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Abstract
The soil shear wave velocity has long been recognized as an effective parameter in the assessment of the seismic response of
slopes. However, most seismic analyses have been carried out by deterministic models considering just a single realization of soil
shear wave velocity. In other words, only a small number of researchers have explored the spatial variability effects of soil shear
wave velocity on the seismic response of slopes. This paper investigates this phenomenon stochastically, and the auto-correlation
matrix decomposition method based on Monte Carlo Simulation was applied to generate the stationary random fields in order to
simulate the spatial variability of soil shear wave velocity. This framework includes interpreting the coefficient of the soil shear
modulus variation and auto-correlation length effected on maximum horizontal equivalent acceleration. The results showed that
the spatial variation of shear wave velocity might have a significant effect on the dynamic response of the sliding mass if slopes
were subjected to weak ground motions. By contrast, it could have a significant effect on maximum horizontal equivalent
acceleration induced in slopes subjected to intense ground motions.
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Introduction

Since indefinite sliding displacement indicates common de-
struction factors for evaluating the seismic stability of slopes,
the evaluation of this parameter has been taken into consider-
ation by researchers in order to design stable soil structures in
the past few decades. To assess seismic deformation, the anal-
ysis of a rigid sliding block is convenient while the sliding
mass is approximately rigid and shallow (Newmark, 1965). In
this case, the response of the slope can be ignored because the
natural period of slidingmass (Ts) is essentially zero. Thus, the
input time history of acceleration can be used to measure the

displacement by double-integrating it or, alternatively, seismic
loading parameters, such as peak ground acceleration (PGA),
can be utilized to predict sliding displacement from empirical
models. However, flexible sliding masses make inappropriate
the analysis of sliding block when the natural periods are
greater than zero and it is important to consider the dynamic
response of such cases. The dynamic response of sliding mass
is calculated by decoupled analysis without considering
sliding displacement and then, the dynamic responses are
used to analyze the sliding deformation, as reported by
Makdisi and Seed (1978) and Bray and Rathje (1998). In this
analysis, the horizontal equivalent acceleration time history
(HEA, k) is obtained by double-integration of the input accel-
eration time history. Alternatively, maximum horizontal
equivalent acceleration (Kmax) is utilized in empirical models
instead of PGA in order to evaluate the seismic displacement.

In general, the variation of soil properties must be recog-
nized in continuum even within homogeneous soils.
However, most geotechnical analyses have been performed
by deterministic models considering the single realization
(mean values) of soil parameters applied to numerical models
(e.g., Kuriqi et al., 2016; Tavasoli and Ghazavi, 2018). This
simplification leads to increasing uncertainties. In fact, one of
the common sources of discrepancy between the estimated
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and the actual performance of any geotechnical system is the
variability of the soil parameters (Phoon and Kulhawy, 1999).
There are some parameters which represent spatial variability
of soil properties including coefficient of variation (CoV) in-
troduced by mean value and variance, auto-correlation length
(θ), and probability distribution. In recent years, spatial vari-
ability of soil properties and randomness of soil behavior have
received considerable attention. Several geotechnical and geo-
logical studies have been carried out to provide detailed infor-
mation on the spatial distribution of soil characteristics for
geotechnical and structural designs (e.g., Muceku et al.,
2015, 2016). Griffiths et al. (2002) have studied the effect of
spatial variability of undrained shear strength of soil on bear-
ing capacity of rough rigid strip foundations and the pile
bearing capacity under horizontal load considering the
heterogeneity of this parameter of soil has been analyzed by
Haldar and Babu (2008) with considering Monte Carlo simu-
lation (MCS) to generate random fields. In addition, the effect
of coefficient of variation of soil undrained shear strength and
auto-correlation length on soil system bearing capacity was
interpreted.

A large number of researches have analyzed the effect of
spatial variability of soil properties on slope stability such as
Hicks and Samy (2002), Griffiths and Fenton (2004), Low
et al. (2007), Griffiths et al. (2009), Li et al. (2014), Jiang
et al. (2014), Jamshidi Chenari and Alaie (2015), but only a
few of those researches have been carried out in the field of
stochastically seismic analyses considering the heterogeneity
of soil characteristics in order to recognize the seismic re-
sponse of soil deposits and slopes. Nadi et al. (2014, 2016,
2019) outlined the uncertainty in assessing the seismic slope
stability and co-seismic landslide deformations arising from
random behavior of soil properties. Moreover, seismically in-
duced soil dynamic responses and liquefaction have been
studied by Popescu et al. (1997, 2005), Koutsourelakis et al.
(2002), Lizarraga and Lai (2014). Nevertheless, considering
that seismic response of sliding mass (i.e., k history), it is
related to shear wave velocity (Vs) varying inherently in the
space, investigating the effect of spatial variability of shear
wave velocity on MHEA had required decreasing uncertainty
in evaluating seismic deformations based on the decoupled
analysis.

In this paper, the effect of spatial variability of shear wave
velocity on the dynamic response of sliding mass and
earthquake-induced deformations in soil slopes is investigat-
ed. The maximum horizontal equivalent acceleration (kmax)
and seismically induced deformations were evaluated in both
stochastic and deterministic manners and the results were
compared to have insight into the influence of random hetero-
geneity of shear wave velocity. The stationary random fields
of low-strain shear modulus were generated using the auto-
correlation matrix decomposition method, along with Monte
Carlo Simulation and the effects of the coefficient of variation

of shear modulus (CoVG0), and auto-correlation length (θ) on
kmax was studied. Subsequently, the decoupled deformations
were computed using an analytical solution.

Methodology

In this section, a typical slope model having height H = 20 m
and inclination i = 30° was considered in all dynamic analy-
ses, as shown in Fig. 1. The density ρ = 2000 (kg/m3) and
Poisson’s ratio ν = 0.3 were assigned to the soil and the
Mohr-Coulomb failure criterion with c = 35 kPa and ϕ = 25◦
was allocated to the soil. To consider the model mesh, the
lateral boundary conditions have moved away from the region
of interest to decrease and minimize the effect of reflected
waves on slope response. According to Rizzitano et al.
(2010), the results’ accuracy is not affected by the thickness
D of the half-space, whether the length L is sufficiently con-
sidered to make a geometrical attenuation of the seismic
waves. A length L equal to 4H was assumed to be adequate
and a thickness D = 20 m was considered as well. It is also
advantageous to apply free field boundary conditions to de-
crease the effect of artificial wave reflection.

The maximum size of elements was determined to avoid
filtration of high-frequency components of the input seismic
motion during the propagation process and ensure the accura-
cy of the numerical solution, so that Eq. (1) proposed by
Kuhlemeyer and Lysmer (1973) was satisfied.

Δl≤
V s

10 f max
ð1Þ

whereΔl is the maximum length of elements and fmax is the
highest frequency of the input motion. Square elements hav-
ing lengthΔl=2 mwere considered adequate according to Eq.
(1). The attenuation of the energy was defined in the model
through the hysteresis damping generated by Mohr-Coulomb
constitutive law. Furthermore, Rayleigh damping was used to
remove high-frequency noise. Rayleigh damping matrix was
considered a combination of the mass and stiffness matrices
by the coefficients α and β depending on the critical damping
ratio and oscillation frequency. Although this formulation

Fig. 1 Two-dimensional finite difference model
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includes a frequency-dependent damping, a correct selection
of the two frequencies allows ensuring a constant damping in
the range of natural frequencies of the slope. Specifying the
natural frequency of slope, the Rayleigh damping coefficients
α and βwere selected. The power spectra of velocity response
resulted from elastic undamped analysis at the crest of the
slope was interpreted to achieve this purpose. Since the major
portion of energy was damped by hysteresis damping, only a
slight critical damping ratio ζ = 0.5% was assumed for
Rayleigh damping.

In this study, six significant earthquake records having dif-
ferent characteristics that occurred in the north and east of Iran
were designated, as observed in Table 1. Peak ground accel-
erations (PGA) ranged from 0.085 to 0.531 g, mean periods
(Tm) range was from 0.137 to 0.785 s, as reported by Rathje
et al. (1998), and effective durations varied from 4 to 25 s.
Baseline correction was performed for all records. Since the
frequency contents of records did not exceed 15 Hz, there was
no need to filter them. It was worth to note that there was a
limitation for selecting more earthquake motion records as the
seismic stochastic analysis was significantly time-consuming.
It is important to mention that more investigation on the influ-
ence of earthquake characteristics on mean Kmax is necessary
and that these parameters play a significant role in assessing
the dynamic response of slopes. For this reason, a range of
input motions with various characteristics have been used for
dynamic analyses of this study. These earthquake shaking
records were selected based on their peak ground acceleration
PGA, mean period Tm, magnitude M, and effective duration
which are the most crucial parameters in dynamic analyses.
Nonetheless, the random behavior of the earthquake has not
been further investigated since the primary focus of this study
is to investigate the uncertainty in evaluating the seismic re-
sponse of slopes due to the random heterogeneity of shear
wave velocity of the soil. Also, the earthquake records were
selected in a way to include a wide range of aforementioned
earthquake characteristics to have insight into the dynamic
response of slopes under various seismic loading conditions.
Moreover, the selected earthquakes have resulted in severe
losses in different areas and analyzing the dynamic response
of slopes under the action of these ground shakings is of
interest.

Pseudo-static analysis based on the strength reduction
method was carried out to determine the critical slip surface
geometry and the yield acceleration, Ky, i.e., seismic coeffi-
cient corresponding to the safety factor of one which repre-
sents minimum acceleration required to initiate sliding mass
failure. At the beginning of the analysis, horizontal accelera-
tion was increased until the safety factor reached one and the
failure just started to happen. Then, to determine the slip sur-
face geometry, the x/y coordinates of locations in which max-
imum shear strain increment (SSI) was within some percent-
age of the peak strain value were specified. Afterward, slip
surface geometry was obtained by fitting a circular arc to the
points having aforementioned x/y coordinates using the least
squares method, and yield acceleration (Ky) equal to 0.55 was
obtained from the pseudo-static analysis. The equivalent hor-
izontal acceleration was evaluated by computing average re-
sponse acceleration time history on the critical slip surface.
The time history of acceleration for each earthquake record
was specified in 12 locations on the slip surface and the aver-
age acceleration time history was obtained using Eq. (2) and
programming with FLAC software to perform this
calculation.

k tð Þ ¼
∑
n

i¼1
HEAi tð Þ:mi

∑
n

i¼1
mi

ð2Þ

where k(t) is the equivalent horizontal acceleration at time t on
slip surface, ki(t) is the equivalent horizontal acceleration at
the point i of the sliding surface, and mi is the mass of the
material column located above point i. The maximum k(t)was
selected as kmax.

To evaluate the seismic slope deformation based on
decoupled analysis, the horizontal equivalent acceleration
(HEA) (K) time history was first computed. Then, seismic
displacement is given by double-integrating this time history.
Rathje and Antonakos (2011) have suggested Eq. (3), as the
valuable model in terms of Kmax (MHEA) to estimate seismic
displacement without the need for integrating process, which
parameters a1 to a7 were summarized in Table 2, where D is

Table 1 Characteristics of input
motions in this study No Location-station PGA (m/s2) Tm (s) M Effective duration (s)

1 Bandarabas-bandarabas 0.84 0.402 6.1 16

2 Qaen-khezri 0.99 0.785 7.1 15

3 Qaen-bajestan 1.14 0.304 7.1 13

4 Tularud-talesh 2.31 0.242 6 7

5 Kajoor-hasan keyf 4.42 0.357 6.3 4

6 Eslamabad-kariq 5.21 0.137 6 5
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the seismic displacement in centimeters and M is the earth-
quake magnitude. The natural period of sliding mass (Ts) used
in Eq. (3) was determined by Eq. (5) suggested by Makdisi
and Seed (1978), where y is the maximum thickness of sliding
mass and Vs is soil shear wave velocity.

Ln Dð Þ ¼ a1 þ a2
Ky

Kmax

� �
þ a3

Ky

Kmax

� �2

þ a4
Ky

Kmax

� �3

þ a5
Ky

Kmax

� �4

þ a6ln Kmaxð Þ þ a7 M−6ð Þ

þ f 1 T sð Þ ð3Þ

f 1 T sð Þ ¼ 3:69•T s−1:22•T2
s ; T s≤1:5s

2:78; T s > 1:5s

�
ð4Þ

T s ¼ 4y
V s

ð5Þ

Most soils are naturally formed in different depositional
situations, so that their properties vary inherently from point
to point. This inherent spatial variability can be observed even
in homogenous soils and it is one of the major uncertainties in
the geotechnical analysis. In situ properties might change hor-
izontally and vertically for the variability of culprits, as ex-
plained by Jones et al. (2002), including depositional environ-
ments, the degree of weathering, and physical environment.
The relatively simple model can represent the spatial variation
of soil parameters (Phoon and Kulhawy, 1999).

ξ zð Þ ¼ t zð Þ þ w zð Þ þ e zð Þ ð6Þ
where ξ represents the in situ soil property, t is the determin-
istic trend component, w is the random component, e is the
measurement error, and z is the depth. The trend and random
components are illustrated in Fig. 2. A common approach to
deal with the uncertainties arising from spatial variability and

randomness of the soil is layering and zoning the soil deposit
based on their physical and mechanical properties and
assigning the mean values of soil properties to each layer.
Nonetheless, in stochastic analysis, this randomness of the soil
is directly outlined using stochastic approaches such as ran-
dom field generation. Therefore, a one-layer slope was con-
sidered and one random field was mapped to the grid of each
slope model.

Since it is not possible to assign shear wave velocity (Vs)
directly to the soil model in finite difference code, the soil
shear modulus was considered a random variable and as-
sumed to be a log-normally distributed value represented by
parameters mean μG0, standard deviation σG0, and spatial
auto-correlation distance (θ) to represent the variability of
shear wave velocity in this study. The desired random field
is considered to be stationary; that is, the mean value and
standard deviation of shear modulus are constant in depth.
Use of log-normal distribution is appropriate as the soil shear
modulus is non-negative and this type of distribution prevents
random variables from possessing negative values. A log-
normal distributed random field is given by Eq. (7).

G0 exi� �
¼ exp μlnG0

ex� �þ σlnG0 ex� �Gi ex� �n o
ð7Þ

where ex is the spatial position at which G0 is required; G exð Þ is
a standard normally distributed random field with zero mean
and unit variance. The values of μlnG0 and σlnG0 are deter-
mined using log-normal distribution transformations given
by Eq. (8) and Eq. (9). In order to normalize the input, the

Table 2 Parameters of
Eq. (3) by Rathje and
Antonakos (2011)

Parameters

a1 4.89

a2 − 4.85
a3 − 19.64
a4 42.49

a5 − 29.06
a6 0.72

a7 0.89
Fig. 2 Inherent variability of soil properties (Phoon and Kulhawy, 1999)
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shear modulus variability was expressed in terms of the coef-
ficient of variation of shear modulus (CoVG0 = σG0/μG0).

σ2
lnG0

¼ ln 1þ σ2
G0

μ2
G0

 !
¼ ln 1þ CoV2

G0

� �
ð8Þ

μlnG0
¼ lnG0−

1

2
σ2
lnG0

ð9Þ

To generate standard random field G exð Þ; the auto-
correlation matrix was created first utilizing auto-correlation
function. Griffiths and Fenton (2007) have indicated that the
correlation coefficient between log-normal distributed geo-
technical parameters at two points follows the Gauss-
Markov model and the exponential dissipation function of
separation distance. Hence, in this study, the auto-correlation
function is considered to be exponentially dissipating given by
Eq. (10).

ρG0
τð Þ ¼ exp −

2τ
θ

� �
ð10Þ

τ ¼ jex1−ex2j ð11Þ
where τ is the absolute distance between two points called
separation distance and θ is the auto-correlation length. The
auto-correlation length describes the distance over which the
spatially random values will tend to be correlated in the ran-
dom field. Thus, a large value has implied a smoothly varying
field, while a small value has implied a ragged field. In this
study, for simplicity, vertical and horizontal auto-correlation
lengths were assumed to be equal. In other words, the gener-
ated random fields are isotropic. To create the auto-correlation
matrix, separation distance (τ) was defined by the distance
between the center of each element and others. The separation

distance between elements directions was
ffiffiffiffiffiffiffiffiffiffiffi
2dxð Þp

2 þ dy2,
where dx and dy are distances between grids in x and y

direction. The auto-correlation matrix was decomposed into
a lower triangular one along with its transpose by Cholesky
decomposition,

ρ ¼ LLT ð12Þ

Given the matrix L, the correlated standard normal random
field is obtained as follows:

Gi ¼ ∑
i

j¼1
LijZ j i ¼ 1; 2;…:n ð13Þ

Table 3 Ranges of stochastic parameters for the spatial variability of
shear modulus

Stochastic parameters Value

Mean shear wave velocity, Vs (m/s) 400

Mean shear modulus, μG0 (MPa) 320

Coefficient of variation, CoVG0 (%) 12–30

Auto-correlation length, θ (m) 4–8–16

Normalized auto-correlation length, θ/H 0.2–0.4–0.8

Fig. 3 Flowchart for statistical numerical analysis
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where Zj is the sequence of independent standard normal ran-
dom variables. Log-normally distributed random field was
generated by Eq. (6) using Gi.

For this research, the computational process was conducted
by developing a MATLAB function that generated two-
dimensional random fields based on each set of stochastic
input variables summarized in Table 3, so that stochastic input
variables were selected based on the information in the litera-
ture. Mean shear modulus (μG0) was adopted based on mean
shear wave velocity Vs = 400 m/s. Results were calculated in
terms of dimensionless auto-correlation length given by θ/H
ranging from 0.2 to 0.8 related to θ from 4 to 16 m, where H
was the height of the slope. Resulting random fields were
mapped to FLAC mesh by a subroutine in FISH code.
Figure 3 illustrates the flowchart for statistical numerical
analysis.

Two generated random fields of shear modulus for
CoVG0 = 30% and θ/H = 0.2, 0.8 were illustrated in Fig. 4. It
could be observed that for θ/H = 0.2, shear modulus changed
rapidly from element to element and the generated random
field was ragged. As θ/H increases to 0.8, the random field
became smoother and more homogenous. It could be noted
that with increasing θ, the auto-correlation between adjacent
elements have increased.

For each set of statistic parameters given by CoVG0 and θ,
Monte Carlo simulation was performed and N realizations of
parameters were generated for each value of PGA. The stabil-
ity of results was analyzed according to the number of reali-
zations. The statistical fluctuation of mean and coefficient of
variation of kmax was assessed by means of Monte Carlo sim-
ulation. Figure 5 indicates the results based on 1000 realiza-
tion of shear modulus for earthquake record No. 1, CoVG0 =
12%, and θ/H = 0.2. As observed, the fluctuation of bothmean

and coefficient of variation of kmax has occurred within a tol-
erable range after 500 realizations. Therefore, N = 500 was
considered adequate and acceptable in this study.

Results and discussion

Two probabilistic parameters CoVG0 and θ had vital physical
effects on the nature of a random field as shown in Fig. 4. The
influence of these two parameters on the maximum horizontal
equivalent acceleration (Kmax) and the variation of Kmax coef-
ficient has been illustrated in Fig. 6 for earthquake record No.
2. The mean maximum horizontal equivalent acceleration
(mean Kmax) was compared with its deterministic value for
CoVG0 = 12% and 30%, and the different ratios of θ/H equal
to 0.2, 0.4, and 0.8. The deterministic Kmax was calculated as
1.444 m/s2 through seismic response analysis considering
constant shear modulus. Mean Kmax in the most variable con-
dition with CoVG0 = 30% and θ/H = 0.2 is equal to
1.395 m/s2, which was only slightly less than the deterministic
value. It was concluded that there was not a significant differ-
ence between meanKmax and its deterministic value for slopes
subjected to motions having low intensity even when CoVG0

increased up to 30%. The reason for this phenomenonwas that
the elements with lower shear wave velocity have neutralized
the effect of elements with higher shear wave velocity, so that
average response acceleration along the slip surface approxi-
mately is equal to its deterministic value. Thus, in these cir-
cumstances, the spatial variability of shear wave velocity can
be neglected. As θ/H increased, the spatial variability of shear
wave velocity became smoother. Therefore, mean Kmax

achieved closer to deterministic Kmax.

Fig. 4 Generated random fields for shear modulus with CoVG0 = 30%. a θ/H = 0.2. b θ/H = 0.8
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With increasing CoVG0, the CoV of Kmax increased. The
Kmax coefficient of variation was greater in higher values of θ/
H, since in higher values of θ/H the mean Kmax tended to its
deterministic value; on the other hand, the shear modulus var-
ied up to 30% of the mean. This high variation of the shear
modulus and the approximate equality of mean Kmax with the
deterministic Kmax led to the increment of the Kmax coefficient
of variation. In other words, the more the meanKmax tended to
the deterministic Kmax, the more the coefficient of variation of
Kmax increased.

Figure 7 indicates the variation of mean Kmax and the var-
iation of Kmax coefficient with CoVG0 and θ/H for earthquake
record No. 5 in which deterministic Kmax of 8.93 m/s2 was
calculated from seismic response analysis. It was observed

that the meanKmax for CoVG0 = 30%was lower than the value
obtained for CoVG0 = 12%. A mean value of Kmax equal to
8.67 m/s2 was interpreted for CoVG0 = 12% and θ/H = 0.2
whereas for the same auto-correlation length, the mean Kmax

became 8.29m/s2 if CoVG0 = 30%. As a result, the meanKmax

decreased more with increasing the CoVG0. The difference
between mean Kmax and deterministic value for earthquake
record No. 5 was considerably greater and more intense than
earthquake record No. 2. As an illustration, mean Kmax was
7.17% less than deterministic Kmax in CoVG0 = 30% and θ/
H = 0.2 which was the most variable condition. It represented
that the spatial variability of shear wave velocity could have a
vital influence on Kmax for slopes subjected to strong motions
especially when this variability was drastic and must be taken

Fig. 5 Fluctuation of amean kmax

and b coefficient of variation of
kmax
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into account in computing sliding mass response. The value of
mean Kmax slightly increased as θ/H became greater. It could
be explained that when auto-correlation length rises, the spa-
tial variability of shear wave velocity was smoother and Kmax

mean became closer to its deterministic value. As similar to
what is observed in Fig. 6, the Kmax coefficient has increased
with the increase of CoVG0 for record No. 5. However, its
value was lower in comparison with the value obtained for
earthquake record No. 2. The main reason was that for slip
surface subjected to earthquake record No. 5, the discrepancy
between the mean Kmax and the deterministic Kmax was more
in comparison with one subjected to earthquake record No. 2.

It means that the mean Kmax contributes more to the variation
of shear modulus, declining the contribution of Kmax the co-
efficient variation. The greater variation of Kmax coefficient
was interpreted in higher values of θ/H, because of the same
reason remarked and described before.

Earthquake characteristics have a crucial effect on the
seismic slope response. One of the most important param-
eters for estimating earthquake intensity was the peak
ground acceleration (PGA). Figure 8 demonstrates the
maximum horizontal equivalent acceleration factor (i.e.,
normalized mean Kmax by deterministic Kmax) represented
by (Kmax)s/(Kmax)d versus PGA, where (Kmax)s was the

Fig. 6 Effect of CoVG0 and θ/H
on a mean kmax and b coefficient
of variation of kmax for earthquake
record No. 2
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mean maximum horizontal equivalent acceleration and
(Kmax)d was its deterministic value. As shown in Fig. 8,
the maximum horizontal equivalent acceleration factor of
earthquake record No. 5 had the most difference between
mean Kmax and deterministic value occurred for this earth-
quake with high PGA (i.e., 4.42 m/s2), as mentioned be-
fore. For sliding mass subjected to earthquake record No.
6 having higher PGA than earthquake record No. 5 (i.e.,
5.21 m/s2), the maximum horizontal equivalent accelera-
tion was very close to one. It means that although this
earthquake has higher PGA, there was a slight discrepan-
cy between mean Kmax and its related deterministic value.

As a result, PGA was not the only earthquake character
influencing the stochastic maximum horizontal equivalent
acceleration. As the main reason, it could be told that the
earthquake behavior was totally random and it was not
usually possible to describe an earthquake with only one
intensity measure. Hence, more investigations have re-
quired comprehending the influence of earthquake char-
acteristics on the stochastic mean maximum horizontal
equivalent acceleration (mean Kmax) which was not the
main subject of this paper and it can be the background
of future research.

Fig. 7 Effect of CoVG0 and θ/H
on a mean kmax and b coefficient
of variation of kmax for earthquake
record No. 5
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As previously observed, the mean Kmax is equal to
7.17% and it was less than the deterministic Kmax for
earthquake record No. 5, CoVG0 = 30% and θ/H = 0.2
which was the most variable situation. Also, to obtain
more clarity on how this discrepancy caused by spatial
variability of shear wave velocity influences deformations
resulted from the decoupled analysis, seismic deforma-
tions related to the mentioned maximum horizontal equiv-
alent accelerations were computed by Eq. (3) and com-
pared with each other. For this purpose, the natural period
of sliding mass (Ts) must be evaluated using Eq. (4).
Considering the maximum thickness of the sliding mass
of 11.075 m has resulted from the pseudo-static analysis,
and shear wave velocity Vs was 400 m/s, the natural pe-
riod of sliding mass was obtained as 0.11075 s. For earth-
quake record No. 5, CoVG0 = 30% and θ/H = 0.2, the
decoupled seismic deformation related to the mean Kmax

(i.e., 8.29 m/s2) was 1.572 cm, whereas the seismic defor-
mation is equal to 2.41 cm considering deterministic Kmax

(i.e., 8.93 m/s2) which was greater more than 52%.
Therefore, it could be concluded that the spatial variabil-
ity of shear wave velocity had a considerable effect on
decoupled seismic deformations for slopes subjected to
intense motions. Generally, the behavior of earthquakes
is highly random and fairly unknown in spite of several
deterministic and probabilistic studies conducted to have a
better insight into the characteristics of the ground shak-
ings. Moreover, the spatial variability of shear wave ve-
locity leads to increasing uncertainties in evaluating the
response of buildings and geotechnical structures. For the
stated reasons, there are uncertainties to make a general
conclusion about the physical reason for this complicated

phenomenon. Therefore, further investigations are re-
quired in this field. According to deterministic analyses,
deamplification of ground motion could occur at high
PGAs due to higher levels of produced damping (energy
dissipation) in the soil medium compared with that under
earthquake loads with lower PGAs, especially for the
slopes with greater natural periods. The presence of the
soil elements with higher shear wave velocities close to
those with lower values of shear wave velocity in hetero-
geneous soil slopes could result in lower natural periods
and consequently, greater maximum horizontal equivalent
acceleration. This increase could be more pronounced for
high PGAs since the amplification of response accelera-
tion due to spatial variability of shear wave velocity neu-
tralizes the deamplification of ground motion arising from
high values of PGA.

Conclusions

The present study has discussed the effect of spatial variability
of shear wave velocity on the seismic response of sliding mass
as well as on seismic deformations resulted from the
decoupled analysis using FLAC software based on finite dif-
ference method and programming with MATLAB. The ef-
fects of the coefficient of shear modulus variation (CoVG0)
and auto-correlation length (θ), as two important probabilistic
parameters, have been investigated by generating random
fields. The results have demonstrated that:

& For slopes subjected to the earthquakes with low intensity,
the spatial variability of shear wave velocity varying

Fig. 8 Effect of PGA on kmax

factor
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within the range of statistical parameters considered in this
study might not have an important effect on the seismic
response of sliding mass.

& The difference between meanKmax and deterministicKmax

increased with increasing the coefficient of shear wave
velocity variation and decreasing with increasing of
auto-correlation length for slopes subjected to intense
motions.

& The difference between stochastic and deterministic kmax

led to the considerable discrepancy between the corre-
sponding seismic deformations resulted from the
decoupled analysis. This discrepancy was more evident
for earthquake record No. 5 where stochastic deformation
was almost 52% of the deterministic one.

Generally, more researches considering the slopes subject-
ed to a wide range of earthquake records having different
characteristics are also recommended in order to investigate
the effect of earthquake characteristics on the mean maximum
horizontal equivalent acceleration.

Acknowledgments The authors would like to declare their appreciation
for the cooperation provided by East Tehran Branch and Najaf Abad
Branch, Islamic Azad University for the present research project.

References

Bray JD, Rathje EM (1998) Earthquake-induced displacements of solid-
waste landfills. J Geotech Geoenviron 124(3):242–253. https://doi.
org/10.1061/(ASCE)1090-0241(1998)124:3(242)

Griffiths DV, Fenton GA (2004) Probabilistic slope stability analysis by
finite elements. J Geotech Geoenviron 130(5):507–518. https://doi.
org/10.1061/(ASCE)1090-0241(2004)130:5(507)

Griffiths DV, Fenton GA (2007) Probabilistic methods in geotechnical
engineering. Springer Science and Business Media, New York

Griffiths DV, Fenton GA, Manoharan N (2002) Bearing capacity of
rough rigid strip footing on cohesive soil: probabilistic study. J
Geotech Geoenviron 128(9):743–755. https://doi.org/10.1061/
(ASCE)1090-0241(2002)128:9(743)

Griffiths DV, Huang J, Fenton GA (2009) Influence of spatial variability
on slope reliability using 2-D random fields. J Geotech Geoenviron
135(10):1367–1378. https://doi.org/10.1061/(ASCE)GT.1943-
5606.0000099

Haldar S, Babu GLS (2008) Effect of soil spatial variability on the re-
sponse of laterally loaded pile in undrained clay. Comput Geotech
35(4):537–547. https://doi.org/10.1016/j.compgeo.2007.10.004

Hicks MA, Samy K (2002) Influence of heterogeneity on undrained clay
slope stability. Q J Eng Geol Hydrogeol 35(1):41–49. https://doi.
org/10.1144/qjegh.35.1.41

Jamshidi Chenari R, Alaie R (2015) Effects of anisotropy in correlation
structure on the stability of an undrained clay slope. Georisk: Assess
Manag Risk Eng Sys Geohazards 9(2):109–123. https://doi.org/10.
1080/17499518.2015.1037844

Jiang S-H, Li D-Q, Zhang L-M, Zhou C-B (2014) Slope reliability anal-
ysis considering spatially variable shear strength parameters using a
non-intrusive stochastic finite element method. Eng Geol 168:120–
128. https://doi.org/10.1016/j.enggeo.2013.11.006

Jones AL, Kramer SL, Arduino P (2002) Estimation of uncertainty in
geotechnical properties for performance-based earthquake engineer-
ing. Pacific Earthquake Engineering Research Center, College of
Engineering, University of California, Berkeley

Koutsourelakis S, Prevost JH, Deodatis G (2002) Risk assessment of an
interacting structure-soil system due to liquefaction. Earthq Eng
Struct Dyn 31(4):851–879. https://doi.org/10.1002/eqe.125

Kuhlemeyer RL, Lysmer J (1973) Finite element method accuracy for
wave propagation problems. J Soil Mech Found Div 99:421–427

Kuriqi A, Ardiclioglu M, Muceku Y (2016) Investigation of seepage
effect on river dike’s stability under steady-state and transient con-
ditions. Pollack Periodica 11(2):87–104. https://doi.org/10.1556/
606.2016.11.2.8

Li D-Q, Qi X-H, Phoon K-K, Zhang L-M, Zhou C-B (2014) Effect of
spatially variable shear strength parameters with linearly increasing
mean trend on reliability of infinite slopes. Struct Saf 49:45–55.
https://doi.org/10.1016/j.strusafe.2013.08.005

Lizarraga HS, Lai CG (2014) Effects of spatial variability of soil proper-
ties on the seismic response of an embankment dam. Soil Dyn
Earthq Eng 64:113–128. https://doi.org/10.1016/j.soildyn.2014.03.
016

LowBK, Lacasse S, Nadim F (2007) Slope reliability analysis accounting
for spatial variation. Georisk: Assess Manag Risk Eng Sys
Geohaza rds 1 (4 ) :177–189 . h t tp s : / /do i .o rg /10 .1080 /
17499510701772089

Makdisi F, Seed H (1978) Simplified procedure for estimating dam and
embankment earthquake-induced deformations. J Geotech Eng Div
104(7):849–867

Muceku Y, Reci H, Kaba F, Kuriqi A, Shyti F, Kruja F, Kumbaro R
(2015) A case study: integrated geotechnical and geophysical-ERT
investigation for bridge foundation of Tirana bypass. 2nd
International Congress on Roads in Albania, Tirana, Albania

Muceku Y, Korini O, Kuriqi A (2016) Geotechnical analysis of hill’s
slopes areas in heritage town of Berati, Albania. Periodica
Polytechnica Civil Eng 60(1):61–73. https://doi.org/10.3311/PPci.
7752

Nadi B, Askari F, Farzaneh O (2014) Seismic performance of slopes in
pseudo-static designs with different safety factors. IJST, Transac
Civil Eng 38(C2):465–483

Nadi B, Askari F, Farzaneh O (2016) Uncertainty in determination of
seismic yield coefficient of earth slopes. Bull Earthquake Sci Eng
2(4):47–54

Nadi B, Askari F, Farzaneh O, Fatolahzadeh S, Mehdizadeh R (2019)
Reliability evaluation of regression model for estimating co-seismic
landslide displacement. Iran J Sci Technol Transacf Civil Eng 44:
165–173. https://doi.org/10.1007/s40996-019-00247-1

Newmark NM (1965) Effect of earthquakes on dams and embankments.
Geotechnique 15(2):139–160

Phoon K-K, Kulhawy FH (1999) Characterization of geotechnical vari-
ability. Can Geotech J 36(4):612–624. https://doi.org/10.1139/t99-
038

Popescu R, Prevost JH, Deodatis G (1997) Effects of spatial variability on
soil liquefaction: some design recommendations. Geotechnique
47(5):1019–1036. https://doi.org/10.1680/geot.1997.47.5.1019

Popescu R, Prevost JH, Deodatis G (2005) 3D effects in seismic lique-
faction of stochastically variable soil deposits. Geotechnique 55(1):
21–31. https://doi.org/10.1680/geot.2005.55.1.21

Rathje EM, Abrahamson NA, Bray JD (1998) Simplified frequency con-
tent estimates of earthquake ground motions. J Geotech Geoenviron
124(2):150–159. https://doi.org/10.1061/(ASCE)1090-0241(1998)
124:2(150)

Rathje EM, Antonakos G (2011) A unified model for predicting
earthquake-induced sliding displacements of rigid and flexible
slopes. Eng Geol 122(1):51–60. https://doi.org/10.1016/j.enggeo.
2010.12.004

Page 11 of 12     800Arab J Geosci (2020) 13: 800

https://doi.org/10.1061/(ASCE)1090-0241(1998)124:3(242)
https://doi.org/10.1061/(ASCE)1090-0241(1998)124:3(242)
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:5(507)
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:5(507)
https://doi.org/10.1061/(ASCE)1090-0241(2002)128:9(743)
https://doi.org/10.1061/(ASCE)1090-0241(2002)128:9(743)
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000099
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000099
https://doi.org/10.1016/j.compgeo.2007.10.004
https://doi.org/10.1144/qjegh.35.1.41
https://doi.org/10.1144/qjegh.35.1.41
https://doi.org/10.1080/17499518.2015.1037844
https://doi.org/10.1080/17499518.2015.1037844
https://doi.org/10.1016/j.enggeo.2013.11.006
https://doi.org/10.1002/eqe.125
https://doi.org/10.1556/606.2016.11.2.8
https://doi.org/10.1556/606.2016.11.2.8
https://doi.org/10.1016/j.strusafe.2013.08.005
https://doi.org/10.1016/j.soildyn.2014.03.016
https://doi.org/10.1016/j.soildyn.2014.03.016
https://doi.org/10.1080/17499510701772089
https://doi.org/10.1080/17499510701772089
https://doi.org/10.3311/PPci.7752
https://doi.org/10.3311/PPci.7752
https://doi.org/10.1007/s40996-019-00247-1
https://doi.org/10.1139/t99-038
https://doi.org/10.1139/t99-038
https://doi.org/10.1680/geot.1997.47.5.1019
https://doi.org/10.1680/geot.2005.55.1.21
https://doi.org/10.1061/(ASCE)1090-0241(1998)124:2(150)
https://doi.org/10.1061/(ASCE)1090-0241(1998)124:2(150)
https://doi.org/10.1016/j.enggeo.2010.12.004
https://doi.org/10.1016/j.enggeo.2010.12.004


Rizzitano S, Biondi G, Cascone E (2010) Effect of simple topographic
irregularities on site seismic response. Proceedings of Geotechnical
Conference, Dhaka, Bangladesh

Tavasoli O, Ghazavi M (2018) Wave propagation and ground vibrations
due to non-uniform cross-sections piles driving. Comput Geotech
104:13–21. https://doi.org/10.1016/j.compgeo.2018.08.010

800    Page 12 of 12 Arab J Geosci (2020) 13: 800

https://doi.org/10.1016/j.compgeo.2018.08.010

	Characteristics of spatial variability of shear wave velocity on seismic response of slopes
	Abstract
	Introduction
	Methodology
	Results and discussion
	Conclusions
	References


