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(is paper presents a set of stability charts for the stability assessment of rock slopes that satisfy the Hoek–Brown (HB) criterion
under various seismic loading conditions. (e nonlinear Hoek–Brown strength reduction technique is used to conduct
pseudostatic stability analysis of rock slopes subjected to horizontal seismic excitation. Based on an extensive parametric study,
first, a set of stability charts with a slope angle of β� 45° under static and pseudostatic conditions are proposed by using ABAQUS
6.10 software. Second, the slope angle weighting factor (fβ) and the seismic weighting factor (fkh) are adopted to characterize the
influence of slope angle (β) and horizontal seismic acceleration coefficient (kh) on the rock slope stability. Finally, the reliability of
the proposed charts was validated by three typical examples and two case studies, and the results show that the values of the factor
of safety (FOS) obtained from the proposed charts are consistent with the values from other methods.(e proposed charts provide
an efficient and convenient way to determine the FOS of rock slopes directly from the rock mass properties (c and σci), the HB
parameters (mi and GSI), the slope geometry (H and β), and the horizontal seismic coefficients (kh).

1. Introduction

In regions of high seismic intensity, earthquakes are a major
cause of man-made and natural slope failures. (erefore,
conducting stability analyses of rock slopes subjected to the
seismic conditions has been regarded as an important and
difficult issue in civil and mining engineering. Stability
charts provide an efficient and convenient way for pre-
liminary and rapid slope stability evaluation, and they have
been routinely applied in practical application to calculate
the factor of safety (FOS) of a slope. Since Taylor [1] put
forward a set of stability charts for soil slopes for the first
time, many attempts have been made to develop such charts
for rock or soil slopes, e.g., Gens et al. [2], Baker [3], Li et al.
[4, 5], Michalowski [6, 7], Steward et al. [8], Gao et al. [9], Eid
[10], and Sun et al. [11]. However, these charts are based on
the commonly used Mohr-Coulomb (MC) failure criterion

and need the shear strength parameters of cohesion c and
internal friction angle φ for slope stability analysis. However,
the rock masses are discontinuous and inhomogeneous
media characterized by intact rock and artificially or nat-
urally occurring discontinuities such as joints, faults, bed-
ding planes, and fractures. (erefore, the linear MC failure
criterion is generally not applicable to describe the failure
envelope of the rock mass [12–15].

Since the HB failure criterion, originally presented by
Hoek and Brown [16], reflects the nonlinear nature of the
rock mass strength, it is currently one of the most com-
monly used failure criteria to predict the strength of intact
rock (Group I) and rock masses with heavy joints or
discontinuities (Group III), as shown in Figure 1. (e
latest version is the generalized Hoek–Brown (GHB)
criterion proposed by Hoek et al. [17] and is expressed as
follows:
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Based on (2) to (4), the input properties of s, α, and mb
rely on the geological strength index (GSI) depending on the
degree of fracturing of the rock mass. (e GSI values range
from 5 for extremely fractured rock masses to 100 for intact
rock masses.mi is an index related to the type of rock, and its
value varies from 1 to 35, representing different magnitudes
of rock hardness. D is the disturbance factor, ranging from 0
for undisturbed in situ rock masses to 1.0 for disturbed rock
masses. Guidelines on how to obtain the values of GSI and
mi can be found in Hoek and Bray [18], Marinos and Hoek
[19], and Hoek et al. [20]. In this research, the value of D� 0
is used in the analyses of rock slope stability.

Currently, the strength reduction method (SRM) is very
attractive for solution of slope stability problem. Since this
method was first introduced by Zienkiewicz et al. [21], it has
been commonly accepted and employed in practice by many
geotechnical engineers and researchers because there are two
major advantages when SRM is applied to analyze the slope
stability: (i) the SRM can not only consider the stress-strain
behavior but also simulate the progressive failure mode of
the slope with complicated geometric shapes and loading
conditions; and (ii) the critical failure surface, including the
location and shape, can be located automatically while the
FOS is obtained simultaneously [22]. (erefore, the purpose

of the present research is to conduct a pseudostatic stability
analysis of rock slopes based on the nonlinear HB strength
reduction technique presented in our previous study [23]
and to propose the stability charts for evaluating the stability
of rock slopes that satisfy the HB criterion under the seismic
condition. A simple method consisting of locating the
tangent of the HB envelope and introducing the instanta-
neous MC shear strength parameters is used to implement
the nonlinear HB strength reduction technique. (e PS
stability analysis in this paper only considers the effect of
horizontal seismic loads, and the vertical seismic loads are
not considered. However, the proposed charts provide a
convenient way to determine the FOS of rock slopes directly
from rock mass properties (c and σci), the HB parameters
(mi and GSI), slope geometry (H and β), and horizontal
seismic coefficients (kh).

2. Review of Existing Stability Charts for Rock
Slopes Based on the HB Criterion

It remains difficult to develop stability charts on the basis of
the HB failure criterion since at least six parameters (σci, mi,
c, H, β, and GSI) are included in stability analysis for a rock
slope under the condition of D� 0. Based on our literature
review, only the stability charts proposed by Li et al. [24–26],
Carranza-Torres [27], Jiang et al. [28], and Shen et al. [29]
can be applied to obtain the FOS directly from the HB failure
criterion. Carranza-Torres [27] used the simplified Bishop
method to analyze the rock slope stability and found that, for
a given slope with α� 0.5, the FOS is related only to the three
independent parameters of cH, s/m2

b, and β. However, these
charts are limited to the use of stability estimation of a rock
slope with specified values of α� 0.5 and β� 45°. Recently,
based on the limit equilibrium method (LEM), Shen et al.
[29] first proposed a new chart-based stability analysis
method for rock slopes using the HB criterion (see (5)) by
introducing two weighting factors of fD and fβ (see (6)) to
examine the influence of the disturbance factor D and the

Group II

Single discontinuities Two discontinuities

Group III

Several discontinuities Jointed rock massIntact rock

Joint rock
σciGSI, mi, γ

Group I

Figure 1: Applicability of the HB failure criteria for the rock slope [17].
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slope angle β on the stability of rock slopes. However, these
chart solutions were suitable for stability analysis of rock
slopes under static condition, and the seismic effects were
not considered in their studies:

FOS � FOS45° × fβ × fD, (5)

fβ � 2.66e
− 0.022β

(0< FOS< 4). (6)

(e pseudostatic (PS) approach is a widely adopted and
accepted technique in engineering practice and has been
employed to investigate the earthquake effects on rock slope
stability [30–37]. Based on the PS method, Li et al. [25] first
used the limit analysis method (LAM) to develop the sta-
bility charts for seismic stability assessment of the rock
slopes directly based on the HB failure criterion. (e defi-
nition of the dimensionless stability number (N) used in
their study is shown in

N �
σci

cHFOSLAM
, (7)

where FOSLAM is the FOS calculated by the LAM. (e
representative seismic stability charts for a rock slope with
β� 45° presented by Li et al. [25] are shown in Figure 2. A
narrow range of the dimensionless stability numbers has
been bounded, so the average values ofN are used to develop
such charts for simplicity. Based on these charts, the stability
number N is obtained when the parameters of GSI and mi
are given under the condition of D� 0. (en, the value of N
is adopted to calculate the FOS using (7). (e values of
FOSLAM are proved not to be equal to FOSLEM because the
definition of FOSLAM differs from the definition of FOSLEM
in slope limit equilibrium analysis [23, 29, 38].

3. Method of Analysis

3.1.Nonlinear Strength ReductionTechnique forHBCriterion.
In the present study, to apply the HB failure criterion in
conjunction with the strength reduction technique to
pseudostatic stability analysis of rock slopes, the instanta-
neous MC shear strength parameters (the instantaneous
internal friction angle φ and instantaneous cohesion c) are
obtained by locating the tangent of the HB envelope under a
normal stress σn, as illustrated in Figure 3. (en, the slope of
the tangent to the HB failure envelope yields the value of the
instantaneous φ, and the intercept with τ axis gives the value
of the instantaneous c. As shown in Figure 3, if the element
stress state (σ1, σ3) is given and described by the MC failure
criterion, the corresponding values of the instantaneous φ
and c can be obtained by the following equation [15]:

σn
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1
2
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2 + αmb mb σ3/σci(  + s( 
α−1 ,

(9)

φi � arcsin 1 −
2

2 + αmb mb σ3i/σci(  + s( 
α−1

⎡⎣ ⎤⎦, (10)

ci � τs − σn tanφi. (11)

For the implementation of the nonlinear HB strength
reduction technique, first, the grid elements are generated
for the numerical slope model. When the basic parameters,
boundary conditions, and loading are input and set accu-
rately, the stress state of each element in the slope model can
be obtained by conducting the elastoplastic analysis. (en,
each element within the slope model is considered to satisfy
the instantaneous MC failure envelope, and the instanta-
neous φ and c corresponding to different element stress
states can be determined based on (8) to (11). In the present
study, the estimation of the instantaneous MC strength
parameters from the HB failure criterion is combined with
the shear strength reduction technique for stability analysis
of a rock slope using the finite element software ABAQUS
6.10.More details about the implementation of the nonlinear
HB strength reduction technique are given in the latest
research [23].

3.2. Pseudostatic Approach. In the PS approach, the earth-
quake load is replaced by an equivalent static force, and its
magnitude is expressed as a product of horizontal or vertical
seismic coefficients (kh and kv) and the weight of the soil or
rock mass. Although it is generally recognized that the PS
approach is conservative, the method is commonly
employed in research as a result of its simplicity and ef-
fectiveness. In addition, currently, the slope design is often
more concerned about the horizontal seismic effect in slope
PS stability analysis. (erefore, this research emphasizes the
analysis of the earthquake effects on rock slope stability
based on various horizontal seismic coefficients. For the
purpose of obtaining a reliable horizontal seismic coefficient
for a given site, Figure 4 presented in the California Division
of Mines and Geology [39] gives the design suggestions for
pseudostatic analysis. As Figure 4 shows, the values of kh
range from 0 to 0.375 within the range of a recommended
pseudostatic safety factor. (erefore, the horizontal seismic
coefficients varying between kh � 0 and kh � 0.3 are used in
the present paper.

3.3. Problem Definition. Figure 5 shows the sketch of the
definition for the pseudostatic stability analysis of rock
slopes based on the HB failure criterion. In the present study,
all the slope cases are assumed to have heavily jointed or
fractured rock masses such as Group III in Figure 1, which
are thus considered as isotropic and homogeneous
throughout the slope. In this section, we carry out a para-
metric study on the problem presented and discuss the
relationship between the FOS and the related seven input
parameters such as the HB parameters (mi and GSI), rock
mass properties (c and σci), slope geometry (β and H), and
horizontal seismic coefficients (kh).
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Based on the investigation of 20000 landslide histories
caused by the Wenchuan Earthquake [40], the static analysis
results reveal that most of the landslides have a slope angle
exceeding 35°.(erefore, the slope angles are taken to be 30°,
45°, 60°, and 75° in our research. Slopes with the widely used
values of the horizontal seismic acceleration coefficient of
0.1, 0.2, and 0.3 are analyzed.

3.4. 9eoretical Relationship between the FOS and Related
Parameters. For a rock slope with the given values of input
parameters s, α,mb, and σci, (8) and (9) can be used to calculate
the minimum principal stress σ3 and the shear stress τs, re-
spectively, and the simplified equations are simply described as

σ3
σci

� f1
σn

σci

, mb, s, α , (12)

τs

σci

� f2
σn

σci

, mb, s, α . (13)

When the dimensionless horizontal seismic coefficient
kh is introduced to conduct the pseudostatic stability analysis
for rock slopes under different horizontal seismic loading
conditions, the FOS is defined as a function of the resisting
shear force Ts divided by the mobilized shear force Tm, which
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Figure 2: Seismic stability charts for rock slopes using the limit analysis method [22]. (a) β � 45°, kh � 0.1. (b) β � 45°, kh � 0.2. (c) β � 45°, kh �

0.3.
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can also be described in terms of the slice weight cH and the
seismic inertia force khcH, given by

Ts � cH cos β − khcH sin β,

Tm � cH sin β + khcH cos β,

⎧⎪⎨

⎪⎩
(14)
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�
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�
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(15)

(e normal stress σn on the slip surface depends on the
parameters of cH and kh. (erefore, (15) can be described as
follows:

FOS � f4
σci

cH
f3

cH

σci

, mb, s, α, kh, β  . (16)

(e input parameters mb, s, and α in (16) can be de-
termined from (2)–(4), respectively. (en, the final FOS can
then be given by

FOS � f5
σci

cH
, mb, s, α, kh, β  � f6 mi, GSI, D, SR, kh, β( .

(17)

Equation (17) reveals that, for a rock slope with the given
values of mi, GSI, D, β, and kh, the FOS depends only on the
nondimensional parameter of strength ratio SR (SR� σci/
€H) despite the magnitude of σci, c and H. (erefore, the
number of independent parameters for determining the FOS
of a rock slope can be reduced to five (SR, mi, GSI, D, β, and
kh) under the condition of D� 0, as shown in

FOS � f6 SR,GSI, mi, kh, β( . (18)

To verify this theoretical relationship as shown in (18),
Table 1 shows three slope cases with different values of c, σci,
and H, which have the same values of SR, GSI, mi, kh, and β.
(en, the FOS values for these cases are calculated based on
five different LEMs using Slide 6.0 and the nonlinear HB
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Figure 5: Sketch of definition for pseudostatic stability analysis of rock slope in this paper: (a) typical slope model and the boundary
conditions; (b) mesh of the slope model.
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strength reduction method by the software ABAQUS 6.10,
and the results are listed in Table 1. Values of the FOS for all
the three cases are exactly the same. For further study, three
additional groups that have the same values of SR, kh, and β
over a range of GSI and mi were analyzed, and the FOS
results are given in Table 2. (e FOS depends only on the
magnitude of SR for slopes with the same values of GSI, mi,
β, and kh. Based on this observation, stability charts for rock
slopes can easily be developed under different seismic
loading conditions.

4. Results and Analysis

4.1. Stability Charts for Rock Slopes with β� 45° under Static
andPseudostaticConditions. Using the previously expressed
parameters for stability analysis in previous section, first, a
set of charts for rock slope stability with a specific slope angle
of β� 45° under static conditions (kh � 0) is developed in this
section, as shown in Figure 6. Figure 6 reveals that the FOS
clearly increases with the increase of SR and GSI. For in-
stance, as illustrated in Figure 6(a), when SR� 1.0, increasing
the geological strength index from GSI� 10 to 100 can in-
crease the FOS by more than 6 times. (e values of SR also
have a remarkable impact on rock slope stability, especially
under the conditions of high GSI values, but, for low values
of GSI≤ 60, the FOS can be seen to increase slightly with the
increase of SR. For instance, in Figure 6(a), when GSI� 100,
the value of FOS is equal to 4.94 for SR� 2.0 and increases to
17.88 for SR� 10. When GSI� 10, the FOS is 0.58 for SR� 2
and increases to 0.95 for SR� 10. (e charts presented in
Figure 6 provide a good benchmark and foundation for
comparison in subsequent parts.

Figure 7 illustrates the relationship between the FOS and
mi, GSI, and SR for a slope with kh � 0.1, 0.2, and 0.3 and
β� 45°. (e FOS increases slightly with the increase of SR
when the GSI values are at low levels (GSI≤ 60), and the
maximum value ofmi � 35 and the minimum value ofmi � 5
yield a narrow range of FOS values. Nevertheless, the FOS
can be seen to increase dramatically as SR increases when
GSI＞ 60. In addition, as Figure 7 shows, the FOS for

different values of mi meets at one point at high GSI values,
so, for the small SR values (smaller than the intersection
points), the FOS increases with the increase in mi, but while
the SR values exceed the intersection points, the FOS de-
creases when mi increases. As expected, when the charts in
Figure 7 are compared with the charts in Figure 6, we
conclude that kh has a remarkable influence on the rock
slope stability. For instance, when mi � 15, GSI� 50, and
SR� 10 (Figure 6(c)), the FOS values decrease from 3.05 to
2.55, 2.17, and 1.87 with kh increasing from 0 to 0.3.

4.2. Charts for the Seismic Weighting Factor fkh and the Slope
Angle Weighting Factor fβ. In previous section, both the
slope angle (β) and the horizontal seismic acceleration co-
efficient (kh) have significant effects on rock slope stability.
(e main purpose of this section is to produce the charts for
the seismic weighting factor (fkh) and the slope angle
weighting factor (fβ) for use in rock slope stability analysis.

4.2.1. Seismic Weighting Factor fkh. (e seismic weighting
factor fkh is defined as the ratio of the FOS under the seismic
condition to the FOS under static conditions and adopted to
examine the influence of kh on stability of the rock slope.(e

Table 1: Comparison of the FOS for a given slope with the same values of SR.

Input parameters Case 1 Case 2 Case 3
Β (°) 45 45 45
GSI 50 50 50
mi 15 15 15
kh 0.1 0.1 0.1
σci (MPa) 27.6 50 100
c (kN/m3) 23 25 25
H (m) 30 50 100
SR (σci/cH) 40 40 40
Fellenius 4.26 4.29 4.42
Simplified Bishop 4.38 4.41 4.45
Simplified Janbu 4.39 4.43 4.46
Spencer 4.42 4.45 4.48

FOS
Morgenstern Price 4.49 4.55 4.52
HB strength reduction technique (present study) 4.47 4.52 4.50

Table 2: Comparison of the FOS for a given rock slope with various
HB parameters.

Input parameters FOS
GSI mi Group 1 Group 2 Group 3

β� 45°
kh � 0.1
SR� 40

10 5 1.2 1.2 1.2
10 15 1.71 1.71 1.71
10 25 2.01 2.01 2.03
10 35 2.23 2.23 2.24
50 5 4.5 4.51 4.52
50 15 4.52 4.53 4.53
50 25 4.7 4.69 4.7
50 35 4.89 4.88 4.89
100 5 46.2 46.21 4.19
100 15 35.25 35.26 35.25
100 25 30.81 30.79 30.81
100 35 27 27.02 26.99
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Figure 6: Continued.
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Figure 6: Continued.
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horizontal seismic acceleration coefficient kh is assigned
values ranging from 0.1 to 0.3 while the values of SR,mi, and
GSI are the same as slope models with β� 45°. (en, the FOS
for the slope is calculated, and the factor of fkh is obtained.
Figure 8 gives the statistical data analysis results of the
seismic weighting factor for slopes with β� 30°, 45°, 60°, and
75°. For a slope with β� 30° and kh � 0.1 (Figure 8(a)), the
minimum and maximum values of the seismic weighting
factors are 0.745 and 0.825, respectively, the average value is

0.802, and a majority of the values of fkh are located around
the average values. In addition, as expected, the seismic
weighting factor fkh obviously decreases as kh increases. For
example, the average seismic weighting factor decreases
from 0.802 to 0.544 when kh increases from 0.1 to 0.3. (e
same regularity of statistical distribution can also be found
for slopes with β� 45°, 60°, and 75°, as illustrated in
Figures 8(b)–8(d). Finally, the curve fitting methods are used
to obtain the exponential functions with a high fitting degree
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Figure 6: Stability charts for rock slopes with β� 45° under static conditions kh � 0: (a)mi � 5; (b)mi � 10; (c)mi � 15; (d)mi � 20; (e)mi � 25;
(f ) mi � 30; (g) mi � 35.
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Figure 7: Stability charts for rock slopes with β� 45° under pseudostatic condition: (a) kh � 0.1; (b) kh � 0.2; (c) kh � 0.3. Note. In this figure,
the biaxial coordinate is adopted to differentiate the trends of curves with different GSI values in one chart.
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for slopes with β� 30°, 45°, 60°, and 75°, and the results are
shown in Table 3.

For further study, Figure 9 presents the relationship
between the seismic weighting factor and the horizontal
seismic acceleration coefficient. (e maximum value of
β� 75° and the minimum value of β� 30° obviously yield a
narrow range of values of the seismic weighting factor fkh,
which means that the effect of the slope angle on the seismic
weighting factor is small. (erefore, the average values of fkh
are used to establish the simplified fitting equation, and the
result is given as follows:

fkh � 1.006 kh( 
2

− 1.594 kh(  + 1.0. (19)

4.2.2. Slope Angle Weighting Factor fβ. (e slope angle
weighting factor fβ, which is defined as the ratio of the FOS
under other various slope angles to the FOS under β� 45°, is
adopted to describe the effect of slope angles on the rock
slope stability. (e first procedure for determining the
weighting factor of fβ is to calculate the FOS under slope
angles ranging from 30° to 75° with the same values of mi,
GSI, SR, and kh. After hundreds of runs to conduct the
stability analysis for various slopes with a wide range of
geometries and rock mass parameters, the statistical results
of the slope angle weighting factor under the seismic

conditions of kh � 0, 0.1, 0.2, and 0.3 are shown in Figure 10.
(e results reveal that when β� 30° and kh � 0 (Figure 10(a)),
the minimum and maximum values of the slope angle
weighting factor are 1.413 and 1.106, respectively, and the
average value is 1.330. In addition, most of the slope angle
weighting factors are distributed within the scope of the
average values. Furthermore, it is observed that fβ decreases
as β increases. For example, the average value of fβ decreases
from 1.274 to 0.629 when β increases from 30° to 75°. (e
same statistical distribution regularity is also found for
slopes with kh � 0.1, 0.2, and 0.3 in Figures 10(b)–10(d).

Figure 11 shows the relationship between the slope angle
weighting factor and the slope angle. (e minimum value of
kh � 0 and maximum value of kh � 0.3 are easily observed to
generate a narrow scope of the slope angle weighting factor
fβ, which means that kh has relatively little effect on fkh.
(erefore, the average values of the seismic weighting factor
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Figure 8: (e seismic weighting factors for rock slopes with (a) β� 30°, (b) β� 45°, (c) β� 60°, and (d) β� 75°.

Table 3: Regression equations for the seismic weighting factors.

Slope angle, β Regression equations, fkh Fitting degree, R2

30° fkh � 0.99e−2.0kh 0.998
45° fkh � 0.99e−1.6kh 0.999
60° fkh � 1.01e−1.47kh 0.996
75° fkh � 1.01e−1.47kh 0.996
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Figure 10: (e slope angle weighting factors: (a) kh � 0; (b) kh � 0.1; (c) kh � 0.2; (d) kh � 0.3.
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are used to establish the simplified fitting equation, which is
given as follows:

fβ � −0.787 ln(β + 5.65) + 4.069. (20)

4.3. Use and Validation of the Proposed Seismic Stability
Charts. (e proposed seismic stability charts can easily be
applied to determine the FOS of a given rock slope. First,
when the values of GSI, mi, and SR are given, the FOS for
β� 45° and kh � 0 can be obtained based on the charts in
Figure 5. Second, the seismic weighting factor fkh for any
given value of kh can be determined from Figure 8 or (19).
(en, for a given value of slope angle β, Figure 10 or (20) can
be used to obtain the slope angle weighting factor fβ. Finally,
the FOS can be obtained as follows:

F � fβ × fkh × FOSβ�45° . (21)

(e following three examples with different slope ge-
ometries and rock mass parameters are adopted to elaborate
the use of the proposed charts. Example 1: a small slope
consists of highly fractured rock masses with the following
input parameters: σci � 2.7MPa, mi � 5, GSI� 10, β� 30°,
H� 5m, c � 27 kN/m3, and kh � 0.1. Example 2: a medium
slope consists of good quality rock masses with the following
input parameters: σci � 0.625MPa, mi � 15, GSI� 80, β� 75°,
H� 25m, c � 25 kN/m3, and kh � 0.2. Example 3: a large
open pit slope consists of blocky rock masses with the
following input parameters: σci � 46MPa, mi � 35, GSI� 50,
β� 60°, H� 250m, c � 23 kN/m3, and kh � 0.3. According to
the procedures for application of the charts presented, Ta-
ble 4 shows the calculation results of the three examples. (e
results of FOS obtained from the charts presented show good
agreement with the results obtained from the software of
Slide 6.0, which validates the feasibility and reliability of the
proposed seismic stability charts.

5. Application of the Seismic Stability Charts to
Case Studies

5.1. Case 1: A Rock Slope in Zipingpu Reservoir. (e cases
analyzed in this research are adopted from the studies of
Jiang et al. [28]. (e rock slope analyzed is located 1.2 km
away in the northern bank of the Zipingpu Reservoir of
Sichuan, China. According to the field investigations of Jiang
et al. [28], the lithology of the rock mass within this slope is
mainly dolomite.(e slope has a height of 100mwith a slope
angle of 50°. (e unit weight of the dolomite rock mass is
28 kN/m3; the uniaxial compressive strength of the intact
rock mass σci is 100MPa, and the HB parameter mi is 10.
Based on the detailed mapping work, there are three
dominant joint sets (J1, J2, and J3) and one damage zone
within the slope. (e discontinuities are slightly weathered
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Figure 11: (e chart for the slope angle weighting factor.

Table 4:(ree slope examples analyzed using the proposed seismic
stability charts.

Input parameters Example 1 Example 2 Example 3
β (°) 30 75 60
GSI 10 80 50
mi 5 15 35
kh 0.1 0.2 0.3
σci (MPa) 2.7 0.625 46
c (kN/m3) 27 25 23
H (m) 5 25 250
SR (σci/cH) 20 0.625 8

FOSβ�45° 1.170 3.085 3.434
Calculated data

fβ 1.256 0.614 0.776
fkh 0.851 0.721 0.612
Proposed charts 1.251 1.366 1.631

FOS
Slide 6.0 software 1.320 1.381 1.642
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planar surfaces, and the persistence ranges from 0.2 to 3.0m
with the apertures <1.0mm and soft clay in it. (e mea-
suring results show that the discontinuities are closely
spaced with λ ranging from 10 to 15.

5.2.Case 2:HuanggangLandslide. (eHuanggang landslide,
a rock slope failure that occurred in the Wenchuan earth-
quake inMay 2008 in northwest Chengdu, China, consists of
the failure of 1.5Mm3 of gray sandstone material with
shallow loose surface deposits. (e height of the Huanggang
landslide is 140m, and the original slope angle is 53°. (e
unit weight of the dolomite rock mass is 24 kN/m3. (e HB
parametermi is 18, and the uniaxial compressive strength of
the intact rock mass is 50MPa. Five dominant discontinuity
sets were recognized during field investigation along the
failure plane and the side-scarps. (e discontinuity persis-
tence ranges from 0.2 to 8.0m with apertures <1.0mm and
soft clay filling. (e linear density of the discontinuity λ
ranges from 17 to 28.

According to the calculation of Jiang et al. [28], the
values of GSI range from 43 to 72 for Case 1 and range from
17 to 45 for Case 2. (e lower GSI values, e.g., GSI� 43 for
Case 1 and GSI� 17 for Case 2, are used in these case studies.
Table 5 gives the parameters for analysis of the two cases
using the proposed seismic stability charts. (e detailed
process of the chart-based analysis for the two cases is
described as follows.

For Case 1, first, using the values of mi � 10, GSI� 40,
and SR� σci/cH� 100000/(28×100)≈35, Figure 6(b) reads
FOSβ�45° � 3.780. Second, based on β� 50° and kh � 0.2,
Figure 9 or (19) gives the value of fkh and Figure 11 or (20)
provides the value of fβ, and the results are fkh � 0.721 and
fβ � 0.906. Finally, the FOS for Case 1 is calculated in (21),
and the result is 2.469.

For Case 2, to begin with, Figures 6(c) and 6(d) are used to
determine the range of FOSβ�45° values for mi � 18, and the
values of FOSβ�45° for GSI� 17, mi� 15, and SR� 15 and
GSI� 17, mi� 20, and SR� 15 are 1.643 and 2.051, respec-
tively. Second, based on the values of β� 53° and kh � 0.3, fkh is
determined to be 0.612 using Figure 9 or (19) while fβ is
calculated to be 0.865 using Figure 11 or (20). Finally, the
upper and lower FOS values for Case 2 are calculated by using
(21), and the results are 0.870 formi� 15 and 1.085 formi� 20;
the final FOS is the average value which is equal to 0.978.

In general, the FOS results obtained from the charts
presented show a high degree of consistency when compared
with those from Jiang et al. [28] and Slide 6.0 software.
Further analysis of 1480 sets of data representing a wide
range of slope geometries and rock mass parameters reveals
that the discrepancy of 78.5% of data is lower than ±5%, and
the absolute average relative error percentage (AAREP) is
3.8%. Furthermore, the discrepancy exceeding ±5% appears
when the slope angle is larger than 60° under lower GSI
values and higher seismic acceleration coefficients.

6. Discussion

In this paper, the present investigation on pseudostatic
stability analysis of rock slopes is mainly conducted based on

the assumption of 2D plane strain analysis; thus the pro-
posed stability charts are applicable for stability assessment
of 2D rock slopes or 3D rock slopes with large ratios ofW/H
(W is the slope width and H is slope height). For the further
study, the investigation of the seismic stability of a 3D rock
slope (Figure 12) and providing seismic stability charts
continue to pose a challenge. (is is due to the fact that, as
pointed by Michalowski [7], the conventional assumption of
2D plane strain may lead to a conservative result of safety
reserve for a slope with a well-defined extent of the failure
mechanism, as shown in Figure 12.

(e effects of seismic coefficient kh and slope angle β on
stability of a 3D rock slope are investigated in this section,
and the results are shown in Figure 13. As clearly shown in
Figure 13, the ratio W/H has significant effects on the sta-
bility of the rock slope, the FOS of a 3D slope reduces sharply
in conjunction with W/H within W/H≤ 2.0, and thus the
variation rules become gentle and eventually barely change
when W/H≥ 5.0. (is indicates that 2D solutions of FOS
lead to conservative estimations of a slope and that it is
essential to conduct the stability analysis of a slope in three
dimensions. For a condition in which W/H� 5.0, the FOS
solutions decrease from 4.90 to 3.0 when the seismic co-
efficient increases from 0 to 0.3 as shown in Figure 13(a)
while the FOS solutions decrease from 3.41 to 1.22 when the

β

W

H

Figure 12: Sketch of 3D rock slope model with a limited widthW.

Table 5: Case studies of rock slope analyzed using the proposed
seismic stability charts.

Input parameters Case 1 Case 2
β (°) 50 53
GSI 40 17
mi 10 18
kh 0.2 0.3
σci (MPa) 100 50
c (kN/m3) 28 24
H (m) 100 140
SR (σci/cH) 35 15

FOSβ�45° 3.780 1.847
Calculated data

fβ 0.906 0.865
fkh 0.721 0.612
Proposed charts 2.469 0.978

FOS
Jiang et al.’s charts 2.505 0.908
Slide 6.0 software 2.474 0.911
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angle of slope increases from 30° to 90° as shown in
Figure 13(b), respectively. It is known that the seismic force
and the angle of slope also exhibit nonnegligible negative
influences on slope stability, and thus it is necessary to
investigate the effects of seismic forces on slope stability and
to provide a convenient approach to estimate the seismic
stability of a 3D slope.

(erefore, our further study will aim to conduct a
pseudostatic stability analysis of 3D rock slopes in Hoek–
Brown media and develop a set of seismic stability charts
based on the nonlinear Hoek–Brown strength reduction
technique.

7. Conclusions

(is paper uses the nonlinear Hoek–Brown strength re-
duction technique to conduct the pseudostatic stability
analysis of rock slopes and proposes the seismic stability
charts for rock slopes that satisfy the Hoek–Brown failure
criterion. (e proposed charts can be adopted for quickly
evaluating the seismic stability of rock slopes in the pre-
liminary design phase. (e following main conclusions are
drawn from this study:

(1) Study of the theoretical relationship between the FOS
and related parameters reveals that the FOS is de-
pendent only on the dimensionless parameter of
strength ratio SR (SR� σci/cH) despite the magni-
tude of σci, c and H. (e number of independent
parameters for determining the FOS is reduced to
five (SR,mi, GSI,D, β, and kh) under the condition of
D� 0, which make it possible to develop the seismic
stability charts for rock slopes satisfying the
Hoek–Brown failure criterion. (is conclusion is
validated by the results of the slope cases in Tables 1
and 2.

(2) Utilizing a simple methodology to locate the tangent
of the Hoek–Brown envelope and introducing the
instantaneous MC shear strength parameters make it

possible to implement the nonlinear Hoek–Brown
strength reduction technique by using ABAQUS 6.10
software. Based on this method, a set of stability
charts is then developed as shown in Figures 6 and 7
to determine the FOS of rock slopes with slope angle
β� 45° and horizontal seismic coefficient kh ranging
from 0.1 to 0.3. (e FOS is observed to increase
obviously with the increasing values of GSI and SR.
For GSI≤ 60, FOS increases slightly when SR in-
creases, but the increase is remarkable for GSI> 60.
In addition, the FOS decreases with increasingmi for
high values of GSI (GSI> 60) and kh (kh≥ 0.3), and
the maximum value of mi � 35 and the minimum
value of mi � 5 yield a narrow scope of FOS.

(3) (e seismic weighting factor fkh and slope angle
weighting factor fβ are adopted to examine the effect
of the horizontal seismic acceleration coefficient and
the slope angle on rock slope stability. (en, the
charts for determination of fkh (Figure 9) and fβ
(Figure 11) are developed for 30°≤ β≤ 75° and
0≤ kh≤ 0.3, respectively. Based on these charts,
values of fkh and fβ are obtained for various values of
kh and β.(en, in conjunction with the static stability
charts for slope angle β� 45° (Figure 6), the final FOS
can be described as F� fβ × fkh × FOSβ�45°. (e reli-
ability of the proposed charts has been investigated
by three typical examples and two slope case studies,
and the results of FOS obtained from the charts
presented show good agreement with those from
other methods, which validates the feasibility and
reliability of the proposed seismic stability charts.

(4) In the present analysis for pseudostatic slope sta-
bility, the seismic effect is approximately considered
as a steady loading, and only the horizontal seismic
force is considered in our research. Further work will
pay attention to impacts of other factors such as
pore-water pressure, the vertical seismic force, and
slope geomorphology on the rock slope stability.
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Figure 13: Effects of seismic coefficient kh and slope angle β on 3D rock slope stability: (a) kh, the seismic coefficient; (b) β, the slope angle.
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vol. 38, no. 1, pp. 1–23, 1988.

[3] R. Baker, “A second look at Taylor’s stability chart,” Journal of
Geotechnical and Geoenvironmental Engineering, vol. 129,
no. 12, pp. 1102–1108, 2003.

[4] A. J. Li, R. S. Merifield, and A. V. Lyamin, “Limit analysis
solutions for three dimensional undrained slopes,” Computers
and Geotechnics, vol. 36, no. 8, pp. 1330–1351, 2009.

[5] A. J. Li, R. S. Merifield, and A. V. Lyamin, “(ree-dimensional
stability charts for slopes based on limit analysis methods,”
Canadian Geotechnical Journal, vol. 47, no. 12, pp. 1316–1334,
2010.

[6] R. L. Michalowski, “Stability charts for uniform slopes,”
Journal of Geotechnical and Geoenvironmental Engineering,
vol. 128, no. 4, pp. 351–355, 2002.

[7] R. L. Michalowski, “Limit analysis and stability charts for 3D
slope failures,” Journal of Geotechnical and Geoenvironmental
Engineering, vol. 136, no. 4, pp. 583–593, 2010.

[8] T. Steward, N. Sivakugan, S. K. Shukla, and B. M. Das,
“Taylor’s slope stability charts revisited,” International Journal
of Geomechanics, vol. 11, no. 4, pp. 348–352, 2011.

[9] Y. Gao, F. Zhang, G. H. Lei, D. Li, Y. Wu, and N. Zhang,
“Stability charts for 3D failures of homogeneous slopes,”
Journal of Geotechnical and Geoenvironmental Engineering,
vol. 139, no. 9, pp. 1528–1538, 2013.

[10] H. T. Eid, “Stability charts for uniform slopes in soils with
nonlinear failure envelopes,” Engineering Geology, vol. 168,
pp. 38–45, 2014.

[11] C. Sun, J. Chai, Z. Xu, and Y. Qin, “3D stability charts for
convex and concave slopes in plan view with homogeneous
soil based on the strength-reduction method,” International
Journal of Geomechanics, vol. 17, no. 5, 2017.

[12] W. Fu and Y. Liao, “Non-linear shear strength reduction
technique in slope stability calculation,” Computers and
Geotechnics, vol. 37, no. 3, pp. 288–298, 2010.

[13] R. Jimenez, A. Serrano, and C. Olalla, “Linearization of the
Hoek and Brown rock failure criterion for tunnelling in

elasto-plastic rock masses,” International Journal of Rock
Mechanics and Mining Sciences, vol. 45, no. 7, pp. 1153–1163,
2008.

[14] J. Shen, M. Karakus, and C. Xu, “Direct expressions for
linearization of shear strength envelopes given by the gen-
eralized Hoek–Brown criterion using genetic programming,”
Computers and Geotechnics, vol. 44, pp. 139–146, 2012.

[15] J. Shen, S. D. Priest, and M. Karakus, “Determination of
Mohr-Coulomb shear strength parameters from generalized
Hoek-Brown criterion for slope stability analysis,” Rock
Mechanics and Rock Engineering, vol. 45, no. 1, pp. 123–129,
2012b.

[16] E. Hoek and E. T. Brown, “Empirical strength criterion for
rock masses,” Journal of the Geotechnical Engineering Division
ASCE, vol. 106, no. GT9, pp. 1013–1035, 1980.

[17] E. Hoek, C. Carranza-Torres, and B. Corkum, “Hoek-Brown
Failure Criterion-2002 edition,” in Proceedings of the North
American Rock Mechanics Society Meeting in Toronto,
pp. 267–273, Toronto, July 2002.

[18] E. Hoek and J. Bray, Rock Slope Engineering, Institution of
Mining and Metallurgy, London, 1981.

[19] P. Marinos and E. Hoek, “Estimating the geotechnical
properties of heterogeneous rock masses such as flysch,”
Bulletin of Engineering Geology and the Environment, vol. 60,
no. 2, pp. 85–92, 2001.

[20] E. Hoek, T. G. Carter, andM. S. Diederichs, “Quantification of
the geological strength index chart,” in Proceedings of the 47th
US Rock Mechanics/Geomechanics Symposium, ARMA 13-
672, San Francisco, CA, USA, 2013.

[21] O. C. Zienkiewicz, C. Humpheson, and R. W. Lewis, “As-
sociated and non-associated visco-plasticity and plasticity in
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