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Seismic design of an embankment dam is a vital step in the design procedure of this
important infrastructure. Deterministic approaches such as quasi-static and
Newmark method have been employed to evaluate slope stability of embankment
dams. However, the variables required for a slope stability analysis, e.g. soil strength,
pore pressure and loading parameters involve uncertainties which cannot be handled
in the traditional deterministic methods. As an alternative, reliability analysis might
be conducted to assess reliability indexes and the related failure probability of
embankment dams. In this study, based on probability theories, a reliability analysis
is performed to evaluate the seismic stability of an embankment dam (i.e., Gotvand
dam) constructed in Iran. The probability of failure under seismic loading is
considered for different sources of uncertainties involved in the problem, including
uncertainty of loading, and the friction angle of core material as a strength
parameter. Employing some statistical parameters, dynamic analysis is performed
to determine the influence of friction angle variation on seismic slope stability.
Significant pore pressure may build-up during cyclic loading, especially, when
mixed clay (mixed clay and gravel) constitutes the dam core. Also, an undrained
behavior of core materials has a great importance. Therefore, to estimate the effect of
pore pressure build-up during seismic loading, two types of core materials (pure
clay and mixed clay) are considered in this research. The results of dynamic analysis
by finite element method are used to obtain the critical surface and acceleration in
the embankment. Then, Newmark approach is employed to calculate the permanent
displacement of the dam. Finally, reliability analysis is conducted and seismic
performance of Gotvand dam during the earthquakes is investigated.

1. Introduction
Reliability analysis firstly introduced to the
geotechnical field during the 1970s has widespread
applications nowadays, while geotechnical issues
include various types of uncertainties, e.g. material
parameters and applied loads uncertainties. Some of
the geotechnical fields in which this analysis has

been employed are slope stability, foundations, soil
liquefaction, landslides, etc. In other words, there is
a growing need for rational approaches to treat
uncertainties in geotechnics and take them into
account for making an appropriate decision. Ayyub
[1] discussed on different types of uncertainties in
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geotechnics and explained how to encounter each
type. Also, simple calculation tools for reliability and
risk analyses in geotechnical engineering along with
some examples are presented by Phoon and Ching
[2]. Beer et al. [3] studied reliability analysis of
geotechnical projects in case of scare information,
using a comparison of alternative approaches.
Moreover, Bea [4] proposed reliability based
engineering approaches and strategies that might be
employed to address different kinds of uncertainties
in geotechnical engineering. Ranganathan [5]
introduced various types of probabilistic procedures
(First Order Second Moment (FOSM) and Monte
Carlo Simulation Method (MCSM)) applicable in
reliability analysis. Wolff [6] and Tang et al. [7]
utilized probabilistic methods for slope stability
analysis and employed FOSM for reliability analysis.
Tobutt [8] studied slope stability and failure probability of an embankment using MCSM. Besides, a
practical reliability analysis of slope stability using
advanced Monte Carlo simulations is reported by
Wang et al. [9]. Besides, Chowdhury and Xu [10]
used probabilistic reliability analysis to obtain an
optimum sliding face of slopes. These approaches
are also employed for the design of embankment
dams [11]. Furthermore, a reliability analysis of
three-dimensional dynamic slope stability is reported
by Al-Homouda and Tahtamonib [12]. In addition,
some investigations about the reliability of slopes
using Fuzzy sets are presented by Juang et al. [13]
and Habibagahi and Shahgholian [14]. Seismic
slope stability analysis, the topic of this research,
includes lots of variables such as soil properties
(e.g. shear strength parameters), geometry of the
problem, location of water table, and seismic loading.
Therefore, the design engineer has to deal with
ambiguity and uncertainty that exist in these
variables.
Currently, it is common to employ compacted
gravel-clay mixtures as the core of embankment
dams. Review of literature on the monotonic behavior of a mixture of clay and gravel indicates that
generally shear strength (drained angle of friction)
enhances with gravel content [15-17]. The previous
investigation by Jafari and Shafiee [18] on gravelclay and sand-clay mixtures confirmed prior outcomes on monotonic loadings. They showed that a
considerable increase in coarse aggregate content
significantly raised the excess pore water pressure
40

in cyclic loading, which caused a reduction in cyclic
shear strength.
Build-up of pore pressure in mixed clay (mixed
clay and gravel) needs to be investigated carefully,
especially for the seismic stability of embankment
dams in which this hybrid material is used in the
core. Seco e Pinto [19] showed that the main
reason for damage or failure is the build-up of pore
pressures with the consequent loss of shear
strength in the embankment. Shafiee [20] and
Shafiee et al. [21] showed how a noticeable increase
in seismic pore pressure can reduce the factor of
safety of dams with a mixed clay core. There are
two main approaches in the literature for seismic
slope stability analysis, namely dynamic analysis
[22] and stress-deformation analysis [23]. Often,
finite-element or finite-difference mathematical
model is incorporated in these methods. In dynamic
analyses, incorporating the proper model for soil
behavior, the variation of acceleration in embankment height, pore pressure build-up, and cyclic
degradation of shear strength, the variation of
factor of safety against time is calculated during
an earthquake.
In this study, a new approach is implemented to
evaluate the displacement-based seismic stability of
Gotvand dam, southwest of Iran using a reliability
analysis. In order to investigate the effect of remarkable pore pressure build-up triggered by
seismic loading in the mixed clay core on the stability
of the dam, two types of core materials, pure clay
and mixed clay were modeled. The uncertainties
were attributed to the friction angle of core materials
and seismic loading as the representatives of capacity and demand, respectively. The Newmark
sliding block approach, first introduced in 1965 [24],
was utilized to estimate the permanent displacement
of the dam under excitation of 10 earthquake
records.

2. General Specifications of Gotvand Dam
Gotvand dam located in the south west of Iran
in Khuzestan Province is a 180 m height embankment dam with central clayey core and a crest
length of 760 m. The dam construction site is
mostly composed of rock materials of Aghajari
formation. The site includes successive layers of
fine grain material with medium to coarse grain
Sandstone and Conglomerate. The fine grain
JSEE / Vol. 21, No. 2, 2019
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Figure 1. Typical cross-section of Gotvand dam [25].

material is formed by Marl, Siltstone and thin
layers of Sandstone. The total volume of the
reservoir is 4500 MCM and the reservoir area is
about 96.5 km2 . The project has a hydropower
station with 250 MW units, and three diversion
tunnels in the left bank. A schematic cross-section of
the dam is shown in Figure (1). According to ICOLD
(International Commission on Large Dams) guidelines, the dam is classified as a large dam. Following
the successful application of gravel-clay mixtures as
the cores of many embankment dams in Iran, it
was decided to use such materials as the core of
Gotvand dam. On the basis of laboratory tests [25],
it was decided to use a combination of 60% clay
and 40% sandy gravel as the core material. Further
studies on the mixed clay and gravel [18, 20-21]
revealed a high potential for pore pressure build-up
in cyclic loading when the aggregate content is
equal to or greater than 40%. This fact indicates
the importance of dynamic analysis to evaluate the
effect of pore pressure build-up on the seismic
stability of Gotvand dam.

mixture were mixed in volumetric proportion. The
specimens were saturated with a Skempton B-value
in excess of 95%, and then were isotropically
consolidated under three different effective confining stress of 100, 300 and 500 kPa. Following
consolidation, undrained monotonic triaxial tests
were carried out under strain-controlled condition.
Then, a back analysis was carried out to find the
appropriate soil parameters, so that the same specimen was modeled in the PLAXIS software, and
the soil parameters were varied until the satisfactory
consistency was achieved between test results and
the numerical analysis.
The hardening soil model was used to simulate
undrained triaxial tests. This model is very useful,
especially when it is applied to the analyses of
embankments, considering the difficulties associated
with the laboratory testing of materials. The calculations were performed for two different sets of
materials, pure clay and mixed clay, with different
material parameters till the best-fitted parameters
were obtained through comparing the results of the
tests with PLAXIS results (Figure 2). The results of
experimental research program were used to
calibrate the PLAXIS model. The calibrated
parameters for core materials (pure clay and mixed
clay) are presented in Table (1). Moreover, the
parameters of the material model for crest, filter
and transition are presented in this table. Using
these materials, Gotvand dam was modeled in
PLAXIS2D V.9.0, and dynamic analyses were
conducted on the model.

3. Modeling of Mixed Clays and Gravel
In this study, two types of core materials, i.e.,
clay-gravel mixture and pure clay were used to
investigate the effect of pore pressure build-up
during seismic loading on the stability of the dam.
The results of triaxial tests conducted by Jafari
and Shafiee [18] were used to obtain the appropriate soil parameters for the analyses. They adopted
a specimen preparation procedure to resemble the
in-situ conditions of the core material of the embankment dam. The specimens, 50 mm in diameter
and 100 mm in height, were compacted in six
layers with a dry density of 95% of maximum dry
density obtained from the standard compaction test
method (ASTM1999) and water content 2% wet of
optimum value. Two samples of Clay-Gravel
JSEE / Vol. 21, No. 2, 2019

4. Seismic Hazard Analysis and Earthquake
Records Selection
A summary of seismic hazard analysis for this
site conducted by Mahab-Ghods consulting engineering company [26] is presented in Table (2).
Based on the seismic hazard report, PGAs for the
project location are 0.27 g and 0.48 g for the design
basis earthquake (DBL) and maximum credible
earthquake (MCL), respectively (Table 2). Also,
due to the existence of the active Lahbari fault at
a distance of less than 10 km to the dam site, this
project lies in the class IV of hazard category [26].
Therefore, according to the ICOLD recommendations, time histories-based analyses are mandatory
to specify and represent fault specific phenomena
41
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Figure 2. Comparison between the test and PLAXIS results on the calibration and determination of the material properties (a) mixed
clay (b) pure clay (in P0=300kPa).
Table 1. Material properties of core and body of embankment.

and to account for potentially critical foundation
conditions. Based on the faulting specification in the
location of dam, in order to conduct dynamic analysis, ten earthquake records were selected as input
motions in the analyses (Table 3). Then, the ten
records were scaled to give the desired PGA of
0.27 g and 0.48 g appropriate to the project site,
and they were employed as the shaking input to the
42

base of the finite element model.

5. Newmark Sliding Block Method
5.1. Methodology
The most common approach to evaluate seismic
deformation is the rigid block analysis described by
Newmark [24]. He proposed a practical means for
predicting slope movements during earthquakes,
JSEE / Vol. 21, No. 2, 2019
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Table 2. Peak ground acceleration [26].

based on the analogy of a sliding block. Newmark's
approach has been used extensively by numerous
authors such as Makdisi and Seed [27], Jibson [28]
and Wilson and Keefer [29]. The method was
originally developed to measure permanent displacement in earthquakes but has been applied to
assess a variety of slopes issues including lateral
spreading.
In this article, a computer program was developed to estimate the Newmark displacement.
A mean acceleration obtained from the dynamic
analysis (PLAXIS) and yield acceleration obtained
from GEO-STUDIO 2012 (GeoSlope) analysis were
used as the inputs of the program. To calculate the
mean acceleration, first, the slip surface was divided
into ten slices and then, the center of each slice was
determined. Next, the result of dynamic analysis
was obtained in these selected central points, finally,
a weighted average was applied to calculate the
mean acceleration for the critical slip surface. Using
the mean acceleration, the permanent displacement
of the blocks was obtained by integrating the
acceleration time history above the yield acceleration. A typical graph for the methodology applied in
this study is presented in Figure (3).
The effect of pore pressure build-up on the
permanent deformation during the earthquakes was
also studied in the dynamic analysis. To check the
influence of mixed clay as the core of the dam, these
calculations was made not only for pure clay core,

Figure 3. Methodology of the study.

but also for mixed clay-gravel core and the results
were compared. A sensitivity analysis is required to
find out the influence of variation of friction angle on
the permanent displacement. Therefore, the dynamic
analysis was conducted with different values of
friction angle estimated by statistical analysis.
5.1.1. Estimation of Critical Sliding Surface

Although pseudo static method is proposed for
estimation of critical slip surface, in this study,
another approach is employed to obtain this surface.
Because pseudo-static method cannot consider the
change in material parameters during earthquakes,
the critical surface in this study is obtained by an
additional dynamic analysis using GEO-STUDIO
software (Geo-Slope). To this end, the analysis was
conducted for the ten selected accelerograms and
yield acceleration along with critical slip surface
was obtained. In the other words, the results of
this analysis were utilized to obtain the points on the

Table 3. Accelerograms used in dynamic analysis.

JSEE / Vol. 21, No. 2, 2019
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critical slip surface. These points are used to
estimate the mean acceleration of the sliding
wedge by finite element modeling as the input of
Newmark approach discussed later. These analyses
were carried out for the two types of materials;
mixed clay and pure clay. The results showed that
the difference between critical sliding surface and
yield acceleration for two materials was not significant. A typical critical sliding surface is presented
in Figure (4) and the results of yield accelerations
are shown in Table (4).

5.1.2. Finite Element Model

Having the critical sliding surface, finite element
model was generated using PLAXIS based on the
cross section of Gotvand dam. A two-dimensional
model is employed for plane strain analysis of the
dam model because the ratio of dam's length and
height is 4.2 and dam is located on the ground with
high elastic modulus (rock material). This analysis
was carried out for 10 accelerations with two
seismic hazard levels (DBL and MCL) and two
types of material with five values of friction angle.

Table 4. Newmark analysis results.

44

JSEE / Vol. 21, No. 2, 2019

Reliability Analysis of Seismic Stability of Gotvand Dam, Southwest of Iran

Figure 4. Critical slip surface.

Figure 5. Finite element mesh of the embankment dam (PLAXIS 2D).

The finite element mesh with appropriate boundary
condition was used in the analyses. To this end, the
dam is divided into 11 layers with 1081 elements and
2318 nodes as shown in Figure (5). The elements
were Trilateral with six nodes. The effect of
number of elements and nodes on stresses and
strains in the structure is investigated during the
analysis to consider the sufficiency of the number
of elements and nodes. While five different mesh
sizes (extra-large, large, medium, fine and extrafine) can be applied in the software (PLAXIS), the
modeling is conducted using all these sizes, and the
optimum mesh size that less affects the results is
chosen. The foundation material was modeled as
linear elastic material. The foundation was extended
laterally enough (1 km each side), to ensure no wave
is reflected from lateral boundaries. The thickness of
foundation was considered 100 m. The foundation
thickness was extended enough to ensure, the
seismic bedrock (shear-wave velocity>760 m/s) is
achieved. The main reason behind utilizing PLAXIS
for dynamic analysis was employing appropriate
constitutive models (Hardening model) to obtain
more reliable results. Water pressure was applied at
full operation head on the upstream face and at
ground level on the downstream side of the embankment.
The core material was assumed to be saturated
JSEE / Vol. 21, No. 2, 2019

mixed clay-gravel and pure clay with the undrained
shear strength characteristic provided by the
laboratory study (Table 1). Analyses consisted of
consolidation followed by seepage, and finally
dynamic analyses. For Newmark analyses, acceleration time history of at least ten points within the
sliding surface was needed. Thus, the average of
ten points obtained by PLAXIS analysis is then
applied in the Newmark sliding calculation.

5.2. The Results of Newmark Analyses
Figure (6) shows a sample of Newmark analysis
results for two types of core materials, at DBL
when Georgia time history record is applied at the
base of the dam. The permanent displacements
calculated for 200 cases and other detailed results
are presented in Table (4). From these results, the
influence of friction angle and excess pore pressure
build-up on seismic deformation of Gotvand dam is
discussed in detail in the next sections.
5.2.1. The Influence of Friction Angle

The effect of friction angle uncertainties on
permanent displacement and seismic stability of
embankment dam is investigated briefly in this
research. For this purpose coefficient of variation
(COV) of core materials for both materials in this
research were estimated based on the results of
45
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Figure 6. Newmark analysis result for Georgia (ay=1.3 g) (a) Pure clay core, (b) Mixed clay core in DBL.
Table 5. Variations of friction angle used in dynamic analysis.

previous studies [30]. Then, using Equation (1), five
values were calculated for each type of core
material, shown in Table (5).
X new = x ± a ´

x ´COV
n

(1)

where Xnew is a new value of friction angle, x is
mean value of friction angles, a is error, COV is
coefficient of variation, and n is number of the data.
Since all the analyses were carried out under
effective stress condition, and also the clay core was
assumed to be normally consolidated, friction angle
is considered as the most important shear strength
parameter whose variation might affect the stability.
The maximum deviation of permanent displacement,
for different friction angles, from the value corresponding to the average friction angle is presented in
Table (6). The influence of friction angle variation on
permanent displacement of the embankment under
a typical earthquake excitation is presented in
Figure (7). A comparison between the variations of
permanent deformation determined by Newmark
analyses for two types of materials (i.e., mixed clay
and pure clay) and for two levels of seismic hazard
is presented in Figure (8). It is interesting to note,
46

Figure 7. Variation of permanent displacement by different
friction angle.

although the friction angle in the dam with mixed
clay core is more than that with pure clay core, the
permanent displacement in mixed clay core is more
than that of the pure clay core (Figure 8). This is due
to the fact that the excess pore pressure build-up
in the mixed clay reduces the undrained shear
strength substantially resulting in higher permanent
displacement. Another point in this figure is the
higher values of displacements for Landers earthquake, which is due to that in this accelerogram
most part of the motion is above yield acceleration
and caused greater values of permanent displacements.
JSEE / Vol. 21, No. 2, 2019
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Table 6. Influence of Friction angle on the permanent displacement.

Figure 9. Excess pore pressure build-up during Landers earthquake versus time for mix and pure clay in MCL.

Figure 8. Clustered column of the permanent displacement for
two types of material in (a) DBL, (b) MCL.

5.2.2. The Influence of Excess Pore Pressure

Variations of excess pore pressure build-up,
within the mid-width of the dam core subjected to a
typical earthquake record, are shown in Figure (9)
(at elevation 115 m of core zone). The result of
JSEE / Vol. 21, No. 2, 2019

this dynamic analysis confirms the test results
reported by Jafari and Shafiee [18]. The excess
pore pressure build-up during an earthquake, in the
mixed materials is more than that in the pure clay.
The results of Newmark analyses show that the
increase in pore pressure leads to an increase in
permanent displacement (Table 4), and finally, this
factor could threaten the seismic stability of dams.
As a result, care should be taken in using mixed
clays as the core of an embankment. Considering
the inherent uncertainties in the capacity and demand
parameters, the factor of safety may even fall
below unity.
47
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6. Modeling of Uncertainty
In geotechnical engineering, the reliability
analysis of earth fills (e.g. embankments) can be
performed using Bayesian updating technique in
conjunction with a conditional random field to
evaluate the uncertainty related to the spatial
variation of the material properties within a dam
based on quality control results during the construction [31-32]. Thus, the mathematical expectation and variance of the average shear strength
along failure surface have been estimated from
these results. Standard quality control programs
have incorporated the results of control tests in
reliability analysis as soon as they were available
in order to make a decision based on the actualized
evaluation of the reliability of earth structures [31,
33]. Stochastic finite element method (SFEM) is a
good alternative for solving the geotechnical
problem associated with material variability [34].
Recently, Random Finite Element Method
(RFEM) has been introduced to solve a variety of
practical problems in geotechnical engineering
design. RFEM combines random field theory [35]
with the finite element method [36] and Monte Carlo
simulation to produce probabilistic results. Mrabet
[37] and Mrabet and Bouayed [38] have used a
methodology based on random field theory in
conjunction with stochastic finite element method
(SFEM) to describe the uncertainty in both the
input material properties of a geotechnical system and
the result of the analysis of an embankment dam.
The reliability analysis in geotechnical engineering is estimating the probability of failure (or
reliability index) of a structure or a system. The
reliability index of an embankment is commonly
taken as the value corresponding to the failure
surface associated with a minimum reliability
index. Thus, the conventional factor of safety is
defined as the ratio of the limit capacity of soil to a
demand in terms of loads:
F =R

S

(2)

where R = capacity (resisting force or resisting
moment); and S = demand (driving force or driving
moment). In probabilistic modeling of safety, R and
S are assumed to be random variables. Let fR(r )
and fS(s) be the probability density functions of
variables R and S. The probabilistic measure of
48

safety is the probability of failure, P f defined as
(failure occurs if R < S):
æ R
ö
Pf = P ç
£ 1÷
è S
ø

(3)

Then the reliability index, b, is defined as [39]:
b=

E {MS }
s MS

(4)

in which E {MS } = expected value of MS, and
sMS = standard deviation of the normal distribution
of MS. MS in this study is the difference between
critical displacement (Dcritica l) and average normal
distribution of displacement (µD). This provides a
simple quantitative basis for assessing risk, i.e.
probability of failure.

6.1. Methodology
The results obtained from dynamic and Newmark
displacement analyses indicated that the effect of
change in friction angle on the displacement is not
so critical (Figure 7); therefore in this study, the
related uncertainty is not investigated. Hence, only
the uncertainty in the seismic loading is considered.
To assess the uncertainty of loading in the seismic
stability of embankment dam, a parameter of strong
ground motion is required that could capture the
whole effect of seismic loading on the stability of the
dam. Herein, Arias intensity is selected as a ground
motion parameter that captures the potential
destructiveness of an earthquake as the integral of
the square of the acceleration-time history related
to the loading. Arias Intensity is defined by Arias [23]
as:
Ia =

p
2g

¥

ò a (t ) dt
2

(5)

0

where Ia is the Arias Intensity in units of length per
time, a (t ) is the acceleration-time history in units
of g, and g is the acceleration of gravity. The Arias
intensities of 10 earthquake records are shown in
Table (7).
On the other hand, a parameter is required to
represent the structural properties, for instance,
geometry, and strength of the material. The selected
parameter is a predominant period (T1) of structure
(embankment). Another parameter applied in this
JSEE / Vol. 21, No. 2, 2019
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study as an independent variable is the predominant period of an earthquake (Ts) to identify the
resonance frequency and use it in the probability
distribution function (Table 7).

6.2. Probability Density Function
Three parameters, i.e., Arias Intensity, the predominant period of the dam, and the predominant
period of earthquakes are considered as independent

variables to derive the probability density function.
The relationship between an independent parameter
of Arias × TS / T1 and dependent parameter, i.e.,
permanent displacement is illustrated in Figure (10).
As shown, there is a good relationship between
Arias × TS / T1 and the permanent displacement, in
such a manner that the permanent displacement
increases when Ar ia s × TS / T1 increases. Four
formulas are derived for two types of core materials,

Table 7. Earthquake parameters and predominant period of the dam.

Figure 10. Permanent displacement versus Arias* TS/T1 for mix and pure clay in DBL and MCL.

JSEE / Vol. 21, No. 2, 2019
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Table 8. Formulas derived for permanent displacement.

Table 9. Additional accelerograms for reliability analysis.

mixed clay and pure clay in two levels of seismic
hazard, MCL and DBL (Table 8). The negligible
effect of friction angle on the permanent displacement can also be verified as shown in Figure (10).

6.3. Probability Density Function for Independent
Parameters (Input Data)
Herein, the probabilistic distribution of input
parameters (Arias intensity and TS / T1) is determined.
Because obtaining an appropriate distribution is
required to expand the number of data, more
accelerograms compatible with the seismotectonic
and geology of the dam site are selected (Table 9).
These accelerograms were normalized to DBL and
MCL hazard levels. Using MINITAB software,
distribution of Arias intensity and TS / T1 were
obtained. The histogram of TS / T1 parameter for
pure clay core is shown in Figure (11a) and the
normal and lognormal distribution fitted to the
histogram of TS / T1 are displayed in Figure (11b).
In order to determine the compatible distribution
for TS / T1, the Anderson-darling normality test was
performed and the results of these tests illustrated
in Figure (11c) indicate that the lognormal distribution is suitable for independent variable TS / T1. The
same tests were performed to identify the ideal
distribution of TS / T1 for mixed clay core and similar
results were obtained (Figure 12). The histograms of
Arias intensity with two types of distribution (normal
and lognormal) fitted on histograms are displayed
in Figure (13). These figures demonstrate that
lognormal distribution has proper compatibility with
the histogram of Arias intensity and the normality
tests have confirmed these results. Thus, lognormal
distribution was selected for the independent
parameter of Arias intensity. To compare the statistical results, the distribution parameters of both
normal and lognormal distributions of the input data
50

are presented in Table (10).

6.4. Probability Density Function for Dependent
Parameters (Output Data)
6.4.1. Normal Distribution

First-order second-moment (FOSM) method
estimates the uncertainty of the permanent displacement of an embankment against instability as
a function of the variances of the stochastic input
variables, such as Arias intensity and TS / T1. It
uses Taylor's series expansion to estimate the local
uncertainty of the permanent displacement at a
selected expansion point. Consider that the permanent displacement (D) can be expressed as a
function of stochastic input parameters Xs as:
JSEE / Vol. 21, No. 2, 2019
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Figure 11. (a) Histogram of TS/T1 for pure clay, (b) Normal and Lognormal distribution fitted on histogram, and (c) Normality test.

Figure 12. Histogram, Normal and Lognormal distribution fitted on histogram of mixed clay.
Table 10. (a) Lognormal distribution parameters (b) Normal distribution parameter for input data.

JSEE / Vol. 21, No. 2, 2019
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Figure 13. Histogram of Arias intensity, normal and lognormal distribution fitted on the histogram.

( )

D = g X T = g ( x 1 , x 2 ,¼, x n )

(6)

where X is a n-dimensional vector of stochastic
input parameters; the superscript (T) is the matrix
or vector transpose, and g represents a functional
relationship for the safety factor. In the context
of the present study, g ( XT) is the permanent
displacement formulation using the four mentioned
formulas (Table 8) of slope stability analysis via
Newmark permanent displacement. The stochastic
input vector X consists of the soil variables and
loading variables. The FOSM method considers
the first-order Taylor series expansion term of
Equation (6) and the mean and variance of permanent displacement (D) can be estimated as:
E [ D ] = m F » g ( E [ X 1 ], E [ X 2 ] , ¼, E [ X n ] ) +
k

k

åå
i =1 j =1

¶2D
¶X i ¶X

2

éæ
êç
ç
j =1 ê
ëè
k

åå
i =1

for i < j

(7)

éæ ¶D ö2
ù
êç
÷ Var [ X i ]ú +
ê ¶X h ø
ú
i =1 ëè
û
(8)
é
¶D ¶ D ö
÷ Cov êX i X j ]] +V [e ] for i < j
¶X i ¶X j ÷ø
êë

ar [ D ] = ¶ 2D »
k

Cov ( X i , X j ) + e
j

k

å

In these equations, if input parameters have no
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correlations ( Cov[Xi Xj] = 0) the parameters are
uncorrelated and the equation can be written as the
following equations:

[ D ] = mF
for

(9)

i < j

Var [ D ] =
for

» g ( E [ X 1 ], E [ X 2 ], ¼, E [ X n ] ) + e

¶ 2D

éæ ¶ D ö2
ù
êç
»
÷ Var [ X i ]ú +V [e ]
ê ¶X h ø
ú
i =1 ë è
û
k

å

(10)

i < j

where e is the error of modeling and

¶D
¶X k

is

Fraction Derivative of each input variable.
¶ D can be estimated as:
¶X k

¶D
=
¶X 1

g ( X 1 + s1 , X 2 ,¼, X n ) - g ( X 1 - s1 , X 2 ,¼, X n )
=
2s1
(11)
DD1
¶D
,
=
2s1
¶X 2
g ( X 1 , X 2 + s1 ,¼, X n ) - g ( X 1 , X 2 - s1 ,¼, X n )
=
2s 2
DD 2
, ¼.
2s 2
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æ ¶D ö
é DD ù 2 1
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ç
÷ VarX [ X 1 ] = ê
ú s1 = [ D D ]
¶
s
X
2
4
è
ë 1 û
1 ø

(12)

Usually, two approaches are used to estimate the
variance of the output parameter as approximated
by the first-order second-moment method. The
FOSM approach is a direct evaluation of the differential equation given in Equation (11). This is a
closed form solution for Var ( X). However, for
most methods of slope stability analysis, such
evaluation is practically impossible and inconvenient. The second approach involves a numerical
approximation of the partial derivatives. This is
usually used and recommended for computing the
variance (uncertainty) of the seismic deformation.
Note that the four formulas (Table 8) do not have
a linear relationship; therefore, a suitable approach
is needed to estimate the values of statistical
parameters when input parameters have a normal
distribution. Herein, for this situation, FOSM method
is applied to calculate the mean value and variance
of permanent displacement as an output parameter.
The method of calculating of statistical parameters
of D is presented by:
D = 90.67 ´ ARIAS ´

TS
- 10.79
T1

(13)

æ
T ö
T
g ç ARIAS , S ÷ = 90.67 ´ ARIAS ´ S - 10.79 (14)
T1 ø
T1
è
æ

æ TS ö ö
÷ ÷÷
è T1 ø ø

( D ) » g çç E ( ARIAS ), E ç
è

Var [ D ] = s 2D »

Var [ D ] =

s2D

1
4

1
»
4

k

å[D D ]

2

i

i =1
k

å[D D ]

2

i

i =1

In this method, if n variables exist, so 2n+1 calculation is required to estimate the mean and
variance of D, one calculation to estimate the mean
and 2n calculations to estimate the variance of D.
With statistical parameters of input variables
presented in Table (10b), and Equations (15) to (17),
the statistical parameters of output data were
estimated and presented in Table (11). As an
example, the result of pure clay in DBL level is
given by:
ARIAS ~ N (1.297,1 .1449 ),
TS
~ N ( 0.1142, 0.0066 ), D ~ N ( 2.6, 210.3)
T1

(18)

Using these statistical parameters, the normal distribution of permanent displacement was determined
(Figure 14).
6.4.2. Lognormal Distribution

Since the best distribution describing the input
data of the current study was lognormal distribution,
the suitable distribution for the output data also
might be lognormal distribution. This prediction is
examined herein. If the lognormal is a proper distribution of the data, then logarithm of the data
has the normal distribution. Considering this fact,
statistical parameters of output data were obtained.
For example, in case of pure clay core at DBL
the formula derived for permanent displacement
obtained as follows (Table 8):
TS
- 10.79
T1

(15)

D = 90.67 ´ ARIAS ´

(16)

D + 10.79 = 90.67 ´ ARIAS ´

TS
T1

(19)
(20)

Ln (D + 10.79) =
+V [e ]

(17)

Ln (90.67) + Ln (ARIAS ) + Ln (

TS
)
T1

(21)

Table 11. Normal distribution parameters of dependent (output) data.
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Figure 14. The Normal distribution of D for (a) pure clay, and (b) mixed clay.

While Ln(ARIAS) and Ln (

TS
) have the normal
T1

distribution, Ln (D + 10.79) has the normal distribution, so D + 10.79 has the lognormal distribution. In
this way, the statistical parameters of Ln (D + 10.79)
are as follows:
Ln (ARIAS ) ~ N ( - 0.02901, 0584 )

(22)

æT ö
Ln ç S ÷ ~ N ( - 2.37902, 0.415 )
è T1 ø

(23)

Ln ( D + 10.79 ) ~ N ( 2.1, 0.999 )

(24)

If D * substitutes D +10.79, then Ln ( D * )~ N
(2.1,0.999). The same calculation was conducted
for other core materials and hazard levels and the
results are shown in Table (12). Also, the graphs of
lognormal distributions are presented in Figure (15).
Table 12. Lognormal distribution parameters of dependent
(output) data.

6.5. Uncertainties and Reliability Index Calculation
The reliability index (b) is often used to express
the degree of uncertainty in the calculated parameter. Reliability in seismic stability analysis is affected
by various factors such as uncertainty associated
with soil properties, the methods (or models) used,
and the seismic loading. Herein, reliability index is
calculated on the basis of permanent displacements
obtained from Newmark approach, for two types of
distributions, and two types of core materials at
two levels of seismic hazard. Hence, a critical
displacement should be defined beyond a value
which causes insignificant destruction that can be
repaired. Therefore, the critical displacements
selected for MCL and DBL are 100 cm and 30 cm
respectively [40]. Then, the value of reliability index
is affected by critical displacement as:
b=

DCRITICAL - m D
sD

(25)

where DCRITICAL is critical displacement, mD and sD
are the mean and standard deviation of permanent
displacement. The reliability index was determined
for two types of distributions (Table 13). The reliability index is reasonably different between the two
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Figure 15. The Lognormal distribution of D* for (a) pure clay, and (b) mixed clay.
Table 13. Reliability index and Failure probability for (a) Lognormal distribution and (b) Normal distribution of data.

types of materials, and the reliability of mixed clay
core is less than pure clay core. Besides, the results
indicate that the normal distribution gives a lower
reliability index in comparison to the lognormal distribution. In other words, the normal distribution
showed an overestimation of rupture possibility in
the structure. By the way, it is worth mentioning
that due to some errors in the estimation of the
statistical parameters of output data by the normal
distribution (Figure 11c), the reliability index
calculated by the lognormal distribution is more
reasonable than that of the normal distribution.

6.6. Determination of Probability of Failure
Once reliability index is calculated, the probability
of failure can be estimated to assess the performance of dam under earthquake loading. Equation (26) is used to estimate the probability of failure
(P f) for the lognormal distribution:
JSEE / Vol. 21, No. 2, 2019

D + 10.79 = 90.67 ´ ARIAS ´

TS
T1

P ( D > 30cm ) = P ( D + 10.79 > 30 + 10.79 ) =
P (D * > 40.79)

(26)

(27)

The results for two types of materials in MCL
and DBL are presented in Figure (16). It is shown
that since the probability of failure for Gotvand dam
is low, this important infrastructure can have suitable
performance during future earthquakes. The probability of failure is higher for mixed clay core due to
the larger permanent displacement in this material.
Furthermore, the probability of failure in MCL is
slightly higher than in DBL.
The probability of failure was also estimated for
the normal distribution, as shown in Figure (17).
The P f value for both types of distribution is
summarized in Table (13). The probability of failure
for the normal distribution is moderately higher
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Figure 16. The Probability of Failure for Lognormal distribution for (a) pure clay, and (b) mixed clay.

Figure 17. The Probability of Failure for Normal distribution for (a) pure clay, and (b) mixed clay.

than that for the lognormal which confirms the
results obtained from the reliability index estimation.

7. Conclusion
In this study, probability theories were utilized to
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perform a reliability analysis in order to evaluate the
seismic stability of Gotvand dam, an embankment
dam constructed in the southwest of Iran. Considering different sources of uncertainties (loading
and friction angle of core material) inherent in the
JSEE / Vol. 21, No. 2, 2019

Reliability Analysis of Seismic Stability of Gotvand Dam, Southwest of Iran

problem, the failure probability of dam under seismic
loading was investigated. Furthermore, in order to
estimate the effect of pore pressure build-up
during seismic loading, two types of core materials
(pure clay and mixed clay) were modeled in this
research. The following conclusions were derived
from the current study:
v The results of the dynamic analyses indicate that
high shear strains and, consequently, high pore
pressures can develop within the core when a
mixed clay is used as the core material.
v The permanent displacement of the mixed clay
core is moderately higher than that of the pure
clay core due to the higher excess pore water
pressure developed in the mixed clay core.
v The effect of friction angle variation of core
material on seismic stability of Gotvand dam is
not remarkable because the critical slip surface
passes through the core zone in a short length.
v According to the results of reliability analysis,
lognormal distribution fits best to the histogram of
input and output parameters and normal distribution presents conservative results.
v Based on the presented reliability indexes and
failure probabilities, using pure clay core for
Gotvand dam results in higher reliability and less
failure probability.
v The reliability analyses conducted based on the
Newmark stability approach indicate that based
on ICOLD recommendations, Gotvand dam
with any of the two types of core materials is
completely safe in the DBL hazard level and its
performance is acceptable during MCL hazard
level.
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