 9, 10, and 11 (cf.
Figure 3).

The value of Poisson’s ratio is assumed to be 0.33 for
all the materials in the dam. This value of Poisson’s ratio is
considered to be suitable for this type of analysis [18]. 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 negative pore pressures
may occur due to the use of a positive value of the dilatancy
angle, whereas unreasonably large positive pore pressures
may develop if the value of the dilatancy angle is negative [18].

3.3. 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 [20]. The name UBCSAND implies that this model
was developed at the University of British Columbia for pre-
diction of liquefaction behaviour of sand. An earlier version
of the UBCSAND model [46, 47] 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 [9, 10]). The UBCSAND model [20], with some modifi-
cations, has been implemented as a user defined soil model in
the finite element program PLAXIS [19]. The PLAXIS version
of the UBCSAND model is utilized in this study.

The material parameters required for the UBCSAND
model are constant volume friction angle ¢,, peak friction
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TABLE 1: Parameters of the Mohr Coulomb model [3, 42-45].

Material zone - Material type TN :f?s rlfqy/s kNlimz kNC/;112 v
1 Moraine (initial dike) 20 22 1x1077 5x107% 20000 1 35
2 Soft sand tailings 18 18 1x1077 1x10°® 9800 6 18
3 Layered sand tailings 17 19 5x1077 5x107 9300 10 22
4 Moraine (dikes) 20 22 5%10°° 1x10°® 20000 1 37
5 Compacted sand tailings 16 19 1x10°° 1x1077 8800 13 26
6 Soft sand tailings 18 18 1x1077 1x1078 3000 6 18
7 Compacted sand tailings (dikes) 16 19 1x107° 1x1077 7200 13 26
8 Layered sand tailings 17 19 5x1077 5x1078 3900 10 22
9 Filter 18 20 1x107° 1x107° 20000 1 32
10, 11 Rockfill (berms + external 18 20 1x 10! 1x 107 40000 1 4

erosion protection)

Note: Yyneq is the unit weight above phreatic level, y,, is the unit weight below phreatic level, k, is the hydraulic conductivity in horizontal direction, k,, is the

hydraulic conductivity in vertical direction, E is Young’s modulus, ¢’ is the effective cohesion, and ¢’ is the effective friction angle.

angle ¢,,, cohesion ¢, elastic shear modulus number K¢, plas-

tic shear modulus number Kg, elastic bulk modulus number
K;, elastic bulk modulus index me, elastic shear modulus
index ne, plastic shear modulus index np, failure ratio Ry,
atmospheric pressure P, (100 kPa), tension cut-oft o, (0 kPa),
densification factor f, .4, corrected standard penetration
test value of the soil (N )49, and postliquefaction factor f,,o.

The constant volume friction angle, the peak friction
angle, and cohesion were evaluated from direct shear tests on
tailings material. The values of the constant volume friction
angle were assumed to be the same as the values of the effec-
tive friction angle evaluated for the MC model (cf. Table 1).
The values of the parameter (N, )4, for tailings were obtained
by using correlations (see [48]) with the results of cone
penetration tests which were performed on the Aitik deposit.
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 elastic bulk modulus
number was related to the elastic shear modulus number
using Poisson’s ratio [19]. For geotechnical problems which
involve unloading and reloading (e.g., dynamic loading), a
low value of Poisson’s ratio is recommended to be used in
advanced soil models [18]. Poisson’s ratio of 0.12 was utilized
to evaluate stiffness parameters of the UBCSAND model.
This value of Poisson’s ratio is considered to be suitable for
this type of analysis [20, 49]. For 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
[20]). Appropriate values of the densification factor and the
postliquefaction factor were taken as 0.3 and 0.01, respectively
(see[19,50]). Table 2 presents the following input parameters:
the peak friction angle, the elastic shear modulus number,

TABLE 2: Some input parameters of the UBCSAND model.

zgit:rial Material type % Ko Ko Ry (Mg
2,6 Soft sand tailings ~ 18.6" 120 36 095 6
38 tL;i'l;rgesd sand 226 120 36 090 6
5.7 Compactedsand oo 159 72 (.86 8

tailings

Note: (p; is the peak friction angle, K is the elastic shear modulus number,

Kg is the plastic shear modulus number, Ry is the failure ratio, and (N1)go
is the corrected standard penetration test value of the soil.

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 postliquefaction
factor were assumed based on results of a case study of an
upstream tailings dam presented in the literature [9, 10].
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 give
reasonable estimates of the liquefaction potential and the
stability of the dam under seismic loading conditions.

3.4. 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., [51]). In dynamic computations
performed with the finite element program PLAXIS 2D,
material damping occurs to some extent due to viscous prop-
erties of soil, friction, and development of plastic strains [18].
However, the hysteretic damping, exhibited by PLAXIS 2D,
is generally lower than the actual damping observed in soils.
Therefore, an extra damping is required to simulate damping
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effects in soils in a realistic manner [18]. 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 [52])

C=aM+ K, 1)
where C, M, and K are the damping matrix, the mass matrix,
and the stiffness matrix, respectively; « and f3 are the Rayleigh
coefficients.

The Rayleigh damping coefficients o and 3 can be
calculated as a function of two representative frequencies
of the waves which propagate through the soil [18] and
an associated damping ratio [53]. The two representative
frequencies, 0.3 Hz and 1.8 Hz, were obtained by taking into
consideration both the natural frequencies of the dam and the
input frequencies of the seismic waves (Figure 8). The natural
frequencies were evaluated from a free vibration analysis of
the Aitik dam. It can be seen from the figure that the two
dominant frequencies of the input motions are 0.3 Hz and
1.8 Hz. The average of these two frequencies is close to the
dominant natural frequency (i.e., 1.2 Hz).

The UBCSAND model is capable of producing damp-
ing. However, for nonsymmetric cyclic loading conditions,
the UBCSAND model predicts a less amount of damping
compared to the damping of soils observed in laboratory
tests [20]. 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 [54, 55]). 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 [54, 55]).

3.5. 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 Skelleftea, 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
United 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 magni-
tude scales is straightforward and in this case the Virginia
earthquake radiated approximately 14,000 times more energy
than the Skellefted earthquake. From now on, the Skellefted
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 Figures 9 and 10, respec-
tively. Both the Skelleftea earthquake and the Virginia earth-
quake were recorded on the bedrock. The instrument res-
ponse has been deconvolved such that Figures 9 and 10 show
true ground velocity and acceleration for the respective earth-
quakes. 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 nor-
mal 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 (accel-
erations and/or velocities) were applied and the vertical
ground motions were not considered. The reason is (see
[56]) that (i) vertical motions cause much less shear stresses
compared to those due to horizontal motions and (ii) pore
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FIGURE 10: Input ground motion of Virginia earthquake (extreme case).

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.

4. 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 raising of the dam. In the
following sections, the seismic behaviour of the dam is anal-
ysed in terms of excess pore pressures, liquefaction, earth-
quake induced permanent deformations, and postseismic
stability.

4.1. Excess Pore Pressures. Figure 11 shows excess pore pres-
sures, after 11th raising of the dam, prior to the earthquake
shakings. Figures 12 and 13 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 (Figure 11). 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 (Figure 12) and (ii) about 320 kPa
for the extreme earthquake (Figure 13). 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 (Figures 12 and 13).
As expected due to dynamic loading, positive excess pore
water pressures developed in contractant zones (soft sand
tailings and layered sand tailings) and negative excess pore
water pressures generated in dilatant zones (moraine dikes,
compacted sand tailings, and rockfill) of the dam.

4.2. Liquefaction. Liquefied zones in the dam were identified
by evaluating the excess pore pressure ratio r, which is
defined as [20]

= ()12 @

Uy Oy

where f stands for function, u, is the excess pore pressure,
and o/, is the vertical effective stress in the dam after seismic
shaking; u, is the initial excess pore pressure and o', is the
initial vertical effective stress in the dam prior to earthquake
loading.
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FIGURE 12: Excess pore pressures after the dam is shaken with normal earthquake. Negative sign indicates suction.

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 [54]. For the normal
earthquake, no liquefaction was observed in the dam with
the selected input parameters. For the extreme earthquake,
potential liquefied zones (r,, > 0.7) are illustrated in Figure 14.
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 (Figure 14)
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., [57]).

4.3. Earthquake Induced Permanent Deformations. The hor-
izontal displacements in the dam induced due to the nor-
mal earthquake and the extreme earthquake are shown in
Figures 15 and 16, 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 Figures 15 and 16).

Figures 17 and 18 show the predicted vertical displace-
ments 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 0.3m and
0.4m 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 2m. In
general, total displacements of these magnitudes in a dam
(see [58]) are considered to be within acceptable limits.

4.4. 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 [18]. 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
[18]. In the strength reduction method, the safety factor is
defined in the same way as described in the limit equilibrium
methods [59]. It is to be noted that the strength reduction
technique is applicable to the MC model only. Therefore,
the MC model was utilized for computation of postseismic
safety factors after performing dynamic analysis with the
UBCSAND model.

A safety factor of about 1.45 was achieved directly after
the 11th raising (static loading). Postseismic safety factors of
about 1.32 and 1.22 were obtained from the slope stability
analyses for the normal earthquake and the extreme earth-
quake, respectively. As expected, these postseismic 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.

Postseismic stability of the dam was evaluated with the
safety factor criterion suggested by ANCOLD [60] which
states that a safety factor of at least 1.2 is required for a
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FIGURE 18: Vertical displacements in the dam after shaking with extreme earthquake. The positive direction is upward.

FIGURE 19: Failure zone of the dam after shaking with normal earthquake.

FIGURE 20: Failure zone of the dam after shaking with extreme earthquake.

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 [60]. It is to be noted, for the extreme earthquake,
the value of the postseismic safety factor of the dam is just
on the limit recommended by ANCOLD [60]. 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. Figures 19
and 20 show such failure zones that were obtained from the
postseismic 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 negative pore pressures and higher strength
in the moraine dikes and the rockfill berms (cf. Figure 3);
therefore, the failure zone did not extend to these zones.

5. 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 defor-
mations, and postseismic 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.
Postearthquake slope stability analyses suggest that the dam
could resist the abovementioned earthquakes. However, for
the Virginia earthquake, the postseismic 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. If cyclic laboratory tests are
conducted in the future, they could provide valuable infor-
mation in further understanding of the seismic behaviour of
the dam.
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