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Abstract Widespread application of geocells in

practice, especially in slope stabilization, is mainly

derived from the strengthening features they display in

excess of membrane effect of planar geosynthetics. On

the ground where geocells are in the shape of

honeycombs, a three dimensional model and analysis

provides a relatively more precise insight into the

behavior of structures reinforced with them compared

to the prevalent 2D means of slope stability analysis or

methods taking the geocell layer as an equivalent soil

layer. The three dimensional stability of geocell-

reinforced slopes was investigated using strength

reduction method (SRM) in the present paper. Both

the geocells and their infill and surrounding soils were

taken into account. Since ABAQUS is not provided

with built-in ability of analysis by SRM, a SRM

stepped procedure was adopted herein to determine FS

by this finite element software. As the next step, using

the aforementioned techniques, effects of some lead-

ing factors contributing to the stability of geocell-

reinforced slopes such as geocell placement, pattern of

multilayer reinforcement and number of geocell layers

were evaluated thoroughly. Reliability of the applied

stepped SRM procedure was verified in advance using

the available results of a previously 3D- SRM slope

stability analysis.

Keywords Strength reduction Method � Slope
stability � Geocell � Safety factor � ABAQUS

1 Introduction

Ease of construction, durability against erosion, high

quality of performance and cost-effectiveness has

made the enhancement of the stability of slopes by

means of geosynthetics popular during the recent

decades. Contrary to planar geosynthetics such as

geogrid, geotextile and geocomposite, geocell has a

honeycomb three dimensional structure that makes its

contribution to soil improvement more complicated.

Superiority of geocell on planar and randomly

distributed geosynthetics was indicated by Dash

et al. (2004) through some model tests on strip

foundations. Three different mechanisms, namely

load dispersion, confining effect and membrane effect

were identified to be responsible for increase in the
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bearing capacity and decline in the settlement of

geocell-reinforced foundations (Mandal and Gupta

1994, Zhang et al. 2010). Large scale triaxial tests

indicate that the embedment of geocell adds an

apparent cohesion to the soil strength property while

the soil internal friction is just marginally affected

(Bathurst and Karpurapu 1993). A variety of factors

have been found to affect the behavior of structures

reinforced with geocells. Most of the corresponding

findings are resulted from model tests on reinforced

foundations. Effects of such variables as geocell width

(Dash et al. 2003a, b; Tafreshi and Dawson 2012;

Dash et al. 2001; Dash et al. 2007), depth of geocell

layers (Dash et al. 2007; Sitharam et al. 2005), geocell

height (Mandal and Gupta 1994; Dash et al.

2003b, 2007; Sitharam et al. 2005), geocell material

(Dash et al. 2001), pocket shape (Dash et al. 2001),

infill material (Hegde and Sitharam 2015) and infill

density (Sireesh et al. 2009) have been explored

through empirical means. A detailed review on the

recent empirical studies on geocell-reinforced soil can

be seen in Hegde (2017) and Biswas and Krishna

(2017).

Due to the complexity of geocell simulation in

numerical models, equivalent soil layers are preferred

and applied to the geocell mattress by some research-

ers (Hegde and Sitharam 2015; Rajagopal et al. 1999;

Madhavi Latha and Rajagopal 2007; Latha et al.

2008). In this context, stability of geocell-reinforced

slopes was investigated by Mehdipour et al.

(2013, 2017) simulating the geocell layer as an

equivalent beam element. In order to account for the

whole complexities of the geocell-reinforced struc-

tures, both geocell and infill soil should be modeled in

a numerical analysis. However, only a few such

studies are available in the literature (Hegde and

Sitharam 2015; Han et al. 2008; Leshchinsky and Ling

2013a, b).

Generally, engineers prefer to perform a 2D

analysis for the assessment of the slope’s behavior

and stability because of its simplicity and ease of

understanding. Besides, a 2D analysis always gives a

conservative estimation of the factor of safety in

comparison to the 3D analysis. However, in practice,

due to irregularities in topography, loading and

material, most situations do not meet the plain strain

conditions. In this regard, in line with considering the

fact the 3D factor of safety is always greater than 2D

one and consequently more cost-effective, sometimes

scrutiny of the slopes by a 3D method becomes

inevitable, especially when it comes to financial

issues. On the ground of the honeycomb structure of

the geocell, only a 3D analysis is able to reflect the true

behavior of a geocell-reinforced slope even if every-

thing including geometry, loading, material, etc. can

be regarded as symmetric.

Most of the 3D slope stability approaches have been

developed by generalization of the limit equilibrium

2D methods (Hungr 1987; Lam and Fredlund 1993;

Chen et al. 2003; Cheng and Yip 2007; Ahmed et al.

2012). In addition to inability of limit equilibrium

methods to satisfy all equilibrium terms, shape of the

slip surface must be assumed a priori and is not

precisely predictable using these techniques (Wong

1984). These drawbacks have been overcome to a

great extent in the strength reduction method (SRM).

SRM is a powerful approach to evaluate the

stability of slopes. This method obtains the safety

factor by gradually decreasing the soil strength

parameters until a predefined failure criterion is met.

Both equilibrium and yield conditions are satisfied

simultaneously and the shape of the slip surface is

specified almost precisely in the end. SRM was

pioneered by Zienkiewicz et al. (1975) for associated

and nonassociated soil structures. Ever since, strength

reduction method has been widely improved in

different aspects. SRM is a general term and different

approaches to this method are characterized by the

standard according to which they finalize the calcu-

lation and settle the factor of safety. In this regard,

nodal displacement method (Zienkiewicz et al. 1975;

Donald and Giam 1988) is the earliest standard and

simplest technique for FS inspection. In this method,

displacement versus reduction factor (i.e. safety

factor) for some nodes, preferably in the failure

region, is drawn and a point on the curve associated

with a sharp drop in displacement will be defined. The

reduction factor corresponding to the prementioned

point can be regarded as the safety factor. In addition

to the nodal displacement benchmark, other scales

such as shear strain failure criterion (Matsui and San

1992), divergence of the nonlinear analysis (Griffiths

and Lane 1999; Faheem et al. 2003; Griffiths and Lu

2005; Tschuchnigg et al. 2015) and arc-length tech-

nique (Song 1997) have been developed so far to

specify the FS and estimate the slip surface of the

slopes. SRM based on nonlinear divergence technique

is incorporated in some well-known commercial
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computer software such as FLAC2D, FLAC3D and

Phase2. For instance, finite element software Plaxis is

able to perform strength reduction analysis using arc-

length method.

While most of the available SRM-related

researches have been devoted to two dimensional

unreinforced slopes (Zienkiewicz et al. 1975; Donald

and Giam 1988, Matsui and San 1992; Griffiths and

Lane 1999; Faheem et al. 2003; Griffiths and Lu 2005;

Tschuchnigg et al. 2015; Song 1997; Cheng et al.

2007), some researchers have investigated the 3D

stability of slopes using this technique (Ugai and

Leshchinsky 1995; Griffiths and Marquez 2007; Deng

et al. 2007; Wei et al. 2009). SRM has also been

applied to evaluate the safety of reinforced slopes. Cai

and Ugai (2000) applied SRM to study the effects of

the contributing parameters to the stability of slopes

reinforced with piles. Later, they used SRM in the

analysis of anchor-reinforced slopes (Cai and Ugai

2003). Stability of pile-reinforced slopes was also

investigated byWei and Cheng (2009), utilizing SRM.

Stability of nailed slopes has also been studied by

strength reduction method (Lin et al. 2013; Wei and

Cheng 2010; Rawat and Gupta 2016). Furthermore,

Mehdipour et al. (2013) simulated geocell layers as the

equivalent beam elements and studied the effects of

some factors such as geocell placement and the

number of geocell layers carrying out 2D-SRM

analyses by FLAC2D. To the best of the author’s

knowledge, there is still no available research work

conducted on the 3D-SRM analysis of geocell-

reinforced slopes.

In this paper, stability of slopes reinforced by

geocell layers is investigated using strength reduction

method through three dimensional finite element

analysis. To do so, ABAQUS software is used for

numerical modeling and analysis. Nodal displacement

technique has been utilized to determine the factor of

safety. In order to obtain the most possible accurate

FS, a stepped solution procedure is adopted to ensure

that the selected nodes, for failure examination, are

located in the collapsed region. Firstly, validity of the

proposed technique is verified through comparison to

some available results of 3D-SRM analysis on unre-

inforced slopes. Then, the effects of the geocell depth,

the number of geocell layers and the multilayer

geocell pattern are investigated.

2 SRM Using ABAQUS

In the present study, stress reduction method (SRM) is

employed to determine the safety factor of slope

against instability. Generally, the factor of safety of an

earth slope composed of a soil with cohesion (c) and

internal friction angle u is defined as:

FS ¼ c

cm
¼ tanu

tanum

ð1Þ

where cm and um are the mobilized cohesion and

friction angle respectively. Hence, FS can be deter-

mined provided that the values of cm and um are

specified by some means. Based on the strength

reduction method, cohesion and internal friction angle

of the soil are reduced gradually and simultaneously at

the same rate to the point of slope instability. The

reduced cohesion (creduced) and internal friction angle

(ureduced) are in essence the mobilized strength

parameter of the soil and the rate by which c and u
are decreased is, by definition, the factor of safety FS.

Therefore, according to the SRM, the factor of safety

may be redefined as follows:

FS ¼ c

creduced
¼ tanu

tanureduced

ð2Þ

As indicated in the introduction section, some com-

puter software such as FLAC2D, FLAC3D, Phase2

and Plaxis entail built-in strength reduction ability.

These kinds of software automatically reduce the soil

strength parameters and stop the analysis where their

defined instability criteria is held. ABAQUS is a FEM-

based versatile computer software used in diverse

engineering areas. Since the strength reduction capa-

bility is generally applied to geotechnical problems,

naturally ABAQUS has not been equipped with such

an ability. Thus, in order to find FS via ABAQUS, one

needs to develop a technique to gradually alter the soil

strength parameters and find the cohesion and internal

friction angle corresponding to an appropriately

defined benchmark for failure. Then, FS can be

identified using Eq. 1. The following nodal displace-

ment based procedure is developed in this study to

calculate the factor of safety using the outputs of

ABAQUS:

1. In order to add the quality of variability in material

properties to the software, soil strength properties

are defined as temperature dependent. This way,
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for a single material, numerous values of cohesion

and internal friction angle can be defined, each of

which is associated with its corresponding value

of temperature. Gradual reduction of strength

parameters is sorted out in line with the temper-

ature rise. Hence, the software performs an

analysis in accordance with the aforementioned

organized material properties.

2. The analysis consists of several steps depending

on the construction stages and the number of

reduction levels in strength parameters. Perform-

ing static general analysis for all the reduction

phases is significantly time consuming. Therefore,

as a solution to reduce the analysis time, explicit

dynamic analysis can be performed instead of

static general analysis for complicated models,

provided that the model is given enough time (t) at

each step to reach the same solution as the static

responses. Steps of the present analysis are made

up of gravity loading, surface loading and the

proceeding strength reduction phases. Therefore,

the total time steps devoted to the analyses equals

the number of steps times t.

3. The slope composed of the temperature dependent

soil is analyzed and stress, strain and displacement

fields are determined for each temperature level

corresponding to reduced strength parameters.

4. Scrutinizing the maximum principal plastic strain

contours or shadings, the failure surface can be

recognized. A reference point is defined. For a

symmetrical model like what is under investiga-

tion here, the reference point is taken at the middle

of the failure surface toe.

5. Horizontal displacement versus time is drawn for

the reference point. A time on the graph at which,

there is a sudden increase in the total displacement

is regarded as the failure outburst. This time is

associated with its corresponding reduced cohe-

sion and internal friction angle so that the factor of

safety can easily be determined using Eq. 2.

The proposed technique above is similar to Nodal

displacement method. The only difference is that

unlike the conventional nodal displacement approach,

selected node is not assumed from the beginning and is

specified after the accomplishment of the analysis

when the slip surface can be recognized with accept-

able accuracy. Preferably, the selected node to sketch

time-displacement curve is considered at the toe of the

slip surface.

It should be noted that since the displacement–time

graph is not a bilinear curve in general, the time

associated with the dramatic increase in displacement

cannot be defined straightforwardly. To overcome this

issue, the intersection of lines tangential to the two

relatively straight parts of the curve before and after

the drop point is considered as the target point and its

corresponding coordinates (time and displacement)

are extracted for further analysis.

3 Verification

In order to examine the reliability of the proposed

method, it is verified with the results of three

dimensional strength reduction analysis performed

by Wei et al. (2009). Hence, a three dimensional

model of slope employed by Wei et al. (2009) was

simulated in Abaqus as well. Geometrical properties

and a three dimensional view of the model are

illustrated in Fig. 1.

The model is a 45� inclined slope, 6 m in height

resting on a 24 m deep foundation bed. Boundaries of

the model are placed far enough to avoid interference

of the boundaries in the slope behavior. Sensitivity

analyses showed that taking lengths of the model in

front of the slope (Lf) and at the back of the slope (Lb)

equal to 24 m and 30 m respectively ensures negligi-

ble boundary effects for both reinforced and unrein-

forced situations (Fig. 1). Vertical boundaries are free

to move up and down and are banned from lateral

movement while the base boundary is totally fixed.

Sensitivity analysis on both reinforced and unrein-

forced models were performed to choose the maxi-

mum possible size of the elements. It followed that

taking relatively coarse elements at parts away from

the slope and stress concentration had marginal effect

on the results. Therefore, the model was meshed so

that elements located at or near the slope and the local

load placement are much finer (0.14 m\ element

size\ 1.06 m) than elements that belong to the other

parts of the model, in particular in vicinity of the left

and right boundaries where maximum element size up

to 10 m is shown to have negligible impact on the

results. Eight-node hexahedral elements were

employed to generate the mesh of soil mass. Soil is

assumed to be a homogeneous, isotropic material
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complying with the Mohr–Coulomb failure criterion

and associated flow rule. The slope is subjected to a

rectangular load, L in length and B in width, which is

located a 1 m distance from the slope’s edge (Fig. 1).

Wei et al. took the intensity of load as 100 kPa and

assumed B equal to 2 m, and analyzed the model for a

range of load lengths to see the effect of L/B on the

factor of safety. They determined the factor of safety

by limit equilibrium method (LEM) and strength

reduction method (SRM) separately. The soil proper-

ties used byWei et al. (2009) are presented in Table 1.

According to the step 1 of the solving procedure

described in the theory section, Mohr–Coulomb

criterion were defined and assigned as a temperature

dependent constitutive model. Analyses proved that

allocating 5 s to each step of the explicit dynamic

analysis steps, leads to outputs identical to the general

static analysis. Therefore, each step of analyses

consisting of gravity loading, surface load enforce-

ment and c-u reduction steps were given a 5 s time

interval. Table 2 outlines the way soil was introduced

to the ABAQUS software.

As Table 2 indicates, each time step corresponds to

a specified c, / and FS. It should be noted that dilation

angle w, that was initially equal to /, was being

changed at the same rate as the friction angle through

the solving process. The model developed in the

present study was subjected to the prescribed loadings

and analyzed for the material conditions defined in

Tables 1 and 2. Figure 2 illustrates the displacement

of the reference point, here on the toe of the slope,

versus the analysis time for L/B = 2. As Fig. 2

suggests, there is a drastic growth in the displacement

of the reference point at t = 28 s. Referring to Table 2,

the corresponding FS is figured 1.65.

Results of the analyses by the present method

following the step by step procedure described in the

previous section, are depicted in Table 3. As Table 3

indicates, while the results of the present study are

always slightly higher than SRM outputs of Wei et al.,

with maximum difference of 4.4%, they are satisfac-

torily in compliance with each other.

The verified results presented in the Table 3 prove

that the stepped analysis procedure introduced in the

Fig. 1 Schematic view of

the slope model considered

in the present study

Table 1 Properties of soil assumed for verification

Density (kN/m3) Cohesion (kN/m2) Friction angle (�) Young’s modulus (MPa) Poisson ratio

20 20 20 20 0.35
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Table 2 Summary of the Mohr–Coulomb soil introduced to the software

Step name Step no. Temp (� cen) Time (s) c (kN/m2) u (�) FS

Gravity loading 1 35 0–5 20 20 1

Load enforcement 2 35 6–10 20 20 1

c-u analysis 3 35 11–15 20 20 1

c-u reduction 4 36 16 19.05 19.20 1.05

17 18.18 18.31 1.10

18 17.39 17.56 1.15

19 16.67 16.87 1.20

20 16.00 16.23 1.25

5 37 21 15.38 15.64 1.30

22 14.81 15.09 1.35

23 14.29 14.57 1.40

24 13.79 14.09 1.45

25 13.33 13.64 1.50

6 38 26 12.90 13.21 1.55

27 12.50 12.82 1.60

28 12.12 12.44 1.65

29 11.76 12.08 1.70

30 11.43 11.75 1.75

7 39 31 11.11 11.43 1.80

32 10.81 11.13 1.85

33 10.53 10.84 1.90

34 10.26 10.57 1.95

35 10.00 10.31 2.00

8 40 36 9.76 10.07 2.05

37 9.52 9.83 2.10

38 9.30 9.61 2.15

39 9.09 9.39 2.20

40 8.89 9.19 2.25

9 41 41 8.70 8.99 2.30

42 8.51 8.80 2.35

43 8.33 8.62 2.40

44 8.16 8.45 2.45

45 8.00 8.28 2.50

10 42 46 7.84 8.12 2.55

47 7.69 7.97 2.60

48 7.55 7.82 2.65

49 7.41 7.68 2.70

50 7.27 7.54 2.75

11 43 51 7.14 7.41 2.80

52 7.02 7.28 2.85

53 6.90 7.15 2.90

54 6.78 7.03 2.95

55 6.67 6.92 3.00
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theory section can be trusted to estimate the FS of the

geocell-reinforced slopes.

4 Problem Definition

4.1 Geometry, Boundary Conditions and Loading

In order to compare the results of reinforced slopes

with the corresponding unreinforced ones and for

convenience, the same configuration as described in

Sect. 3 was utilized for verification and utilized to

study the geocell-reinforced slopes. i.e. geometrical

and boundary conditions as well as soil properties

were assumed to be the same as the unreinforced

model. All analyses were performed assuming

L/B = 4 and q = 100 kPa.

4.2 Geocell Properties

A diamond shape pocket with large and small diameter

equal to 40 cm and 50 cm respectively was assumed

for geocell layer and modeled in Abaqus using linear

quadrilateral shell elements. As illustrated in Fig. 3,

depth and sides of the geocell are supposed to be

20 cm and 32 cm respectively.

Table 2 continued

Step name Step no. Temp (� cen) Time (s) c (kN/m2) u (�) FS

12 44 56 6.56 6.81 3.05

57 6.45 6.70 3.10

58 6.35 6.59 3.15

59 6.25 6.49 3.20

60 6.15 6.39 3.25

13 45 61 6.06 6.29 3.30

62 5.97 6.20 3.35

63 5.88 6.11 3.40

64 5.80 6.02 3.45

65 5.71 5.94 3.50

Fig. 2 Displacement

versus analysis time of the

reference point (slope toe)

for b = 45� and L/B = 2

Table 3 Factor of safety for different L/B

L/B method 0 1 2 4 6 8 10

SRM (Wei et al. 2009) 1.82 1.71 1.60 1.41 1.33 1.30 1.26

SRM (present study) 1.90 1.75 1.65 1.45 1.40 1.35 1.30
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Geocells were assumed to behave isotopically and

elastically which can be introduced by two parameters,

elastic modulus and Poisson ratio. TherExcept for

Poisson ratio, other material properties of geocell are

assumed the same as those used by Leshchinsky and

Ling (2013a, b) as shown in Table 4.

In addition, in the interface between soil and

geocell walls, full cohesion and friction are assumed

to be mobilized.

Depth of the first geocell layer, from the ground

surface to the top of the reinforcing mattress, is

denoted by u1 as illustrated in Fig. 1. In case the slope

is reinforced with more than one geocell layer, depth

of the ith geocell layer is denoted by ui and the distance

between two successive layers is assumed to be a

constant defined by s (Fig. 1). In general, width and

length of the geocell layers can be different (smaller)

from the corresponding measures of the model and are

denoted by Wg and Lg respectively, as Fig. 1 shows.

5 Results and Discussions

Effects of a variety of factors contributing to the

behavior of geocell-reinforced slopes were investi-

gated through analyses on the models introduced in the

previous section. These factors include number of

geocell layers, placement of the geocell layers and size

of geocells mattresses. In the following, the findings of

the current study will be presented.

5.1 Effects of Distribution Pattern of Geocell

Layers

Arrangement of the reinforcing elements in reinforced

structures plays a crucial role in their behavior and

stability. It is equally significant for man-made

structures, such as geocell-reinforced slopes, where

reinforcement is performed over the course of con-

struction. An optimum reinforcement arrangement

may be achieved by considering possible distribution

patterns. To do so, effects of different distribution of

single and multiple (double and triple) geocell

layer(s) over the slope height were investigated by

finding the solution to some problems.

5.1.1 Single Geocell Layer

A 30 m 9 12 m geocell mattress (Wg = 30 m and

Lg = 12 m) as illustrated in Fig. 4 was embedded in

different depths (u1) to see the effect of the placement

of a single geocell layer on the stability of slopes. The

geocell layer was planted once in the top of the slope

(u1 = 1 m), once in the middle height of the slope

(u1 = 3 m) and once in the bottom of the slope

(u1 = 5 m).

Fig. 3 Geometrical properties of the geocell pocket used in the

present study

Table 4 Material properties of geocell

Density (kN/m3) Elastic modulus (MPa) Poisson ratio

15 2070 0.4

Fig. 4 A 3D section of a slope reinforced with a single geocell

layer
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Following the analysis, an appropriate reference

point was picked considering the shape of the failure

surface. While the slip surface was observed to cross

the toe of the slopes reinforced at top and mid height,

the failure surface existed just above the goecell layer

for the bottom-reinforced slope. Hence, the reference

point for the first two former cases was considered on

the toe and for the latter situation on the top of the

geocell layer. The FS were calculated thereafter for

each case inspecting the displacement–time graph of

the associated reference point. Figures 5, 6 and 7 show

the failure surface (middle section view) and displace-

ment–time graph corresponding to each case.

Factor of safety was found to be 2.05, i.e. 24.2%

increase compared to unreinforced situation, for the

slope reinforced in the top part as Fig. 5b indicates.

Besides, slip surface is formed below the reinforcing

layer and intersects the slope toe (Fig. 5a). Placing the

geocell layer in the mid height led to a decline in the

FS (FS = 1.85) compared to the top geocell installa-

tion as depicted in Fig. 6b. Analogous to top rein-

forcement, the slip surface appears to be formed below

the reinforcement and passes through the slope toe

(Fig. 6a). Comparison of the Fig. 7 with Figs. 5 and 6

reveals that the depth of the placement has a reverse

effect on the factor of safety. That is, the movement of

the geocell layer from top to the bottom of the slope

has resulted in a decrease in FS from its maximum

amount for top geocell (FS = 2.05) to the lowest value

FS = 1.75 for the bottom geocell reinforcement. As

Fig. 7a indicates, reinforcement of slopes in the

bottom part leaves a large mass of unreinforced soil

above the reinforcement layer vulnerable to failure so

that slip surface tends to be captured in the

unreinforced part rather than being affected directly

by the geocell layer. Nevertheless, geocell mattress

performs analogous to a stiff bed and shifts the slip

surface higher than that of the unreinforced case. That

is, geocell layer embedded in the lower region

improves the stability by shrinking the unreinforced

mass of the slope.

5.1.2 Double and Triple Geocell Layers

Strengthening of the slopes with two layers of

reinforcement was also investigated. The same place-

ment of the top and the bottom reinforcement

discussed earlier were picked as well for the case of

double layer reinforcement. That is, u1 = 1 m and

u2 = 5 m as shown in Fig. 8. As Fig. 8 indicates, for

double layer reinforcement, slip surface is captured

between the two reinforcing layers and passes right

above the bottom layer. In fact, the bottom reinforce-

ment stiffening role ceases the development of the

failure surface into and beneath the geocell layer.

Factor of safety was calculated 2.7 which shows

around 63.6% and 32% increase compared to the

unreinforced slope and the single layer top-reinforce-

ment (the optimal case among single layer reinforced

slopes) respectively.

It is important to find out which arrangement results

in the optimum stability when multiple layers of

geocell are supposed to be used. To do so, three layers

of geocell were distributed in three different patterns

across the slope height. The depth of the first layer (u1)

and the distance between the two underlying layers

(second and third layers) were adjusted in a way that

top-inclined pattern (u1 = 1 m, s = 1.5 m), equally

Fig. 5 Outputs of SRM analysis on the slope with b = 45� and H = 6 m, reinforced on top (u1 = 1 m). a A 3D section showing the

geocell layer placement and slip surface. b Displacement–time graph
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distributed pattern (u1 = 1 m, s = 2.2 m) and bottom-

inclined pattern (u1 = 2.4 m, s = 1.5 m) were created.

Results of the analyses carried out to find the safety

factor of the prementioned cases are summarized in

Table 5 and corresponding failure surfaces are

depicted in Fig. 8.

As Table 5 suggests, equally distributed pattern is

superior to the other two cases, although it is followed

by the top-inclined pattern with just a slight difference

in the factor of safety (less than 2%). Bot-inclined

pattern gives rise to the lowest factor of safety mainly

due to the vulnerability of the unreinforced soil mass

above the first layer against failure as indicated in

Table 5 (failure surface column) and the middle

section presented in Fig. 9c.

In addition, practically 2D failure surfaces,

extended to the side boundaries, formed in the case

of top inclined and equally inclined geocell layers

(Fig. 9a, b) show that the stepwise transmission of

local load intensity from the top geocell layer to the

underlying layers has significantly undermined the

role of the local load in the failure. Hence, in these

situations, self-weight of the slope is the primary

contributing factor to failure rather than the local load.

On the contrary, due to the relatively great distance

between the ground surface, where the local load is

placed, and the uppermost geocell layer, a three

Fig. 6 Outputs of SRM analysis on the slope with b = 45� and H = 6 m, reinforced in the middle (u1 = 3 m). a A 3D section showing

the geocell layer placement and slip surface. b Displacement–time graph

Fig. 7 Outputs of SRM analysis on the slope with b = 45� and H = 6 m, reinforced in the bottom (u1 = 5 m). aA 3D section showing

the geocell layer placement and slip surface. b Displacement–time graph

Fig. 8 A 3D section of the double layer geocell reinforced

slope on the verge of failure (b = 45�)
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dimensional failure surface is created in the case of

bot-inclined pattern (Fig. 9c).

Looking through the results of the two and three

layer geocell reinforcement, it can be argued that the

geocell layer establishes a stiff platform for the

overlying mass to distribute its weight more uniformly

over a wider area. This way, it prevents the failure

surface from penetrating into the mass below the

geocell layer. However, if the unreinforced soil

masses above the topmost geocell layer, between the

two successive layers and below the lowermost layer

are high enough, failure might take place in those

regions. Therefore, altering the depth of the first layer

(u1) and the distance between the lower layers (s) is of

central importance for an optimal design.

Table 5 Results of the analyses on different three-layer geocell patterns

Pattern u1 (m) s (m) u2 (m) u3 (m) Failure surface FS

Top-inclined 1 1.5 2.7 4.4 Below the lowest layer 2.75

Equally distributed 1 2.2 3.4 5.8 Between the second and third layers 2.8

Bot-inclined 2.4 1.5 4.1 5.8 Above the first layer 2.1

Fig. 9 Effect of distribution layout of reinforceing layers on a

typical slope reinforced with thrre geocell layers. a Layers

mainly on upper part of the slope (overall view), b equally

distributed layers over the slope height (midle section) and

c layers mainly on lower part of the slope (middle section)
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5.2 Effect of Number of Geocell Layers and Slope

Angle

Certainly, an increase in the number of reinforcing

layers boosts the stability of slopes. However, rate of

stability enhancement is of great concern and helps

designers to reach amore reasonable and cost effective

pattern. In this study the same 45� slope considered in
the previous sections was reinforced with one, three

and five geocell mattresses respectively (n = 1, n = 3

and n = 5) and the factor of safety was determined for

each situation following the prescribed stepped pro-

cedure. Besides, to see the influence of the slope angle,

the reinforcement patterns just described were also

considered for a model study with b = 75�. In order to
ease judgment, the top reinforcing layer for all three

cases is planted at u1 = 1 m and the lowermost geocell

layer for both n = 3 and n = 5 is assumed at the slope

toe (u = 5.8 m). The distance between middle geocell

layers was selected so that the equally spaced pattern

was created. In this regard, s = 1 m and a = 2.2 m

were considered for n = 5 and n = 3 respectively. The

factor of safety versus the number of reinforcement

layers is illustrated in Fig. 9.

As shown by Fig. 10, the number of geocell layers

is effective in the FS enhancement only up to a certain

level. For the cases considered in the current study,

adding geocell layers in excess of n = 3 is practically

useless regardless of the slope angle. For b = 45�, the
factor of safety follows an increasing trend from n = 0

to n = 3. The same is not always the case for b = 75�
as the marginal rise in FS value between n = 0 and

n = 1 indicates in Fig. 10. The foregoing phenomenon

can be argued with the aid of Fig. 11.

There is no tangible difference between the shape

of the slope failure associated with n = 0 (Fig. 11a)

and that of n = 1 (Fig. 11b). It seems that due to the

steepness of the slope with b = 75�, the slope self-

weight is the leading contributing factor to failure as

opposed to b = 45� for which the surface loading

plays the key role in the slope instability and the

induced uniformity of load by the top geocell layer is

significant for the stability of slope. Therefore, it can

be expected that installation of the reinforcement on

top of the slope will not lead to a considerable change

in FS since the self-weight negatively alters the

relatively large unreinforced part below the geocell

mattress.

In addition, the great improvement in the safety of

the steeper slope, b = 75�, for n[ 1can be justified

with the presented arguments. As Fig. 10 indicates,

reinforcing the 75� slope with three or more geocell

layers has led to the factors of safety close to those of

b = 45�. This obviously introduces the geocell rein-

forcement as a robust method for enhancing the

stability of the steep slopes.

It should be noted that the temperature dependent

strength parameters assigned to the soil in ABAQUS

and introduced in Table 2 were extended to involve

the factors of safety smaller than unity like FS = 0.95

for unreinforced steep slope (b = 75�) indicated in

Fig. 10.

6 Conclusions

Even if the geometry, material and loading of the

geocell-reinforced slopes can be regarded as symmet-

ric, due to honeycomb structure of geocells, three

dimensional analysis is inevitable to have accurate

insight into the stability of such slopes. Therefore,

geocells in their original 3D shape were modeled

inside the slope bodies as reinforcing elements and

were analyzed by the finite element software ABA-

QUS. Because of the inability of ABAQUS in

performing SRM analysis directly, a step by step

SRM procedure was adopted to obtain the factor of

safety of geocell-reinforced slopes. Then, effects of

some significant contributing parameters such as the

depth of geocell mattresses, the pattern of multilayer

reinforcement and the number of geocell layers on FS

were investigated through some problem solving. All

investigated slopes were subjected to certain
Fig. 10 Effect of the number of geocell layers and slope angle

on FS
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rectangular (L/B = 2) uniform pressure (q = 100 kPa)

on their crest. The following are the leading findings of

the present study:

1. Factors of safety obtained by the stepped SRM

procedure proposed in this study, showed accept-

able compliance with the results of a previous

study on the stability of unreinforced slopes by

finite difference SRM using FLAC3D.

2. Effect of the placement depth on the stability of

45� slopes reinforced with single geocell layer

indicates that reinforcement of slopes at top,

middle and bottom gives rise to the highest,

moderate and the lowest FS respectively. Inspec-

tion of the slip surfaced associated with each of

the described cases showed that the lower FS

obtained for bot-reinforcement is attributable to a

large unreinforced soil mass left above the

reinforcing layer.

3. Adding one layer of geocell at the bottom of a

certain slope in excess of the top-reinforcing layer

resulted in 32% increase in FS.

4. Equally distributed geocell layers were shown to

be the optimal pattern, in terms of FS, among the

three different three-geocell-layer reinforced

slopes considered herein. The other two patterns,

namely layers inclined toward the top of the slope

and layers inclined to the bottom of the slope were

found to have themiddle and theminimal factor of

safety respectively.

5. Analysis on the slopes stabilized by n number of

geocell layers (n = 0,1, 3, 4, 5) revealed that the

increase in the number of geocell layers is no

longer effective beyond a certain value of n. For

two cases investigated here (b = 45�, 75�), safety
factor leveled off beyond n = 3.

6. For the steep slope considered herein (b = 75�),
top geocell reinforcement has only a marginal

effect on FS compared to unreinforced case.

Inspecting the corresponding slip surfaces, it was

concluded that self-weight is the main factor

contributing factor to the failure. Thus, strength-

ening such slopes at the bottom by geocell layer is

more effective compared to what was observed for

a slope that is less steep (b = 45�).
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