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In recent years, many high rockfill dams have been constructed in China for the purpose of hydropower
generation. One of the critical aspects of rockfill dam design is the analysis of slope stability. Triaxial com-
pression tests show that the failure envelopes of rockfills are curved and that nonlinear shear strength
criteria yield better predictions of the shear strengths of rockfills than the Mohr–Coulomb criterion.
Because the determination of shear strength parameters involves uncertainties, a reliability-based meth-
odology was developed for use in evaluating the failure probability of rockfill dam slopes by integrating
Bishop’s simplified method, Duncan’s nonlinear strength criterion and the first-order second-moment
reliability method presented in this paper. A computer program, SCU-SLIDE, was developed and its out-
puts validated by comparison with Monte Carlo simulation results. The approach developed was used to
study the stability of the Shuang Jiang Kou rockfill embankment dam, which when completed will be the
tallest dam in the world. The results of the stability analysis are discussed and conclusions are presented
in this paper.

� 2013 Published by Elsevier Ltd.
1. Introduction

Many high rockfill dams are under construction in China, such
as the Chang He Ba dam (240 m), the Nuo Za Du dam (261.5 m),
the Liang He Kou dam (293 m), the Gu Shui dam (305 m) and the
Shuang Jiang Kou dam (314 m). Slope stability analysis is a major
component of the safety evaluation of rockfill dams. Two key issues
in slope stability analysis are the shear strength criteria used for
embankment materials and the computational methods used in
the analysis.

Large-scale drained triaxial compression tests show that the
friction angle of rockfill is not constant under different confining
pressures, due to dilatancy and particle breakage. The friction an-
gle can vary from approximately 55 degrees at very low normal
pressures to approximately 35 degrees at very high normal pres-
sures [1], and the failure envelopes exhibit pronounced curvature,
particularly at low pressure levels [2].

The well-known Mohr–Coulomb criterion is based on fitting a
straight line to the failure envelope. Both the cohesion and the fric-
tion angle are considered independent of the stress state. Because
the friction angle of rockfill varies with the confining (normal)
pressure, the failure envelope of rockfill is not linear. Thus, in the
case of rockfill, nonlinear shear criteria provide a better fit to triax-
ial test data than the Mohr–Coulomb criterion.

Moreover, if the cohesion of rockfill is assumed to be null
(purely frictional) according to the Mohr–Coulomb criterion, at
low normal stress levels, such as those at the outer face of a rockfill
dam, the shear strength is quite low. In stability calculations, the
slip surfaces of a rockfill surface would thus have safety factors
lower than 1. That is, the rockfill surface would be unstable, which
is not realistic. Nonlinear shear criteria assign higher shear
strength parameters to superficial slip surfaces, which as a result
do not have unrealistically low safety factors [3]. In short, evaluat-
ing the slope stability of rockfill dams (especially for high rockfill
dams) with nonlinear shear criteria yields more accurate and more
reasonable results [4].

Conventional deterministic analysis uses a safety factor in slope
stability estimation. The safety factor is defined as the ratio of
resisting forces to driving forces on a specific slip surface. A safety
factor lower than 1 indicates that the slope is unstable. Due to
uncertainties involved in determining the available strength of
the soil, the selection of suitable values for the soil strength param-
eters and an allowable safety factor is difficult and is often based
on engineering judgment and experience. Even so, the use of a sin-
gle value for the safety factor would be misleading because a slope
whose stability is calculated with a single safety factor value may
in fact pose different risk levels, depending on the degree of vari-
ability of the strength parameters.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.compgeo.2013.01.005&domain=pdf
http://dx.doi.org/10.1016/j.compgeo.2013.01.005
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The application of reliability theory to the analysis of the stabil-
ity of slopes and embankments has been pursued over the last four
decades. Some of the latest representative publications include
Tang et al. [5], Zhang et al. [6], Zhang et al. [7], Raihan et al. [8],
Chiu et al. [9], Irigaray et al. [10], Fisher and Eberhardt [11], Nag-
hadehi et al. [12], Srivastava and Babu [13], Leynaud and Sultan
[14], Suchomel and Masin [15], Wang et al. [16], Chowdhury
et al. [17], and Mbarka et al. [18], among others. However, these
studies have not addressed reliability analysis of the stability of
rockfill embankments based on nonlinear shear criteria.

This paper proposes a reliability-based approach by which the
uncertainties associated with the nonlinear strength parameters
involved in slope stability analysis of high rockfill dams can be
modeled and analyzed. The limit state function of slope stability
is formulated using Bishop’s simplified method as the stability
model. The shear strength of coarse-grained soils, such as rockfill,
is determined using Duncan’s nonlinear strength criterion. The
reliability index for slope stability, based on Bishop’s simplified
method, is estimated by the first-order, second-moment method.
Expressions of partial derivatives of the limit state function and
an iterative process for determination of the reliability index are
presented in this paper. The proposed algorithm was coded into
a computer program named SCU-SLIDE. The accuracy of the reli-
ability approach was verified by comparison of the program out-
puts with Monte Carlo simulation results, and influences of
variation in the mean values, coefficients of variation and probabil-
ity distributions of nonlinear strength parameters on slope reliabil-
ity were examined. The SCU-SLIDE program was used to study the
slope stability of the Shuang Jiang Kou dam in China, which, when
complete, will have a maximum height of 314 m. Some conclusions
drawn from the results of this study are presented in this paper.
2. Deterministic analysis of slope stability of rockfill dams

2.1. Bishop’s simplified method

Bishop’s simplified method [19] was one of the earliest practical
approaches to estimating the stability of slopes that was based on
the method of slices. Bishop’s simplified method considers normal
interslice forces but ignores interslice shear forces and satisfies
overall moment equilibrium but not overall horizontal force equi-
librium. The forces considered in Bishop’s simplified method are
shown in Fig. 1. The good precision of Bishop’s simplified method
has been demonstrated by comparison with rigorous methods
Fig. 1. Forces considered in Bishop’s simplified method of slices.
such as the Morgenstern–Price method [20]. The safety factor gi-
ven by Bishop’s simplified method is as follows:

Fs ¼
P
f½ðW þ VÞ sec a� ub sec a� tan u0 þ c0b sec ag½1=ð1þ tan a tan u0=FsÞ�P

½ðW þ VÞ sin aþMc=R�
ð1Þ

where Fs is the safety factor; W is the weight of the slice; V is the
vertical seismic inertia force; u is the pore water pressure at the
base of the slice; a is the inclination angle of the slice base to
the horizontal; b is the width of the slice; c0 and u0 are, respectively,
the effective cohesion and friction angle of the soil (for coarse-
grained soil, the cohesion is ignored and the friction angle is about
a function of the stress state); Mc is the moment about the center of
the failure arc due to the horizontal seismic inertia force; and R is
the radius of the failure arc.

2.2. Nonlinear shear criteria for rockfill

A number of nonlinear shear criteria have been proposed for use
in describing the nonlinear characteristics of the shear strength of
coarse-grained soils, such as rockfills, gravels and sands, over the
last three decades. Some of the latest representative publications
include Xu et al. [21], Soroush and Jannatiaghdam [22], Frossard
et al. [23], Araei et al. [24] and Shi et al. [25], among others.

According to the Chinese design specifications for rolled earth–
rock fill dams (DL/T 5395-2007) [26], it is assumed that the effec-
tive friction angle of coarse-grained soil varies with the confining
pressure according to the following expression [27]:

u0 ¼ u0 � Du lg
r3

Pa

� �
ð2Þ

where r3 is the minor principal stress, Pa is the atmospheric pres-
sure, u0 is the effective friction angle under 1.0 Pa and Du is the
reduction in u0 corresponding to an increase in r3 during a loga-
rithmic cycle.
3. Reliability approach

3.1. First-order second-moment method (FOSM)

Before performing structural reliability analysis, the limit state
function g(X) (where X is the vector of the input stochastic param-
eters) should be defined to identify the failure and safety state of
the structure. In general, g(X) > 0 indicates a safe state and
g(X) < 0 indicates a failure state, while g(X) = 0 is the limit state
surface.

If the limit state function is linear and the X variables are nor-
mally distributed, the reliability index b is defined as follows:

b ¼
lg

rg
ð3Þ

where lg is the mean value of the limit state function and rg is the
standard deviation of the limit state function.

The corresponding probability of failure can be evaluated as
follows:

Pf ¼ Uð�bÞ ð4Þ

where U(�) is the standard normal cumulative distribution function
(CDF).

The nonlinear limit state function is first approximated by a
first-order polynomial using Taylor’s series expansion with the
maximum probabilistic point (MPP), x�, as the expanding point
[28]. The MPP is a point that defines the minimum distance (the
reliability index b) from the origin to the limit state surface in a
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coordinate system of an independent, standardized normal vector
[29]. The mean value of the limit state function is as follows:

lg ¼ gðx�1; x�2; . . . ; x�nÞ þ
Xn

i¼1

@g
@Xi

����
x�

i

ðlXi
� x�i Þ ð5Þ

Because the MPP is located at the limit state surface, the first term
of Eq. (5) is equal to zero. Eq. (5) reduces to the following equation:

lg ¼
Xn

i¼1

@g
@Xi

����
x�

i

ðlXi
� x�i Þ ð6Þ

The standard deviation of the limit state function is as follows:

rg ¼
Xn

i¼1

Xn

j¼1

qXi ;Xj

@g
@Xi
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i

@g
@Xj
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rXj
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1
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1=2

ð7Þ

where lXi
is the mean value of variable Xi, rXi

is the standard devi-
ation of variable Xi, rXj

is the standard deviation of variable Xj and
qXi ; Xj

is the correlation coefficient between variable Xi and variable
Xj.

Eq. (7) can be written as follows:

rg ¼
Xn

i¼1

ai
@g
@Xi
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x�

i

rXi
ð8Þ

where

ai ¼
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Substituting Eqs. (6) and (8) into Eq. (3) and rearranging the terms,
the following equation can be obtained:

Xn

i¼1

@g
@Xi

����
x�

i

ðlXi
� x�i � bairXi

Þ ¼ 0 ð10Þ

The above equation is independent of the form of the limit state
function, g(X), so the sum of the terms in the parentheses in Eq.
(10) is zero and the expression for the MPP, x⁄, can be found as
follows:

x�i ¼ lXi
� bairXi

ð11Þ

Because the reliability index b is unknown until the MPP have been
determined, Eq. (11) needs to be solved by iteration. The iterative
process is as follows:

(a) Assume an initial reliability index b(0) and an initial MPP
x⁄(0).

(b) Compute equivalent normal distributions for the non-nor-
mal random variables at x� using the Rackwitz–Fiessler algo-
rithm [28]. The equivalent normal parameters can be
calculated as follows:
rN ¼
/½U�1ðFXðx�ÞÞ�

fXðx�Þ
ð12Þ

lN ¼ x� �U�1½FXðx�Þ�rN ð13Þ

where rN and lN are the mean and standard deviation of the equiv-
alent normal variable, /(�) is the standard normal probability den-
sity function (PDF), U�1(�) is the inverse standard normal CDF, FX(�)
is the CDF of the original random variable, and fX(�) is the PDF of the
original random variable.

(c) Compute a new reliability index using the Newton–Raphson
method:

bðjþ 1Þ ¼ bðjÞ � gðx�1ðjÞ; x�2ðjÞ; . . . ; x�nðjÞÞXn

i¼1

@g
@Xi
jx�

i
ðjÞairN

ðj ¼ 0;1; . . .Þ ð14Þ
(d) A new MPP is calculated as follows:

x�i ðjþ 1Þ ¼ lN � bðjþ 1ÞairN ðj ¼ 0;1; . . .Þ ð15Þ

(e) Repeat steps (b) to (d) until the b and MPP values converge.
3.2. Limit state function of slope stability and the partial derivatives of
the limit state function

By setting Fs = 1 in Eq. (1) and rearranging the terms, the limit
state function of slope stability is formulated, using Bishop’s sim-
plified method as the stability model, as follows:

gðXÞ ¼
X
f½ðW þ VÞ sec a� ub sec a� tan u0 þ c0b sec ag½1=ð1

þ tan a tan u0Þ� �
X
½ðW þ VÞ sinaþMc=R� ð16Þ

Although the limit state function of slope stability is generally ex-
pressed as follows:

gðXÞ ¼ Fs � 1 ð17Þ

Eq. (16) is easier to use for evaluating partial derivatives and pro-
vides the same reliability results as Eq. (17).

Here, only the soil strength parameters are considered random
variables. The derivatives of the limit state function with respect to
the linear strength parameters c0 and u0 are expressed as follows:

@g
@c0
¼
X b

cos aþ sin a tan u0
ð18Þ

@g
@u0
¼
X ðW � V � ubÞ cos a� c0b sin a

ðcos a cos u0 þ sin a sinu0Þ2
ð19Þ

The derivatives of the limit state function with respect to the non-
linear strength parameters u0 and Du are expressed as follows:

@g
@u0

¼ @g
@u0

@u0

@u0
¼
X ðW � V � ubÞ cos a
ðcos a cos u0 þ sina sinu0Þ2

ð20Þ

@g
@Du

¼ @g
@u0

@u0

@Du

¼
X ðW � V � ubÞ cos a
ðcos a cos u0 þ sin a sin u0Þ2

� lg
r3

pa

� �� �
ð21Þ

and r3 is calculated as follows [30]:

r3 ¼ rnðsec2 u0 � tan u0 sec u0Þ ð22Þ

where rn is the stress normal to the failure arc. According to
Bishop’s simplified method, rn is written as follows:

rn ¼
ðW � VÞ

ðbþ b tan u0 tan aÞ � u ð23Þ

For a homogeneous dam, the symbol
P

in Eqs. (18)–(21) denotes
the sum of all the slices. When multiple of soil types are involved
in a dam, the symbol

P
denotes the sum of the slices of the same

soil type.

3.3. Verification of the reliability approach

The reliability approach described in this paper was imple-
mented in a computer program, SCU-SLIDE, which was developed
in Visual Basic. The reliability indices of a homogenous rockfill
embankment obtained from SCU-SLIDE were compared with the
output from Monte Carlo simulations. To verify that Eqs. (16)
and (17) provide the same reliability results, the limit state func-
tion was formulated based on Eq. (17) in the Monte Carlo method.

The rockfill embankment considered in the simulation was a
fictitious structure that was assumed to be filled with hard rocks.
The height of the embankment was 200 m, the crest width was
10 m, the slope was 1:1.4, and the bulk unit weight of the rockfill



Table 1
The minimum reliability indices of the dam slope for different combinations of u0 and
q.

Mean
of u0

Correlation
coefficient q
between u0 and
Du

bmin obtained from the
SCU-SLIDE computer
program

bmin obtained from
the Monte Carlo
method

53� 0 4.4699 4.4526
52� 0 4.2466 4.2051
51� 0 4.0154 3.9759
50� 0 3.7758 3.7399
49� 0 3.5273 3.4972
48� 0 3.2694 3.2484
48� 0.2 3.6029 3.5682
48� 0.4 4.0447 4.0600
48� 0.6 4.3712 4.4048
48� 0.8 4.4941 4.5318
48� 1.0 4.6939 4.6828
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was 22.0 kN/m3. According to data on hard rocks from some
hydraulic power projects in China, typical coefficients of variation
of the nonlinear strength parameters u0 and Du are approximately
0.06 and 0.15, respectively; the mean of Du is approximately 10�,
and the mean of u0 is approximately 53�; u0 is normally distrib-
uted, and Du is log-normally distributed. The calculated correla-
tion coefficients between u0 and Du were greater than zero,
which indicates that u0 and Du are positively correlated, i.e., u0

generally increases as Du increases and vice versa. To obtain more
results for verification, the mean of u0 was varied from 48� to 53�,
and the correlation coefficient q between u0 and Du was varied
from 0.0 to 1.0.

The minimum reliability indices of slope stability for different
combinations of u0 and q were determined by the computer pro-
gram and are summarized in Table 1, along with the reliability
indices calculated by Monte Carlo simulations.

The reliability indices computed by the computer program are
very close to those calculated by the Monte Carlo method, which
indicates that the proposed reliability approach has good precision.
Furthermore, the results and comparisons show that the limit state
function of slope stability can be formulated by either Eq. (16) or
Eq. (17).
4. Sensitivity of slope reliability to statistical parameters of u0

and Du

A sensitivity analysis was conducted based on the parameters of
the same fictitious rockfill embankment. The statistical parameters
of u0 and Du can be modified to evaluate their impact on the re-
sults of slope reliability analyses.
0.00m

Rockfi

Rock Foun

200.00m

Fig. 2. Variation of critical slip surface w
4.1. Influence of correlation between u0 and Du on slope reliability

The results of an evaluation of the effect of the correlation coef-
ficient between u0 and Du on slope reliability are illustrated in Ta-
ble 1 and Fig. 2. The reliability index increases with the coefficient
of correlation q, while the critical slip surface moves towards the
slope face, as shown in Fig. 2.

4.2. Influence of mean values of u0 and Du on slope reliability

As shown in Figs. 3 and 4, the reliability index increases linearly
with the mean value of u0 and decreases linearly with the mean va-
lue of Du, for all probability distribution types of u0 and Du. N–N
shows that u0 and Du are both normally distributed. LN–N shows
that u0 and Du are log-normally and normally distributed, respec-
tively. LN–LN shows that u0 and Du are both log-normally distrib-
uted. N–LN shows that u0 and Du are normally and log-normally
distributed, respectively. According to Eq. (2), high values of the
mean value of u0 increase the expected values of the resisting forces
and consequently increase the reliability index; in contrast, high val-
ues of the mean value of Du decrease the expected values of the
resisting forces and consequently decrease the reliability index.

4.3. Influence of coefficient of variation of u0 and Du on slope
reliability

As shown in Figs. 5 and 6, the reliability index decreases nonlin-
early and rapidly with the coefficient of variation of u0 and de-
creases slowly with the coefficient of variation of Du, for all
probability distribution types. High values of the coefficient of var-
iation increase the variance of the resisting forces and conse-
quently decrease the reliability index.

4.4. Influence of probability distribution types for u0 and Du on slope
reliability

As shown in Fig. 3–6, a normal distribution of u0 yields a lower
value for the reliability index than a log-normal distribution, while
a change in the probability distribution type for Du has little influ-
ence on the reliability index.

5. Case study of the Shuang Jiang Kou dam

The Shuang Jiang Kou dam is a zoned rockfill dam with a central
gravelly soil core, located in southwest China on the Da Du river.
This dam was chosen as a case study for the reliability analysis
method discussed in the previous sections of this paper. Upon
completion of its construction, the dam height will be 314 m above
the central core foundation and the crest width will be 16 m. The
=0.8

=1

=0.6
=0.4

=0.2
=0

1:1.4ll

dation

ith the coefficient of correlation q.
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reservoir capacity will be 2.732 billion m3. The purpose of the dam
is to generate power. The annual power generation capacity will be
8.128 billion kW h. A typical cross section of the dam is shown in
Fig. 7.
5.1. Statistical data on the shear strength parameters of the soil
materials

During the geotechnical investigation of the embankment
materials, a large number of samples were taken from borrow
areas, and the strength parameters of the soil samples were mea-
sured in the laboratory using triaxial compression tests. Based on
the reported results of these tests, the statistical values of the
strength parameters for the soils were calculated and are summa-
rized in Table 2. Because of the inadequate number of samples of
rock ballast, earth and rock fill material, overburden material and
sand, the statistical values of the strength parameters for these
materials were mainly based on engineering judgment and experi-
ence. In addition, for conservatism in the results of the reliability
analysis, the strength parameters u0 and Du were considered to
be uncorrelated.
5.2. Results of reliability analysis using the computer program SCU-
SLIDE

The computer program SCU-SLIDE was used to calculate the
safety factors defined by the mean values of the strength parame-
ters of the soil materials and the reliability indices for the Shuang
Jiang Kou dam for various loading conditions. Four loading condi-
tions were considered in the analysis:

(1) at the end of construction for both the upstream and down-
stream faces;

(2) under steady-state seepage at the normal water level for
both the upstream and downstream faces;

(3) under rapid drawdown to the minimum water level for the
upstream face; and

(4) under seismic loading for both the upstream and down-
stream faces.

During the rapid drawdown process, the rockfill shell is consid-
ered to be drained and the core is considered to be undrained;
therefore, the phreatic water table migrates with the water level
in the rockfill shell and remains unchanged in the core.

Effective stress analysis was used for all the loading cases. The
shear strength parameters listed in Table 2 were the consolidated
drained effective values. The seismic acceleration considered was
0.2 g, ‘‘g’’ being acceleration due to gravity.

The slip surfaces that might affect the dam were classified into
two types: (1) circular slip surfaces that only affect the dam and (2)
circular slip surfaces that affect both the dam and the foundation.
The critical slip surfaces for each type, based on the minimum
safety factor and the minimum reliability index, were determined
using a grid-and-radius method.

The minimum safety factors and the minimum reliability indi-
ces for the corresponding critical slip surfaces for the end-of-con-
struction loading condition, the steady-state seepage loading
condition, the rapid drawdown to minimum water level loading
condition and the seismic loading condition are shown in Figs. 8–
11, respectively.
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Table 2
Statistical values of the drained shear strength parameters for the soil materials of the Shuang Jiang Kou dam.

Material type Strength parameter Probability distribution type Mean value l Standard deviation r Coefficient of variation VX

Downstream rockfill I u0 (�) Normal 48.15 2.95 0.06
Du (�) Log-normal 6.35 1.41 0.22

Downstream rockfill II u0 (�) Normal 42.75 2.26 0.05
Du (�) Log-normal 3.59 1.24 0.35

Upstream rockfill u0 (�) Normal 42.75 2.26 0.05
Du (�) Log-normal 3.59 1.24 0.35

Filter I u0 (�) Normal 43.38 2.17 0.05
Du (�) Log-normal 3.74 0.77 0.21

Filter II u0 (�) Normal 45.83 2.59 0.06
Du (�) Log-normal 5.45 2.19 0.40

Transition layer u0 (�) Normal 46.11 2.31 0.05
Du (�) Log-normal 5.04 1.13 0.22

Gravelly soil c (kPa) Normal 89.57 23.79 0.27
u (�) Log-normal 34.38 5.92 0.17

Rock ballast u (�) Normal 36.49 1.82 0.05
Earth and rock fill material u (�) Normal 36.49 1.82 0.05
Overburden III u (�) Normal 31.00 4.65 0.15
Overburden II u (�) Normal 27.00 4.05 0.15
Overburden I u (�) Normal 31.00 4.65 0.15
Sand layer u (�) Normal 20.00 3.00 0.15

Fig. 8. Critical slip surfaces based on the minimum safety factor and minimum reliability index of the Shuang Jiang Kou dam at the end of construction.
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5.3. Discussion of the results

As observed from Figs. 8–11, the critical slip surface based on
the minimum safety factor is not the same as the one based on
the minimum reliability index, and the zone with a higher value
for the safety factor does not necessarily have a higher value for
the reliability index. In conventional deterministic analysis, the
strength parameters of the soil materials would be considered con-
stant values. However, because of the inherent randomness of soil
properties and measurement errors, the strength parameters of
soils are not deterministic; from a probabilistic point of view, they
are stochastic variables. Thus, the slip surface with the minimum
safety factor is not necessarily the most probable failure arc due
to the variability in the shear strength of soils.

The Shuang Jiang Kou dam will be 314 m high and will store a
huge volume of water. Its failure would result in serious disasters.
Therefore, it is important to assess both the degree of safety and
the level of risk of the dam slope. According to the Chinese design
specification for rolled earth–rock fill dams (DL/T 5395-2007) [26]
and the unified design standard for reliability of hydraulic



Fig. 9. Critical slip surfaces based on the minimum safety factor and minimum reliability index of the Shuang Jiang Kou dam under steady-state seepage.

Fig. 10. Critical slip surfaces based on the minimum safety factor and minimum reliability index of the Shuang Jiang Kou dam during rapid drawdown to the minimum water
level.

Fig. 11. Critical slip surfaces based on the minimum safety factor and minimum reliability index of the Shuang Jiang Kou dam for seismic loading.
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engineering structures (GB 50199-94) [31], any slip surface affect-
ing the dam must have a minimum safety factor of 1.5 under stea-
dy-state seepage, a minimum safety factor of 1.3 at the end of
construction and under rapid drawdown, and a minimum safety
factor of 1.2 for seismic loading. For all these cases, a minimum
reliability index of 4.2 is needed.

The results show that the safety factors were higher than the re-
quired minimum safety factor in all cases and that the lowest
safety factor obtained was 1.279, for seismic loading. Moreover,
the safety factors related to the slip surfaces that affect both the
dam and the foundation are higher than those related to the slip
surfaces that only affect the dam.

Apart from the upstream slope in the seismic loading case, the
calculated reliability indices all exceed the required minimum reli-
ability index. The most probable failure arc is located at the up-
stream face near the normal water level in the seismic loading
case. Ideally, the probability of the seismic event considered in
the analysis should be taken into consideration, but because the
determination of this probability is difficult, it was not considered
in the calculation. Thus, the result for the seismic loading case is
conservative. Even though the most critical slip surface is superfi-
cial and would not seriously affect the integrity of the structure
and even though the slope stability analysis result for the seismic
loading case is on the safe side, it is suggested that the region
around the slip surface be reinforced.

6. Conclusions

The main conclusions of this paper may be summarized as
follows:

(1) Triaxial compression tests reveal that the failure envelopes
of rockfills were curved; therefore, nonlinear shear charac-
teristics should be considered in reliability analysis of the
slope stability of rockfill embankment dams.

(2) A reliability-based approach for evaluating the slope stabil-
ity of high rockfill dams was developed. The proposed algo-
rithm models and analyze the uncertainties associated with
the parameters u0 and Du of Duncan’s nonlinear strength
criterion. The proposed algorithm was coded into a com-
puter program and compared to a Monte Carlo simulation
for validation.
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(3) Slope reliability is sensitive to the statistical parameters and
probability distribution types of u0 and Du and to the cor-
relation between u0 and Du.

(4) The safety factors calculated for the Shuang Jiang Kou dam
are higher than the required minimum safety factors for all
loading conditions considered, including seismic loading.
The lowest reliability index for the upstream face, near the
normal water level, is below the target value in the case of
a seismic event. Because a conservative assumption is made
regarding the correlation between u0 and Du, the actual
reliability is higher.

(5) The case study demonstrated that the slip surface with the
minimum safety factor is not necessarily the most probable
one, and a safety factor greater than the target value does
not necessarily prevent failure of the slope. Thus, it is bene-
ficial to calculate both the safety factor and the reliability
index of the dam slope.

(6) In this study, only nonlinear shear strength parameters were
treated as stochastic variables in the reliability analysis. In
fact, there are other random factors that influence the reli-
ability of slope stability, such as the variation of pore pres-
sure and the weights of materials. In addition, the values
of the random factors that influence the reliability of slope
stability vary over the slip surface, and so stochastic field
theory should be applied. Future research will focus on these
issues.
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