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-is paper uses the modified strength reduction finite element method to propose stability charts for pseudostatic stability analysis
of three-dimensional (3D) homogeneous soil slopes subjected to seismic excitation. -ese charts are developed in a wide range of
input parameters for purely cohesive slopes and cohesive-frictional slopes, respectively. Effect of the horizontal seismic load is
approximately considered using the quasistatic approach. -e stability charts allow to determine the factor of safety without any
iterative procedure and identify the corresponding critical slope failure mechanism. A slope example is employed to illustrate the
application and reliability of these stability charts.

1. Introduction

Stability charts provide an efficient tool for the rapid pre-
estimate on slope stability. Several researches have proposed
such charts for application in engineering practice in spite of
the validity of numerous existing complicated commercial
software for stability analysis of slopes. Taylor [1], based on
the friction circle method, firstly developed the stability
charts to obtain the factor of safety (FOS) for 2D purely
cohesive (internal friction angle φ� 0; cohesion c≠ 0) and
cohesive-frictional soil slopes (internal friction angle φ> 0;
cohesion c≠ 0). According to the work of Taylor, a series of
revised and improved stability charts have been routinely
presented in the literature to avoid the iterative procedure
since the stability number (N� c/cHF) was introduced to
define stability of the slope [2–4]. However, the above
stability charts are only suitable for slope stability analysis
under the hypothesis of two-dimensional (2D) plane strain.
As pointed by Michalowski [5], this conventional as-
sumption may lead to a conservative result of safety reserve

for a slope with a well-defined extent of the failure mech-
anism. To account for the 3D effect on slope stability ana-
lyses, recent developments have focused on the extension of
routine 2D methods to 3D cases. -ese can be divided into
three major categories: the limit equilibriummethod (LEM),
the limit analysis method (LAM), and the strength reduction
method (SRM).

Gens et al. [6] used the LEM to develop stability charts
for 3D purely cohesive soil slopes. Using the LEM, Steward
et al. [4] produced the updated stability charts based on the
work of Taylor, which enables both the FOS and the cor-
responding type of the failure mode to be obtained with no
need of any iterative procedure. Nevertheless, the accuracy
of these chart solutions may be affected by the inherent
limitations of 3D-LEM.

In the strict framework of LAM, Li et al. [7, 8] used the
finite element bounding methods for limit analyses to de-
termine the upper and lower bound of FOS and proposed
two sets of stability charts for 3D homogeneous cohesive-
frictional and purely cohesive soil slopes, respectively.
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However, the typical condition of the seismic excitation
effect was not considered in their study. In addition,
Michalowski [5] adopted the 3D admissible rotational failure
mechanism to produce chart solutions for estimation of the
FOS of 3D homogeneous slopes with no need of any iterative
procedure. Michalowski and Martel [9] proposed 3D sta-
bility charts for stability assessment of steep slopes under
consideration of the seismic effect by combination of the
kinematic theorem of limit analysis and the quasistatic
approach. However, their work only emphasized the analysis
of the toe-failure mode. -e base-failure and face-failure
modes were not taken into account, as shown in Figure 1.
Based on the work of Michalowski and Martel [9], Gao et al.
[10] exploited the analytical approach to derive the stability
charts for 3D homogeneous slopes under both static and
pseudostatic seismic loading conditions. -eir charts are
plotted for a range of geometric andmaterial parameters that
is wider than that presented by Michalowski [5] and
Michalowski and Martel [9].

In addition to the above LEM or LAM, the strength
reduction finite element method (SR-FEM) has been widely
and successfully applied into stability analysis of slopes with
improvements in science and technology in the past few
decades. -e typical numerical slope examples from the
existing literature have indicated that the SR-FEM provides
an effective and reliable approach to calculate the FOS and
locate the critical failure surface (location and shape), as well
as the distribution of stress, deformation, and progressive
shear failure within the slope (e.g., [11] and [12–15]).

-e objective of this paper is aimed at producing stability
charts for pseudostatic stability analysis of 3D homogeneous
soil slopes under the horizontal seismic condition. -e
proposed charts are developed based on the combination of
the pseudostatic (PS) approach and SR-FEM in 3D seismic
slope stability analyses. -e effects of seismic excitation are
represented by an equivalent static force, the magnitude of
which is a product of a seismic coefficient kh and the weight
of the potential sliding mass [16]. In order to simplify the
computational process, an alternative way to perform SR-
FEM is used herein for slope stability analysis. -ese charts
can be considered as an extension of the work of Li et al.
[7, 8] to the typical condition of horizontal seismic exci-
tation. Furthermore, they are applicable for both 3D ho-
mogeneous cohesive-frictional and purely cohesive soil
slopes in a wider range of material and geometric parameters
and also provide the corresponding type of the failure mode.

2. Strength Reduction Finite Element Method
and Validation

2.1. Strength Reduction Finite Element Method. Both the
natural and man-made slopes in geotechnical engineering
practice have a certain value of safety reserve, but it may be
destroyed by the effects of the internal and the external load.
Researchers have often combined the strength reduction
technique with the FEM when evaluating the safety reserve
of a slope. Bishop first proposed the strength reduction
technique in 1955, and it has been widely used in stability
analysis of slopes according to the linear Mohr–Coulomb

(M-C) failure criterion. Typically, the shear strength of soil is
described by the M-C failure criterion as a function of the
internal friction angle, φ, and the cohesion, c. -erefore, the
factor of safety F is generally defined as follows:

F �
c

cf
�

tanφ
tanφf

, (1)

where F is the reduction factor of shear strength (SRF), c and
φ are the initial shear strength parameters, and cf and φf are
the reduced shear strength parameters.

SR-FEM is adopted to conduct the analysis for slope
stability below. In the present paper, the elastic, perfectly
plastic constitutive model with the M-C yield criteria is
applied to the soil. Under 3D conditions, the M-C failure
criterion is given as follows:

f I1, J2, θ(  �
1
2

[3(1− sinφ)sin θ +
�
3

√
(3 + sinφ)cos θ]

×
��
J2


− I1 sinφ− 3c cosφ � 0,

(2)

where I1 is the first stress invariant, J2 is the second de-
viatory stress invariant, and θ is Lode’s angle. In addition, the
Drucker–Prager equation is adopted as the plastic potential
function, and no tensile strength is considered. -e
Drucker–Prager equation is

g I1, J2(  � −αI1 +
��
J2


, (3)

in which α � tan ψ/
������������
(9 + 12 tan2 ψ)


and ψ is the dilation

angle, which is related to the volume change in the soil while
yielding. -e soil is a frictional material and exhibits high
dilation near the peak, eventually resulting in a residual state
under the condition of a constant volume (ψ � 0). It is obvious
that the actual volume of soil varies in the process of yielding.
However, it is less important to select the soil dilation angle
since slope stability analysis is relatively unconstrained [17].
Because the main purpose of this research is to determine the
FOS of a slope, a compromise value of zero dilation (ψ � 0)
during yielding is employed in this paper.

2.2. Implementation. In the SR-FEM, the conventional
implementation approach of the strength reduction process
is trivial because it is through modifying the input file by
hand based on every SRF to do the trial calculation. In order
to simplify the computational process, this paper uses an
alternative way to implement the strength reduction
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Figure 1: -ree types of slope failure modes.
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calculation, which was proposed by Xu et al. [18]. In strength
reduction calculation, the mobilized shear strength pa-
rameters φ′ and c′ substitute the corresponding values of c

and φ in equation (1) by the following equation:

c′ � f(t)c,

φ′ � arctan[f(t)tan φ],
(4)

where f(t) is the field variable, f(t) � a− bt; t is the size of
every calculation incremental step in ABAQUS, 0≤ t≤ 1;
and a and b are adjustable parameters, the values of which
can be set by users according to the estimation range of FOS
but should meet the condition of a/b> 1.

Based on the work of [18], it can be found that the field
variable is assigned as a function of incremental step time t,
the values of c and φ can be reduced with the increase of t,
and the value of SRF can be automatically obtained
according to a single simulation process, which avoids
modifying the input file and repeating the trial calculation.
Once the reference value of the SRF is determined, it is
employed for further calculations to obtain the slip surface
during failure with an exhibition of a graphical output of the
shear failure zone developed within the slope. In order to
locate the possible slip surface, smaller incremental values of
the SRF are needed in successive steps. In general, not more
than ten steps are sufficient to transit to the critical limit
equilibrium stage, and the shear failure zone has spread over
the entire slip surface; the final FOS of a slope is obtained.

In addition, Zheng et al. [11] found and proved a so-
called φ− ] inequality: sinφ≥ 1− 2] (] is Poisson’s ratio).
According to the inequality, ] is required to adjust as φ is
reduced in strength reduction calculation so that the φ− ]
inequality always holds. -erefore, the φ− ] inequality is
always satisfied in the current research.

2.3. Definitions of Slope Failure. -e success of SR-FEM
depends largely on the global instability calculation of soil
slopes, i.e., definitions of slope failure. -e iteration non-
convergence of finite element numerical solution is usually
considered as the global failure criterion of soil slopes
[17, 19, 20]. Unfortunately, incorrect selection of the iteration
method together with the incremental size may lead to ini-
tialization of the divergence of the solutions. -is paper
employs an alternative explicit criterion defining the slope
failure.-is definition of slope failure was proposed by Zheng
et al. [21] and has recently received more acceptances. During
the systematic reduction process for the shear strength pa-
rameters, a graphical output of the plastic shear failure zone
developed within the slope is shown by the software. Slope
failure occurs when the shear failure zone within the slope
spreads over the entire slip surface, and the FOS is just the SRF
at this state. Slope failure and nonconvergence of numerical
solutions arise together and are associated with the presence
of a dramatic increase in the nodal displacements within the
mesh. At that time, FOS� SRF.

2.4. Boundary Conditions. It is also important to make a
choice of suitable boundary conditions (BCs) when 3D slope
stability analyses are conducted based on the FEM because

BCs are closely related to the development of internal stress
and deformation within a slope that will affect the value of
the FOS together with the shape of the slip surface. Figure 2
introduces the typical 3D slope model and the BCs. -e BCs
for the 3D slope model can be divided into three types based
on the different constraint condition of end faces: rough-
rough (RR), smooth-smooth (SS), rough-smooth (RS). -e
explanation and applicable conditions are illustrated in Sun
et al. [22]. According to their conclusion, all the above three
types of BCs are always applied to numerical examples in
engineering practice. Since RS BC represents a symmetric
analysis about the symmetric face, only half of the slope is
required to perform the stability analysis for simplification.
-erefore, the RS BC is selected for all the slope cases below.

2.5. Validation. For the purpose of validation of the nu-
merical method used in this research, the typical slope
example introduced by Zhang [23] is analyzed in this sec-
tion. -e geometry cross section of this slope is shown in
Figure 3, which has a 10m height and a gradient of 1V : 2H
(whereV� vertical andH� horizontal). Material parameters
of this slope are listed in Table 1. -e extended width in the
third dimension is 60m. However, the actual mesh extended
width in this paper is reduced by half of this amount because
of the symmetry face.

Zhang [23] originally used an extended 3D Spencer’s
method to analyze this example. Since then, numerous in-
vestigators have used this model to validate their 3D slope
stability methods (e.g., [12–14, 24–27]). To make as adequate
of the comparisonswith other results as possible, the same four
cases, i.e., homogeneous soil slope (case 1), nonhomogeneous
soil slope with a thin weak layer (case 2), homogeneous soil
slope with a piezometric line (case 3), and nonhomogeneous
soil slope with a piezometric line (case 4), are analyzed.

-e FOS results for the four cases obtained by the present
study and several other methods are given in Table 2. -e
FOS values obtained by the present study are 2.133, 1.512,
1.813, and 1.287 for cases 1, 2, 3, and 4, respectively, which
demonstrate good consistency with the other solutions
except for a slightly greater difference for case 2 (although
still being 15%) between the results obtained by the modified
SR-FEM and those of Chen et al. [26]. In contrast to the
result of case 1, the FOS values of the other cases are re-
markably decreased when a weak layer or groundwater
existed within a slope, and the weak layer has a somewhat
larger effect on the slope stability when compared to the
groundwater effect. -e FOS results of these analyses for the
relatively simple validation example shown here indicate
that results of the numerical FEM model lay well within the
quite narrow range of results of the reference research for
practical purposes.

3. Stability Charts for 3D Failures of
Homogeneous Slopes

3.1. Stability Number for Homogeneous Soil Slopes. Sketch of
the typical 3D slope model with a limited width W for the
problem considered in this study is shown in Figure 4. To
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study the 3D effect on stability analysis, the 3D slope model
in this paper is obtained by extending the 2D slope profile
(x-y plane) in the width direction (z direction) by a distance
of W (W� length into the page of the slope profile). For the
purpose of reducing the mesh size and saving the compu-
tation time, this extension is done symmetrically. In present
paper, a series of slope angles β� 15°, 30°, 45°, 60°, 75°, and 90°
are studied and various magnitudes of ratios ofW/H ranging
from 0.5, 0.6, 0.8, 1.0, 2.0, 3.0, 5.0, and 10 are investigated. In
general, as illustrated in Figure 1, failure modes of the soil
slope falls into three types, namely, face failure, toe failure,
and base failure.

One problem in developing stability charts for de-
termining the FOS is that numerous parameters are included
(Figure 4), such as the slope angle (β), the slope height (H),
the slope width W, the unit weight of the soil (c), the co-
hesion strength c and internal fictional angle φ, and the
horizontal seismic acceleration coefficient kh. Based on

previous research results, the number of variables in stability
analysis can be reduced through appropriate use of di-
mensionless parameters that make the stability charts more
concise. In general, there are five significant dimensionless
parameters in developing the slope stability charts. A di-
mensionless parameter λcφ is used in this paper, which was
proposed by Bell [28] as follows:

λcφ �
cf

cH tanφf
�

c/F
cH tanφ/F

�
c

cH tanφ
, (5)

in which F is the FOS. F/tanφ is defined as the stability
number of a slope and is a function of the dimensionless
parameter λcφ. -e FOS will be calculated with no iteration.
In addition, FOS for undrained purely cohesive soil slopes
(φ� 0) may be calculated with no iteration according to the
stability number cd/cH� cu/cHF, where cu is the undrained
cohesion.

Table 2: Comparison of the FOS of the four slope cases based on
various methods.

Case Source FOS

1

2D (average) by Fredlund and Krahn [24] 2.034
3D-LEM CLARA by Hungr [25] 2.167

3D LEM by Zhang [23] 2.122
3D UB-LAM by Chen et al. [26] 2.262
3D-LEM by Chen et al. [27] 2.187

3D-FEM by Griffiths and Marquez [12] 2.17
3D-FEM by Nian et al. [13] 2.15
3D-FDM by Zhang et al. [14] 2.18

Present solution 2.133

2

2D (average) by Fredlund and Krahn [24] 1.383
3D-LEM CLARA by Hungr [25] 1.62

3D LEM by Zhang [23] 1.553
3D UB-LAM by Chen et al. [26] 1.717
3D-LEM by Chen et al. [27] 1.603

3D-FEM by Griffiths and Marquez [12] 1.58
3D-FEM ABAQUS by Nian et al. [13] 1.52

Present solution 1.512

3
2D (average) by Fredlund and Krahn [24] 1.799
3D-FEM ABAQUS by Nian et al. [13] 1.86

Present solution 1.813

4
2D (average) by Fredlund and Krahn [24] 1.441
3D-FEM ABAQUS by Nian et al. [13] 1.298

Present solution 1.287

End face

Front face
(w = 0)

Base face (u = v = w = 0)

Symmetry face

XY

Z

End face

Back face (w = 0)

Figure 2: Typical 3D slope model and the BCs.
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Figure 3: Cross section of the 3D slope reported by Zhang’s [23]
example.

Table 1: Material properties of Zhang’s [23] example.

Material property Upper soil layer Weaker layer
Young’s modulus, E (MPa) 10 10
Poisson’s ratio, ] 0.25 0.25
Unit weight, c (kN/m3) 18.8 19.5
Friction angle, φ (°) 20 10
Cohesion, c (kPa) 29 0
Dilation angle, ψ (°) 0 0

W

H

β

Figure 4: Sketch of the typical 3D slope model with a limited
width W.
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3.2. Stability Charts for 3D Failures of Purely Cohesive Soil
Slopes. For 3D homogeneous purely cohesive soil slopes
(φ� 0), the relationship between the critical values of stability
number cu/cHF against the slope angles is shown in Figure 5
for slopes with a series of ratios ofW/H under the condition of
static (kh � 0) and pseudostatic seismic loading (kh� 0.1, 0.2,
and 0.3). It can be noticed that the critical values of cu/cHF are
inclined to infinity when the 3D homogeneous slopes in
purely cohesive soils with the gentle inclination angle suffer
from stronger seismic excitation. A method by constraining
the depth of the slip surface to an actual value D below slope
crest (Figure 1) is adopted to reduce the computing scale and
obtain a more rational value. According to the results, the
depth factor (D/H) has little effect on the FOS of slopes when
D/H≥ 2.0. -us, D/H� 2.0 is available for determination of
the 3D mechanism for the slopes under the effect of seismic
excitation. Furthermore, it can be seen that, as expected, the
FOS of homogeneous purely cohesive soil slopes decreases
with an increase in values of slope angle β, horizontal ac-
celeration kh, and ratio W/H.

Additionally, the charts in Figure 5 also show the cor-
responding type of slope failure modes, i.e., solid curves
representing the toe-failure mode, dashed curves repre-
senting the face-failure mode, and dotted curves repre-
senting the base-failure mode. It is also significant to note
that the type of the critical failure mode varies from base
failure to toe failure for 3D slopes owing large ratios of
W/H≥ 1.0 when the slope angle β reaches a certain threshold
value. However, the critical values of cu/cHF are determined
as well as the face-failure mechanism for 3D homogeneous
slopes with small ratios of W/H.

3.3. Stability Charts for 3D Failures of Cohesive-Frictional Soil
Slopes. In the case of 3D homogeneous cohesive-frictional
soil slopes (φ> 0), stability charts for the 2D case and for
various cases withW/H ratios ranging from 0.5 to 10 under
the conditions of static and seismic loading are illustrated
in Figures 6–9. As can be seen from Figures 6–9, F/tan φ
increases with the increasing dimensionless parameter c/
cH tan φ, decreasing ratio W/H, the magnitude of the
horizontal acceleration coefficient kh, and slope angle β.
Compared to Figure 4, the charts in Figures 5–7 show that
applying the quasistatic horizontal force significantly re-
duces the FOS of the slopes. -e decrease is more re-
markable for gentler slopes with large values of ratiosW/H
under the stronger seismic excitation effect as indicated by
having diverging W/H trend lines for slopes with high kh
values at small values of β. Such decrease in the sensitivity
of the FOS to changes in kh, which reflects the influences of
quasistatic forces in gravitational or vertical direction
based on its definition, can be considered in relation to the
increasing impact of the equivalent horizontal static forces
on slope safety under the condition of high seismicity.
Vertical distance between these chart lines represents the
FOS differences for 3D and 2D slopes, respectively. Each
chart in Figures 6–9 represents the FOS for one slope angle.
By means of referring to these charts, the type of failure
modes can also be obtained as well.

It may be obviously noticed that the toe-failure mode
yields the critical values of c/cH tanφ for the most part.
When the 3D slope width is limited to a small value, the toe-
failure mode cannot be developed as a result of the geometric
constraints. However, with regard to small ratios of W/H
(W/H≤ 1.0), the face-failure mode is developed within the
slope and yields the critical values of c/cH tanφ. Slopes with
a gentle angle have a great tendency to construct the base-
failure mode. Nevertheless, the base-failure mode can also be
found in some steeper cases under the effect of stronger
seismic excitation.

3.4. Example of Application. -e following hypothetical
example illustrates applications of the previously presented
stability charts (Figures 5–9) in this paper, as well as the
significance of considering the seismic excitation effect on
the stability analysis of homogeneous slopes. From these
charts, FOS, as well as the type of failure modes, is easily
determined for 3D failures of cohesive-frictional soil and
purely cohesive soil slopes under the conditions of static and
pseudostatic seismic effects. -e example is described as
follows.

A 3D homogeneous slope with a height of 10m and an
inclination angle of 30° under the pseudostatic seismic
loading condition (the value of the horizontal acceleration
coefficient kh � 0.3) is utilized to exhibit the application of
presented stability charts. Material parameters for the soil
are c � 18 kN/m3, φ� 15°, and c� 40 kPa. Width of the slope
is constrained by rock formations and spreads 20m apart
(W/H� 2.0). Hence, c/cH tanφ � 40/18 × 10 × tan 15° �

0.83. For β� 30° and kh � 0.3, it can be determined from
Figure 9 that F/tanφ � 6.14. Based on the above equation,
the factor of safety F was calculated to be 1.64, and the slope
failure mode is found to be base failure from Figure 9.
However, the FOS of this slope with no consideration of the
seismic excitation effect could be obtained from Figure 6 as
F� 2.85, and the corresponding type of the slope failure
mode is toe failure.

4. Comparison with Other Charts

In this section, the proposed chart solutions for 3D ho-
mogeneous slopes are compared with results obtained by
other methods under static conditions to further validate the
strength reduction analysis in this research. Figure 10 gives
the comparisons between the critical values of cu/cHF ob-
tained from this paper and those from the limit equilibrium
method by Gens et al. [6] and the rigorous analytical limit
analysis method by Gao et al. [10] for slopes in purely co-
hesive soils with various ratios of W/H. As can be obviously
seen in Figure 10, the trends exhibited by the strength re-
duction results are in good agreement with those of Gens
et al. [6] and Gao et al. [10].

Recently, Li et al. [8] used the numerical limit analysis
method to propose stability charts for 3D homogeneous
slopes in frictional/cohesive soils. As illustrated in Fig-
ure 11, comparisons are carried out between the chart
solutions from this paper and the numerical upper- and
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lower-bound solutions obtained from Li et al. [8] for
various slope angles. It can be noted that the SRM so-
lutions of this study are closely bracketed by the numerical

upper- and lower-bound solutions. It shows good con-
sistency with the findings of chart solutions by Sun et al.
[22]. -erefore, the failure mechanisms adopted in this
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Figure 5: Stability charts for 3D failures of purely cohesive soil slopes under static and pseudostatic seismic conditions.
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Figure 6: Continued.
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Figure 6: Stability charts for 3D failures of cohesive-frictional soil slopes under static conditions: (a) β� 15°; (b) β� 30°; (c) β� 45°; (d)
β� 60°; (e) β� 75°; (f ) β� 90°.
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study can provide a good way to estimate the stability of
3D homogeneous slopes in both purely cohesive and
frictional/cohesive soils.

To further investigate the difference in the FOS between
this study and the numerical limit analysis, the example
adopted by Li et al. [8] is used here. -e slope is described as
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Figure 7: Stability charts for 3D failures of cohesive-frictional soil slopes under seismic conditions with kh � 0.1: (a) β� 15°; (b) β� 30°;
(c) β� 45°; (d) β� 60°; (e) β� 75°; (f ) β� 90°.
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Figure 8: Stability charts for 3D failures of cohesive-frictional soil slopes under seismic conditions with kh � 0.2: (a) β� 15°; (b) β� 30°; (c)
β� 45°; (d) β� 60°; (e) β� 75°; (f ) β� 90°.

0

2

4

6

8

10

12

14

W/H = 0.5, 0.6, 0.8,
1.0, 2.0, 3.0, 5.0,

10, and 2D

2

3

4

5

6

0 0.2 0.4

0 0.4 0.8 1.2 1.6 2

Toe failure
Face failure
Base failure

c/γH tanφ

F/
ta

nφ

(a)

0

2

4

6

8

10

12

14

W/H = 0.5, 0.6, 0.8,
1.0, 2.0, 3.0, 5.0,

10, and 2D

2

3

4

5

6

0 0.2 0.4

Toe failure
Face failure
Base failure

0 0.4 0.8 1.2 1.6 2
c/γH tanφ

F/
ta

nφ

(b)

Figure 9: Continued.

Advances in Civil Engineering 11



0

2

4

6

8

10

12

14

0

1

2

3

4

0 0.2 0.4

W/H = 0.5, 0.6, 0.8,
1.0, 2.0, 3.0, 5.0,

10, and 2D

0 0.4 0.8 1.2 1.6 2

Toe failure
Face failure
Base failure

c/γH tanφ

F/
ta

nφ

(c)

0

2

4

6

8

10

12

14

W/H = 0.5, 0.6, 0.8,
1.0, 2.0, 3.0, 5.0,

10, and 2D

0

1

2

3

4

0 0.2 0.4

Toe failure
Face failure
Base failure

0 0.4 0.8 1.2 1.6 2
c/γH tanφ

F/
ta

nφ

(d)

0

2

4

6

8

10

12

14

0 0.4 0.8 1.2 1.6 2

Toe failure
Face failure
Base failure

0

1

2

3

4

0 0.2 0.4

W/H = 0.5, 0.6, 0.8,
1.0, 2.0, 3.0, 5.0,

10, and 2D

c/γH tanφ

F/
ta

nφ

(e)

Toe failure
Face failure
Base failure

0

2

4

6

8

10

12

14

0 0.4 0.8 1.2 1.6 2

0

1

2

3

4

0 0.2 0.4

W/H = 0.5, 0.6, 0.8,
1.0, 2.0, 3.0, 5.0,

10, and 2D

c/γH tanφ

F/
ta

nφ

(f )

Figure 9: Stability charts for 3D failures of cohesive-frictional soil slopes under seismic conditions with kh � 0.3: (a) β� 15°; (b) β� 30°; (c)
β� 45°; (d) β� 60°; (e) β� 75°; (f ) β� 90°.
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frictional angle φ� 15°, slope angle β� 60°, and stability
number c/cH tanφ≈ 0.433. Table 3 shows the calculated
results of the FOS obtained from the presented charts in this
paper and those from the numerical limit analyses. It can be
concluded that almost all the present results in Table 3 based
on SRM are obviously closed to those from the numerical
limit analysis method, falling between the numerical lower
bound and the numerical upper bound for all cases ex-
amined, except for the case of W/H� 3.0.

5. Discussion

Based on all numerical results of the several hundred cases
that have been considered, it is observed that the FOS and
the corresponding failure modes with different geometries,
the horizontal acceleration coefficients, slope angle, and

material properties are different. In fact, the effects of any
geometry on 3D slope stability are reflected by two aspects:
change in area of the sliding surface and change in volume of
the failure mass, which are relative to common 3D slope
under the same boundary condition. -e variation in FOS
depends on these changes. Figures 12–15 show contours of
the maximum shear strain increment with factors of safety
for various 3D slope cases obtained from this study. -ese
contours can be seen as the failure mechanism [29].

Figure 12 shows that the failure mechanisms are closer to
a toe-failure mode when theW/H ratio is less than 1.0. With
the increase in slope width W (W/H≥ 2.0), the depth of the
critical slip surface becomes deeper, which belongs to the
base-failure modes. Additionally, it is interesting to find that
slip surfaces on symmetry face remain little changed with
different widths of the slip surface. -is effect explains the
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Figure 11: Comparisons between the chart solutions of this study and the upper- and lower-bound solutions from Li et al. [8] for 3D
frictional/cohesive soil slopes with various W/H ratios: (a) W/H� 1.0; (b) W/H� 2.0; (c) W/H� 3.0; (d) W/H� 5.0.

Table 3: Comparisons between calculated results of the FOS derived from this study and the upper- and lower-bound solutions presented by
Li et al. [8] for the example slope.

Method Safety factor W/H� 1.0 W/H� 2.0 W/H� 3.0 W/H� 5.0 W/H� 10 2D

Chart solution (present study) F/tanφ 5.31 4.54 4.31 4.14 4.03 3.75
F 1.42 1.22 1.15 1.11 1.08 1.00

Numerical upper bound [8] F/tanφ 5.35 4.55 4.25 4.20 — 3.80
F 1.44 1.22 1.14 1.13 — 1.02

Numerical lower bound [8] F/tanφ 4.75 4.05 3.95 3.80 — 3.70
F 1.27 1.09 1.06 1.02 — 0.99
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Figure 12: Contours of the maximum shear strain increment with factors of safety for 3D slopes with various W/H ratios when β� 45°,
Kh � 0, and λcφ � 1.0: (a) W/H� 1.0; (b) W/H� 2.0; (c) W/H� 3.0; (d) W/H� 5.0.
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Figure 13: Contours of the maximum shear strain increment with factors of safety for 3D slopes with various λcφ values when β� 45°,
W/H� 1.0, and Kh � 0: (a) λcφ � 0.05; (b) λcφ � 0.5; (c) λcφ � 1.0; (d) λcφ � 2.0.
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Figure 14: Contours of the maximum shear strain increment with factors of safety for 3D slopes with various Kh values when β� 45°,
W/H� 1.0, and λcφ � 1.0: (a) Kh � 0; (b) Kh � 0.1; (c) Kh � 0.2; (d) Kh � 0.3.
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Figure 15: Contours of the maximum shear strain increment with factors of safety for 3D slopes with various β values when Kh � 0,
W/H� 1.0, and λcφ � 1.0: (a) β� 30°; (b) β� 45°; (c) β� 60°; (d) β� 75°.
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results where the FOS decreases slightly when W/H ratio
increases. From Figures 13 and 14, it can be observed that the
dimensionless parameter λcφ and the horizontal acceleration
coefficient Kh have a significant effect on both the FOS and
failure modes. -e FOS increases remarkably when λcφ
increases from 0.05 to 2.0 andKh decreases from 0.3 to 0.-e
failure mechanism varies from the face-failure mode to the
base-failure mode with the increase of λcφ and Kh. As for
Figure 15, when the slope angle becomes steeper, the FOS
decreases dramatically and the depth of the critical slip
surface decreases obviously, which means the failure modes
change from base failure to face failure.

6. Conclusions

On the basis of the 3D rotational slope failure mode, this
paper produces stability charts for pseudostatic stability
analysis of 3D homogeneous soil slopes under the horizontal
seismic condition. -e presented charts can be used in
preliminary design of slope engineering, and allow the
designers to estimate the FOS of the slope without the need
of any iterative process and identify the corresponding type
of the critical slope failure mode. Further work will consider
the effects of other typical factors such as pore water pressure
and surcharge load on slope stability analysis.
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pp. 835–840, 1999.

[20] T. Matsui and K.-C. San, “Finite element slope stability
analysis by shear strength reduction technique,” Soils and
Foundations, vol. 32, no. 1, pp. 59–70, 1992.

[21] H. Zheng, D. F. Liu, and C. G. Li, “On the assessment of failure
in slope stability analysis by the finite element method,” Rock
Mechanics and Rock Engineering, vol. 41, no. 4, pp. 629–639,
2008.

[22] C. W. Sun, J. R. Chai, Z. G. 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, article 06016034, 2017.

[23] X. Zhang, “-ree-dimensional stability analysis of concave
slopes in plan view,” Journal of Geotechnical Engineering,
vol. 114, no. 6, pp. 658–671, 1988.

Advances in Civil Engineering 17



[24] D. G. Fredlund and J. Krahn, “Comparison of slope stability
methods of analysis,” Canadian Geotechnical Journal, vol. 14,
no. 3, pp. 429–439, 1977.

[25] O. Hungr, “An extension of Bishop’s simplified method of
slope stability analysis to three dimensions,” Géotechnique,
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