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Seismic stability of reinforced slopes is investigated using Horizontal Slice Method within the framework
of the pseudo-static force. These introduced by constant horizontal or vertical inertial forces and the
equilibrium equations for all forces applied to each horizontal slice are considered. A new procedure is
introduced which could determine the location and shape of failure surface. The slip surface is a mul-
tiplanar surface consisting of a number of inclined linear segments interconnected with various lengths
and angles in a plane. The amount of reinforcement forces is used as the objective function in the op-
timization procedure to determine the shape and location of the critical slip surface. This approach is
relatively simple and yields results which are in good agreement with previous findings. Final results
revealed that with increase in horizontal seismic acceleration, the reinforcements force increases. With
increase in slope angle, the failure surface changes from curve to planar shape.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Stability analysis of natural and artificial slopes is an interesting
issue in civil, geotechnical and mining engineering. In addition, the
design and safety evaluation of reinforced structures subject to
seismic loading is an important problem (Richardson and Lee [1],
Bathurst and Cai [2], Jones and Clarke [3]).

In recent decades, a technique based on limit state approach
has been employed in several studies (Ling et al. [4], Ling and
Leshchinsky [5], Michalowski [6], Ausilio et al. [7]) to evaluate the
seismic stability of slopes. Ling et al. [4] utilized the pseudo-static
limit equilibrium approach for the seismic analysis of reinforced
soil structures subject to seismic horizontal acceleration. Subse-
quently, Ling and Leshchinsky [5] extended their studies and ex-
amined the effect of vertical earthquake acceleration. Michalowski
[6] and Ausilio et al. [7] used the kinematic approach of limit
analysis to analyze the seismic stability of retaining structures.

Horizontal Slice Method (HSM) is a new analytical method
based on limit equilibrium proposed by Lo and Xu [8]. This method
has been used later by Shahgholi et al. [9] and Nouri et al. [10]. In
this method, the sliding block is divided into several finite hor-
izontal rigid slices parallel to reinforcements and then the equili-
brium equations are considered for each slice. Effects of seismic
loads are taken into account as pseudo-static forces. The crucial
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point in using HSM for stability analysis is how to find out the
location and configuration of the slip surface. Different trial slip
surface have been used by various researchers include planar (e.g.,
Saran et al. [11]; Narasimha Reddy et al. [12]), circular (e.g., Sen-
gupta and Upadhyay [13]; Kalatehjari et al. [14]), non-circular (e.g.,
Zolfaghari et al. [15]; Nimbalkar et al. [16]).

For coarse-grained soil and also steep slopes, the slip surface is
approximately planar [17]. Circular failure surface is used for co-
hesive and homogeneous soil slopes [18], and non-circular failure
surfaces are occurred in non-homogeneous slope (e.g., Morgen-
stern and Price [19], Spencer [20]). Non-circular failure surface can
be formed from arcs of a circle or log-spiral together with linear
segments or just with straight line segments [21]. Prater [22] as-
sumed sliding surface of circular and logarithmic spiral types and
investigated the stability conditions for homogeneous soils. Al-
though the different failure states are reported in the literatures,
the real failure surface shape has not been obtained yet. For real
cases, the location of slip surface is often unknown and sliding of a
slope is not smooth and sometimes takes arbitrary shapes. In most
of the studies, the shape of the slip surface is predefined. However,
the configuration of the slip surface is affected by geotechnical and
geometric characteristics of slopes [23]. There are various methods
for obtaining the critical slip surface. Hu et al. [24] determined the
noncircular slip surface using mutative scale chaos optimization
algorithm. Nguyen [25] used the simplex reflection method to find
critical slip surfaces. Malkawi et al. [26] adopted the Monte Carlo
optimization procedure to identify the critical slip surfaces. Also, a
number of researchers have used genetic algorithm to search for
the slip surface (Goh [27]; Zolfaghari et al. [15]).
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Fig. 1. (a) General slope configuration and (b) acting forces on each slice.

Fig. 2. The geometry of multiplanar sliding mechanism.
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Sarma and Tan [28] used a new method to determine the cri-
tical slip surface based on the limit equilibrium technique with
added stress acceptability criterion, for both homogeneous and
non-homogeneous slopes. No prior assumption of the shape of the
surface is needed. In this method, the slip surface, which com-
prises a series of straight lines, was obtained slice by slice going
uphill. The slip surface and the interslice boundaries were not
predefined. But, the effect of reinforcement elements on stability
was not considered. Then, Stamatopoulos et al. [29] extended the
method proposed by Sarma [30] to dynamic problems using a
developed multiblock model.

Therefore, determination of the critical slip surface is one of the
key problems in slope stability evaluation.

In this study, Horizontal Slice Method is employed to analyze
slope stability and also to achieve the position and configuration of
the critical slip surface in slopes. The procedure yields a new
multiplanar shape as an accurate approximation for the shape of
the failure surface. Location of failure surface can be determined
eventually.
2. Method of analysis

2.1. Horizontal Slice Method

In the comprehensive formulation proposed by Nouri et al. [10],
the equilibrium of all vertical and horizontal forces and also the
moment equilibrium in each slice of the logarithmic spiral slip
surface are satisfied. They have called this formulation as rigorous
formulation also known as (5n�1) formulation. In this study a
similar formulation, within the framework of the limit equilibrium
technique of HSM is considered for homogeneous reinforced
slopes.

The main difference between the present method and those of
previous studies is that no prior configuration is assumed for slip
surface. In order to obtain the equilibrium equations, consider a
slope with general shape shown in Fig. 1.

Ti is the tension force in the i-th reinforcement layer. Ni and Si
are respectively the normal and shear forces acting on the base of
each slice. Wi is the weight of the i-th slice, and αi is the inclination
angle of the slice base. kh and kv are the horizontal and vertical
seismic coefficients for pseudo-static analysis, respectively. Hi and
Vi are the shear and normal inter-slice forces acting on each slice,
respectively. Vi denotes the vertical inter-slice force which is equal
to the weight of upper soil layers.

For the interface forces, two approaches exist in the biblio-
graphy: (a) the first assumes that they have fixed inclination and
that is defined through a scalar coefficient, and (b) the second
obtains the interface inclinations by minimizing the factor of
safety. For non-circular slip surfaces, Morgenstern and Price [19]
proposed the following relationship:

λ= ( )H V 1i i

where λ is a coefficient ranging between 0 and 1.
In the method provided by Sarma [30], the shear strength was

mobilized on the interslice boundaries and the inclination of slice
interfaces is varied to produce a critical condition. The method
provided by Sarma uses a shear strength equation. In addition,
Sarma and Tan [28] have implicitly assumed that the Mohr–Cou-
lomb criterion is satisfied along the vertical interfaces between
slices. Nouri et al. [10] obtained the interslice forces via a trial and
error procedure in the last piece. In the proposed method, the
inclination of the inter-slice forces are taken to be independent of
kh and defined as λ β φ= ( − ) ( ) F S1 /100 tan / . .

Earthquake effects can be taken into account by assuming the
sliding mass subjected to both vertical and horizontal pseudo-
static forces. However, the vertical force is usually ignored in the
standard pseudo-static analysis. This is due to the fact that the
vertical seismic force acting on the sliding mass usually has neg-
ligible effect on the stability of a slope. The moment equilibrium
equations require the location of the application of the normal
force on the slip surface. The usual assumption of ‘middle of the
slice’ is a good and reasonable one [10]. Hence, the equilibrium
equations of the force and moment for each slice in x-y plane are
proposed the by Nouri et al. [10], following relationship

∑ = ⇒ + ( ) − ( ) − + − = ( )+F T S a N a k W H H0 cos sin 0 2x i i i i i h i i i1

∑ = ⇒ − − ( + ) + ( ) + ( ) = ( )+F V V k W S a N a0 1 sin cos 0 3y i i v i i i i i1



Fig. 3. Flowchart of calculations for Horizontal Slice Method.
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YNS i, and XNS i, are the coordinates of the point where Ni and Si

act on the base of the slice with respect to the point denoted by O.
XV and YH are the coordinates of the point of application of vertical
and horizontal interslice forces on the slice with respect to the
point denoted by O. In addition, XG i, and YG i, are the coordinates of
the point of application of vertical and horizontal pseudo-static
forces on the center of gravity of each slice with respect to the
point denoted by O.

According to Mohr–Coulomb failure envelope, the relation be-
tween the shear and normal forces at the failure stage is expressed
by

ϕ= [ + ( )] ( )S
F S

Cb N
1
. .

tan 5i i i

where C and ϕ are the soil cohesion and internal friction angle,
respectively. The cohesion of the backfill material is considered to
be zero. F S. . is factor of safety, which is assumed to be 1 for all of
the slices. The mobilized tension force in the i-th reinforcement
layer, Ti, assuming that every reinforcement is placed at the cen-
troid of each slice, can be used in a relation proposed by Ling et al.
[4], as

γ= ( )T K Z D 6i i i i

where K is the total normalized reinforcement force, Di is the
distance between layers i and +i 1. Zi is the depth of the i-th
reinforcement measured from the crest. It is assumed that all



Fig. 4. Variation of αs against ϕ for different values of β and =k 0.2h .

Table 1
Various methods for finding the slip surface and their parameters.

Analysis Method Slip surface Loading Characteristics

Limit analysis Michalowski Log-spiral Pseudo-static Model slopes: homogeneous, cohesionless and free draining
The kinematic theorem of limit analysis
Seismic force in the horizontal direction
24 reinforced layers
Safety factor is unit

Ausilio et al. Log-spiral Pseudo-static Model slopes: homogeneous, cohesionless and Free draining
The kinematic theorem of limit analysis
Seismic force in the horizontal direction
5,10,20 reinforced layers
Safety factor is unit

Limit equilibrium Ling et al. Log-spiral Pseudo-static Model slopes: homogeneous, cohesionless and free draining
Used equilibrium equation: moment for the whole wedge
Horizontal Slice Method
Seismic force in the horizontal direction
10 reinforced layers
Safety factor is unit

Nimbalkar et al. Multilinear Pseudo-dynamic Model slopes: homogeneous, cohesionless and free draining
Used equilibrium equation: forces
Horizontal Slice Method
Seismic force in the horizontal and vertical direction
20 reinforced layers
Safety factor is unit

Nouri et al. Log-spiral Pseudo-static Model slopes: homogeneous, cohesionless and free draining
Used equilibrium equation: forces and moment
Horizontal Slice Method
5 reinforced layers
Safety factor is unit

Present work Multiplanar Pseudo-static Model slopes: homogeneous, cohesionless and free draining
Used equilibrium equation: forces and moment
Horizontal Slice Method
Seismic force in the horizontal direction
Optimum reinforced layers
Safety factor is unit

Table 2
Geometric and geotechnical characteristics of slope (Nouri et al. [31]).

Characteristics Parameter Values

Slope height H 5 m
Soil cohesion C 0
Safety factor F S. . 1.00
Soil density γ 18 kN/m3

Coefficient of horizontal
seismic acceleration

kv 0.00

Coefficient of vertical seis-
mic acceleration

kh 0.00, 0.05, 0.10, 0.15, 0.20, 0.25,
0.30

Slope inclination angle β ° − ° − ° − °45 60 75 90
Soil internal friction angle ϕ ° ° ° ° ° °20 , 25 , 30 , 35 , 40 , 45
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reinforcements are placed at the mid-line of layers. γi is the unit
weight of the soil.

Thus we have,

= ( )D
H
n 7i

= ( − ) ( )z i
H
n

0.5 8i

where n is the number of layers. Limit equilibrium methods de-
termine the critical failure surface based on the minimum value of
the safety factor or the maximum value of the reinforced forces. In



Fig. 5. Variation of K against ϕ for different values of β and kh.

Fig. 6. Variation of L H/c against ϕ for different values of β and kh.
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the present paper factor of safety is equal to one and thus the
critical sliding surface is the surface for which the sum of the
mobilized tensile force in the reinforcements become maximum.
In order to have a constant value for K, the total reinforcement
force was normalized as

∑
γ

=
( ) ( )=

K
H

T
1

0.5 9i

n

i2
1

The base of the slope is assumed to be sufficiently hard and the
critical failure surface does not pass through the foundation
material. Also, the slip surface is assumed to pass through the toe
of the slope in frictional soils and the effect of facing elements on
stability is neglected.

2.2. Slip surface configuration

Present paper describes a new method based on equations of
horizontal slices for obtaining the failure surface. It is assumed
that the slip surface consists of n inclined linear segments inter-
connected with various lengths and angles in a plane. e.g., =n 2



Table 3

Results of (∑ )= Ti
n

i1 max (kN) for a slope with β = °45 .

ϕ ( )deg (∑ )= Ti
n

i1 max (kN)

kh¼0.00 kh¼0.05 kh¼0.10 kh¼0.15 kh¼0.20 kh¼0.25 kh¼0.30

20 44.00 54.00 66.00 80.00 98.00 121.00 154.00
25 29.00 36.00 45.00 56.00 69.00 84.00 103.00
30 18.00 23.00 30.00 38.00 48.00 59.00 73.00
35 10.00 14.00 19.00 25.00 32.00 41.00 51.00
40 4.00 7.00 11.00 15.00 20.00 27.00 34.00
45 0.40 2.00 5.00 8.00 12.00 16.00 22.00

Table 4

Results of (∑ )= Ti
n

i1 max (kN) for a slope with β = °60 .

ϕ ( )deg (∑ )= Ti
n

i1 max (kN)

kh¼0.00 kh¼0.05 kh¼0.10 kh¼0.15 kh¼0.20 kh¼0.25 kh¼0.30

20 62.00 72.00 83.00 96.00 112.00 133.00 161.00
25 47.00 55.00 63.00 73.00 85.00 99.00 117.00
30 35.00 41.00 48.00 56.00 65.00 76.00 88.00
35 25.00 30.00 36.00 42.00 49.00 57.00 67.00
40 16.00 20.00 26.00 31.00 37.00 43.00 51.00
45 10.00 13.00 16.00 22.00 26.00 31.00 38.00

Table 5

Results of (∑ )= Ti
n

i1 max (kN) for a slope with β = °75 .

ϕ ( )deg (∑ )= Ti
n

i1 max (kN)

kh¼0.00 kh¼0.05 kh¼0.10 kh¼0.15 kh¼0.20 kh¼0.25 kh¼0.30

20 84.00 92.00 103.00 114.00 129.00 146.00 171.00
25 67.00 74.00 83.00 93.00 104.00 116.00 132.00
30 54.00 60.00 67.00 75.00 83.00 94.00 106.00
35 42.00 48.00 54.00 60.00 67.00 76.00 85.00
40 33.00 37.00 42.00 48.00 54.00 61.00 69.00
45 25.00 29.00 33.00 38.00 43.00 49.00 55.00

Table 6

Results of (∑ )= Ti
n

i1 max (kN) for a slope with β = °90 .

ϕ ( )deg (∑ )= Ti
n

i1 max (kN)

kh¼0.00 kh¼0.05 kh¼0.10 kh¼0.15 kh¼0.20 kh¼0.25 kh¼0.30

20 111.00 119.00 128.00 139.00 151.00 167.00 187.00
25 92.00 99.00 108.00 117.00 127.00 139.00 153.00
30 76.00 82.00 90.00 98.00 107.00 117.00 128.00
35 62.00 68.00 74.00 82.00 90.00 98.00 108.00
40 50.00 55.00 61.00 68.00 75.00 82.00 91.00
45 40.00 45.00 50.00 56.00 62.00 68.00 76.00
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denotes a bilinear slip surface. With increase in number of layers,
the failure surface approaches to a nonlinear curve to demonstrate
features of the real failure surface.

The mechanism of segmentation is illustrated in Fig. 2. For
n¼4, the angle ∠ACD is divided to 4 equal parts and segments are
connected at points denoted by 1, 2, and 3. The two particular
angles, αLc and αs are inclined angles relative to the ground surface
as shown in Fig. 2. These two parameters indicate the extreme of
possible failure surface boundaries by which the failure surface is
surrounded. In other words, the maximum sum of the tensile force
in the reinforcements will occur between these boundaries.

The angle pertaining to each part is obtained as α α( − ) n/s Lc . For
the special case where αLc and αs are equal, the multiplanar slip
surface reverts to a planar shape in this technique. Consider θi as
the angle respect to the vertical direction

θ α
α α

= ( − ) +
−

( )
⎜ ⎟⎛
⎝

⎞
⎠n
i90

10i s
s Lc

For n¼4, as shown in Fig. 2, the sliding surface consists 4 seg-
ments begins from point C and ends at point A. When the soil
wedge is divided to n layers, there are n reinforcement elements at
distances equal to hi elevated from the crest

= ( )h
i
n

H 11i

If Xi and Yi represent the coordinates of an arbitrary point on



Fig. 7. Slip surface for different ϕ and β = °45 .

Fig. 8. Slip surface for different ϕ and β = °60 .
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sliding surface, then

θ= − × ( )

= − = − = −
( )

⎛
⎝⎜

⎞
⎠⎟

X X
i
n

H

Y H h H
i
n

H H
n i

n

tan

12

i c i

i i

Now what remains for finding the slip configuration is a
computerized algorithm to search in all possible configurations
which have been suggested previously in this paper. MATLAB
Program has been used for implementation of the procedure in
this study. The flowchart of the procedure is shown in Fig. 3. Based
on Fig. 3, it can be expressed that α α≤ ≤ 90Lc S .

The effects of αS for the case where γ = 18 and =k 0.2h are
depicted in Fig. 4.



Fig. 9. Slip surface for different ϕ and β = °75 .

Fig. 10. Slip surface for different ϕ and β = °90 .
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3. The generality of the method

Some of the more noticeable features of the proposed method
can be summarized as:

� In the proposed method the number of horizontal slices is
optimized in accordance with the flowchart shown in Fig. 3 in
order to evaluate the maximum total reinforcement force,
whereas the other methods use a predetermined number of
slices.

� Force and moment equilibrium equations are considered si-
multaneously in each horizontal slice for the new model of



Table 7
Results of L H/c for a slope with β = °45 and =k 0.2h on optimized layers.

ϕ ( )deg L H/c : β γ( = = )45, 18

kh¼0.00 kh¼0.10 kh¼0.20

=n 5 =n optimum =n 5 =n optimum =n 5 =n optimum

20 0.70 0.60 0.90 0.90 1.35 1.35
25 0.55 0.40 0.70 0.60 0.90 0.90
30 0.40 0.30 0.55 0.40 0.70 0.70
35 0.25 0.15 0.40 0.30 0.50 0.50
40 0.20 0.10 0.30 0.20 0.40 0.30
45 0.15 0.05 0.20 0.10 0.30 0.20

Table 8
Results of L H/c for a slope with β = °75 and =k 0.2h on optimized layers.

ϕ ( )deg L H/c : β γ( = = )75, 18

kh¼0.00 kh¼0.10 kh¼0.20

=n 5 =n optimum =n 5 =n optimum =n 5 =n optimum

20 0.70 0.70 0.95 0.90 1.35 1.30
25 0.70 0.60 0.80 0.70 1.00 1.00
30 0.60 0.50 0.65 0.60 0.80 0.80
35 0.50 0.40 0.55 0.50 0.70 0.60
40 0.50 0.35 0.50 0.40 0.60 0.55
45 0.40 0.30 0.45 0.40 0.50 0.45

Table 9

Results of (∑ )= Ti
n

i1 max (kN) for a slope with =k 0.2h on two kind of soil material

slope in various slopes.

γ β (∑ )= Ti
n

i1 max (kN)

φ = 20 φ = 25

18 45 98.00 69.00
60 112.00 85.00
75 129.00 104.00
90 151.00 127.00

25 45 136.12 95.43
60 155.94 118.46
75 178.65 143.75
90 210.24 176.58

Table 10
Safety factor of the optimum setup determined via the proposed method with
classical Morgenstern–Price Limit Equilibrium Method.

β (deg) ϕ ( )deg Safety factor

kh¼0.00 kh¼0.05 kh¼0.10 kh¼0.15 kh¼0.20

45 25 0.932 0.932 0.934 0.938 0.940
30 0.994 0.978 0.969 0.972 0.976
35 1.007 1.004 0.997 0.998 0.999

60 25 0.983 0.982 0.967 0.973 0.977
30 1.013 1.014 1.009 1.008 1.002
35 1.040 1.036 1.038 1.033 1.032

75 25 1.019 1.023 1.022 1.010 1.014
30 1.051 1.048 1.043 1.034 1.021
35 1.072 1.066 1.062 1.055 1.047
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multiplanar sliding surface.
� Multiplanar slip surface used in this study (as well as Nimbalkar

et al. [16]) furnishes more flexibility than pre-determined
configurations such as log-spiral type used in many other
methods.
� The main characteristics of the proposed method are presented
in Table 1 alongside a number of similar methods in order to
highlight the plausible differences.

� The presented configuration is independent of analysis method
and therefore, the configuration presented can be used for
vertical slice analytical methods, (e.g. Morgenstern–Price, Sarma
and the other classical methods).

� In this approach, the extremes of possible failure surface
boundaries can be determined by two angles of αS and αLC .� Typically, in many design guidelines, a maximum spacing be-
tween reinforced elements is 1 m [31]. The optimization pro-
cedure can be used to optimize the vertical distance between
reinforced layers in slope height.
4. Results and discussions

In order to illustrate the capability of proposed method for
slope stability analysis, the procedure has been carried out for a
homogeneous and cohesionless soil slope with height of 5 m. The
geometrical (β and H), geotechnical ( γ ϕc, , ) and design seismic
coefficient (kh) properties of the slope are given in Table 2. The soil
wedge above the slip surface is subdivided into n horizontal slices
parallel to reinforcement. The number of horizontal slices is op-
timized according to the flowchart in Fig. 3 in order to achieve the
maximum of total reinforcement force. In this procedure, the slope
inclination angle is assumed as 45–90° and the soil internal fric-
tion angle is changed from 20° to 45°.

The results of the stability analysis for the new model of mul-
tiplanar sliding surface are presented in Figs. 5 and 6 using the two
dimensionless parameters of K and L H/c . As shown in Fig. 2, Lc is
the distance between the slip surface and the face of the slope on
crest. It is noteworthy that Lc is equal to the maximum required
reinforcement length.

As expected, the total normalized reinforcement force, K de-
creases with increase in internal friction angle, ϕ. Also, for slopes
with larger inclination angle, β , the total reinforcing force, K, be-
come higher. On the other hand, slopes with lower inclination
angle and or soils with higher internal friction angle induced
lower forces to reinforcements. These are shown in Fig. 5. Having
the values of K, the maximum total reinforcement force,
(∑ )= Ti

n
i1 max, in each case can be obtained from Eq. (9). This value for

various slopes with different ϕ and kh is evaluated and is given in
Tables 3–6.

According to Eq. (9), both parameters K and (∑ )= Ti
n

i1 max are
linearly connected to each other. Therefore, similar results can be
expressed for variation of L H/c with respect to ϕ and kh.

Fig. 6 presents the variation of L H/c respect to ϕ for different
values of kh. As shown, values of L H/c decrease monotonically as
the internal friction angle increases. Also, values of L H/c reduced
slightly as the slope inclination angle increased. Higher coeffi-
cients of horizontal seismic acceleration, kh requires longer L H/c to
maintain the slope stability.

In order to obtain the configuration of the slip surface, Eq. (12)
can be used. The slip configurations obtained by the new model of
multiplanar sliding surface for different β and ϕ are depicted in
Figs. 7-10. According to these figures, for higher slope angles, the
configurations of slip surfaces take planar shape. On the other
hand, with increase in internal friction angle, the sliding wedge
will become smaller. Thus, the maximum length of reinforcement
required for the stability of the slope is reduced. The results also
revealed that when the horizontal earthquake force increases, the
sliding wedge would become wider.

In addition, the optimized results of the maximum required
reinforcement length on two slope °45 and °75 are presented in
Tables 7 and 8. Based on presented results in the Tables, the



Fig. 11. Lc/H parameter with respect to ϕ (ϕ = −20 45).

Fig. 12. K-parameter with respect to ϕ (ϕ = −20 45).
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maximum length of reinforcement required for the stability of the
slope is sometime reduced until 30%. Then, the results of
(∑ )= Ti

n
i1 max for =k 0.2h on the two soil materials with different

specific weights γ = 18 and γ = 25 in various inclined slopes are
compared in Table 9. As obtained in the table, values of (∑ )= Ti

n
i1 max

increase monotonically as the unit weight of the soil.
5. Verification and comparison with previous studies

Before attempting to compare the results of the proposed
procedure with other similar techniques, the ability of the pro-
posed method to locate the critical slip surface is demonstrated by
comparing the safety factor of the optimum setup determined via



1

2

3

4

5

6

7

Table 11

(∑ )= Ti
n

i1 max (kN) obtained in different papers for a slope with β = °90 .

Papers ∅ (deg) (∑ )= Ti
n

i1 max (kN)

kh¼0.00 kh¼0.10 kh¼0.20 kh¼0.30

Leshchinsky [32] 20 110 128 151 187
25 95 110 126 153
30 74 90 106 128

Shahgholi et al. [9] 20 110 128 151 187
25 91 107 127 153
30 75 89 106 128

Choudhury et al. [33] 20 110 130 157 202
25 91 109 131 162
30 75 91 110 135

Present study 20 111 128 151 187
25 92 108 127 153
30 76 90 107 128

M. Khosravizadeh et al. / Soil Dynamics and Earthquake Engineering 85 (2016) 179–190 189
the proposed method with classical Morgenstern–Price Limit
Equilibrium Method. The results are presented in Table 10, where
it can be noted that a reduction of 3–7% in factor of safety is
achieved by the proposed method, signifying the relative cor-
rectness of the method as well as an advancement of the solution
procedure.

Furthermore, the performance of the proposed method is ex-
amined in comparison with a number of other methods (e.g. Ling
et al. [4], Michalowski [6], Ausilio et al. [7] and Nouri et al. [10],
Ling and Leshchinsky [5], Shahgholi et al. [9], Choudhury et al.
[33]). The slip surface configuration was pre-assumed in most of
the previous studies. The significance of the method proposed in
this study is to yield the slip configuration.

The results considered in Figs. 11 and 12 are related to new
multiplanar sliding surface. Then, the maximum sum of the tensile
force in the reinforcements is compared with a number of other
methods in Table 11.

As shown in Figs. 11 and 12, the results of this study are be-
tween the extreme values reported by other papers. The results for
the case where β = °90 and =k 0.2h are approximately the same.
Also, values of L H/c reduced slightly as the slope inclination angle
increased. Higher coefficients of horizontal seismic acceleration,
kh, requires longer L H/c to maintain the slope stability.

Based on presented results in Table 11, the maximum sum of
the tensile force in the reinforcements for the case where
β = °90 are approximately the same with others and it can be
noted that there is a difference of 1.5–7.5% with Choudhury et al.
[33] method.
5.1. Recommendations for future work

The current study can be extended further to work the
following:

1. Evaluation of other failure conditions including failure under
surcharge.

2. Reinforced slopes stability analysis using together pseudo-dy-
namic approach and present configuration.

3. Employing new multiplanar configuration for vertical slice
analytical methods.

4. Considering current procedure for different inclination angles of
reinforcement.

5. Employing the approach for non-uniform slopes or for pore
pressures existence.
6. Conclusions

The objective of this paper is to determine the probable mul-
tiplanar slip surface in the seismic stability analysis of reinforced
2D slopes using Horizontal Slice Method and pseudo-static ap-
proach. The procedure is capable to obtain the maximum total
reinforcement force using the comprehensive formulation of hor-
izontal slices. The following results were obtained eventually:

) Maximum sum of the tension force in the reinforcement in-
dicates that the employed slip surface is critical.

) With increase in horizontal seismic acceleration, the reinforce-
ments force increases.

) With increase in slope angle, the failure surface changes from
curved surface to planar shape.

) With increase of the internal friction angle ϕ, the slip plane
nears the slope face.

) The results of the analysis show that the value of K is almost
less than 1 and decreases with increase in ϕ while β is constant.
Also, the value of K increases with increase in β while ϕ remains
constant.

) With increase of the specific weight γ , values of (∑ )= Ti
n

i1 max
increase.

) With optimizing the layers, values of L H/c decrease.
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