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Numerical investigation of geocell reinforced slopes behavior
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Abstract. The present study evaluates geocell reinforced slope behavior. A three dimensional analysis is carried out to
simulate soil and geocell elastoplastic behavior using the finite difference software FLAC®P. In order to investigate the geocell
reinforcement effect, the geocell aperture size, thickness, geocell placement condition and soil compaction had been considered
as variable parameters. Moreover, a comparison is evaluated between geocell reinforcing system and conventional planar
reinforcement. The obtained results showed that the pocket size, thickness and soil compaction have considerable influence on
the geocell reinforcement slope performance. Moreover, it was found that the critical sliding surface was bounded by the first
geocell reinforcement and the slope stability increases, by increasing the vertical space between geocell layers. In addition, the
comparison between geocell and geogrid reinforcement indicates the efficiency of using cellular honeycomb geosynthetic

reinforcement.
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1. Introduction

Geosynthetics is a highly attractive element for
stabilizing embankment, rail track, slopes, foundation and
retaining wall due to their economic consideration which it
offers in comparison with conventional retaining systems
(Guerrero and Vallejo 2010, Guo et al. 2014, Won et al.
2016, Jesmani et al. 2016, Moltagh et al. 2018, Halder and
Chakraborty 2020, Garcia and Neto 2021). Geocell
mattresses are one type of three dimensional and
honeycomb soil reinforcements which manufactured from
polyethylene sheets using ultrasonically welded joints. This
system can effectively confine the infilled soil by the sheets
which make it suitable for soil reinforcement (Dash et al.
2003, Latha et al. 2008).

Several studies have been carried out, in order to assess
the behavior of geocell reinforced foundations (Dash et al.
2001, Latha and Somwanshi 2009, Saride et al. 2013,
Tafreshi et al. 2015, Khalaj et al. 2015, Biswas and Mittal
2017). For instance, Zhao et al. (2009) investigated the
behavior of embankments overlaying on geocell reinforced
layers. They divided the geocell mattress functions in three
aspects: (a) Lateral resistance effect; (b) vertical stress
dispersion effect; and (c) membrane effect. Also, Dash
(2010) showed that the geocell reinforced layer behaves as
a wide slab. The geocell mattress transmits the applied
surcharge pressure to the beneath soil layers over a wider
width. Moreover, to protect buried pipes, Tavakoli et al.
(2013) utilized geocell for trench reinforcement. In this
study, further assessment of the geocell behavior with
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varied opening areas and heights, positioning over the
buried structures under repeated loads have been
investigated. It was found that installation of the geocell in
the backfill with specific compaction increases the backfill
bearing capacity. Hedge and Sitharam (2016) used geocell
to improve the soft clay foundation bearing capacity under
incremental cyclic loading. They showed that geocell layer
increase the elastic deformation of clayey bed. Moreover,
the presence of geocell layer has a significant effect on the
foundation natural frequency and the amplitude of
vibration. Oliaei and Kouzegaran (2017) evaluated the
efficiency of geocell for foundation reinforcement
numerically in both sandy and clayey beds. The results
indicated by increasing the bearing capacity and decreasing
the settlements the geocells in both sandy and clayey soil
improvement are significantly more efficient than planar
geosynthetics. Recently, it has been seen that geocell usages
have been increased in other geotechnical problems such as
soil improvement against liquefaction (Kumar et al. 2019).
In contrast with the considerable studies on geocell
reinforcing foundations, limited investigations have been
conducted to assess the geocell reinforced retaining walls or
slopes behavior. Latha and Rajagopal (2007) used an
equivalent two dimensional model to evaluate the effect of
geocell in embankments reinforcing. They found that the
geocell was preserved as an equivalent soil layer with
cohesive strength and stiffness due to the geocell. Chen and
Chiu (2008) simulated a geocell reinforced retaining wall.
They showed that the maximum lateral displacement
decreases and occurred at the mid-height of the wall by
placing geocell upper. On the other hand, the maximum
lateral deflection increased by placing the geocell mattress
in the lower part of the wall. Ling et al. (2009) examined
the slope geocell reinforced behavior under seismic
conditions and recommended the equivalent pseudo static
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coefficients for analyzing earthquake resistance geocell
retaining walls. Chen et al. (2013) investigated the effective
parameter on the geocell reinforced retaining wall. Their
results showed that a wall with a facing angle less than 80%
will significantly reduce the lateral displacement of the wall
face. Mehdipour ef al. (2013, 2017) assessed the stability of
geocell reinforced slopes using equivalent two dimensional
analyses. The results indicate that the reinforcing
mechanism of geocell reinforcement is considerably related
to the geocell thickness. The mobilized flexural strength
and vertical frictional resistance magnify as the height of
the geocell increases. Compared with planar reinforcement,
a smaller quantity of geocell reinforcement is required to
achieve an equivalent factor of safety value. Song et al.
(2017) evaluated the stability of geocell reinforced wall.
They used limit equilibrium method to predict the global
stability of the reinforced wall. They showed that classical
theories of earth pressure are not suitable for analyzing the
stability of geocell reinforced walls. Also, Song et al.
(2018) assessed the failure modes of geocell reinforced
retaining wall. The study results indicated when the
apparent cohesion was very large, or the friction between
the wall and the footing was small or there existed a weak
interlayer in the wall, sliding failure was found to occur in
geocell reinforced retaining walls, similar to the failure
mode of rigid retaining walls. Dai ef al. (2018) used a series
of model tests to investigate the performance of
embankment geocell reinforced under static and cyclic
loading. They concluded that shallower the geocell layer
was embedded, the better stability of the embankment was.
Arvin et al. (2019) and Kazemian and Arvin (2019) used
three dimensional strength reduction analyses to assess the
behavior of geocell reinforced slope safety factor. They
showed that the geocell layer forms a stiff layer which
increases the slope safety factor by inducing a more
uniform stress distribution. Song and Tian (2019)
recommended a new three dimensional numerical approach
to simulate geocell reinforced foundation soils that the
geocell was modeled as membrane elements and the
complex interaction between geocell and soil was
recognized by coupling their degrees of freedom. Their
results indicated that the decrease in geocell pocket size has
a significant effect on the bearing capacity increase. Also, it
was found that the geocell thickness showed an
insignificant influence on the bearing capacity when the
pocket size kept constant. Moreover, comparison with field
data illustrated that this simulation method could efficiently
predicted the behavior of geocell.

In the aforementioned investigations, the beneficial
effect of geocell reinforcement in slopes and retaining walls
stabilization has been discussed. As there are very few
available design methods for geocell reinforcement slope
and embankment. One traditional method is slip line, the
other is equivalent two dimensional method, and also a
method based on slope stability or a deformation based
method such as considering geocell as a Winkler beam
(Latha 2011, Zhao and Zhao 2013). Still, no comprehensive
design and test methods have been available to incorporate
all the effective factors for geocell reinforcement retaining
walls and slopes. Therefore, more research is desired for
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Fig. 1 A schematic view of the model used in this evaluation

developing reliable design and test methods for geocell
usages in slope stability.

As numerical approaches can predict most of the
geotechnical problems (Ardakani et al. 2014, Bayat et al.
2016, 2018), in this research, several influential factors
were evaluated based on numerical three dimensional
geocell reinforced slope analysis. Some factors have not
been well investigated before, such as the effects of aperture
size, thickness, soil compaction, effective geocell placement
and vertical spacing between geocell layers. The
displacements and the safety factor of slope are measured
and discussed in detail. Also, the mobilized stresses were
assessed in order to examine the degree of passive
resistance and lateral pressure over the geocell strip in the
reinforced slopes. In addition, the real geocell tensile
behavior were considered and applied with fish function.

2. Numerical analysis

In this study, the behavior of the geocell reinforced
slope is investigated by using the finite difference method.
A schematic view of the slope and equivalent diamond
geocell simulated in this evaluation is illustrated in Fig. 1 in
which S is the vertical geocell layers spacing, L is length of
geocell layers, ¢ indicates the geocell height and D and H
are the distances from the slope foundation to the bottom
and on the side boundaries of the modeled zone,
respectively.

The soil used for analysis was sub-angular silica sand
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Fig. 4 Load-strain behavior of BX geogrid (Dash 2012)

and three sets of 50, 60, 70% relative densities. The soil was
classified as SP according to the Unified Soil Classification
System (USCS). Furthermore, Chen et al. (2013) conducted
triaxial test on this sand samples with various relative
densities showed that the Young’s modulus and peak
friction angle of this sand increased with relative density
and reduced as the confining pressure increased. Chen et al.

Table 1 Properties of soil and geocell used in numerical
analysis

Soil properties

Cobhesion (kPa) 0

Poisson’s ratio 0.3
Maximum unit weight (kN/m?) 13.8
Minimum unit weight (kN/m?) 16.6

Relative density (%) 50, 60, 70
Geocell properties

Tensile yield strength (kN/m) 60

Secant modulus at stain 10 % (kN/m) 125
Height (mm) 100, 150, 200, 250, 300

Aperture size (cm X cm) 15 x 15,25 x 25,35 x 35

(2013) represented Egs. (1) and (2) for calculating the peak
friction angle and Young’s modulus, respectively. Also,
relative density computed from Eq. (3). In these equations
D,, P, and o3 are relative density, atmospheric pressure and
confining pressure, respectively. The Mohr-Coulomb model
is used for representing shear failure in soil. The geocell
used in this study is manufactured from biaxial geogrid
(BX) used by Krishnaswamy et al. (2000). The geocell
layer is modeled as an equivalent diamond using geogrid
elements in FLAC. Geogrid structural elements are three-
noded, flat, finite elements that are assigned a finite-element
type that resists membrane but does not resist bending
loading. In this study, geogrid elements behave as an
isotropic, linearly elastic material with no failure limit. The
stresses on the geogrid element are shown in Fig. 2. The
membrane stresses which develop in the geogrid balanced
the effective confining stress o,, and total shear stress 7. The
interaction of geogrid with surrounding soil is calculated at
each element node by a rigid attachment in the normal
direction and a friction cohesion behavior in the tangent
plane to the geogrid element surface. Interface behavior at a
geogrid node is shown in Fig. 3 (Itasca 2005). Also, the
geocell layers were set free to deform in all direction in
order to consider the real behavior of geocells.

g
@ =308+ 13.4 D, — 4.2Drlog(P—3) (1)
a

— ﬁ 0.55
E = (290 + 177D,)P(3) )
a

D, = Yda = Vmin Vmax 3)
Ymax — Vmin Va

As the behavior of geocells changes from elastic to
elastic-plastic one, a FISH code is carried out to apply this
behavior on the simulated geocells in order to reach more
practical results. The load-strain behavior of used geocells
has been investigated by Krishnaswamy et al. (2000). This
load-strain behavior is illustrated in Fig. 4. The geogrid-soil
interaction is cohesive and frictional. In this model, Mohr-
Coulomb failure model was used to simulate the interaction
between the geocell and the surrounding soil. In this
assessment, the geocell-soil interface coefficient is set as
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Fig. 6 The effect of mesh incremental coefficient on slope
displacement

2/3 in order to consider the effect of side interaction
occurred between geocell pockets and filled martials as a
result of vertical loading. This value is chosen, as a
common value suggested by Leshchinsky and Ling (2013)
The input parameters for the geogrid elements are geogrid
thickness, tensile yield strength, Poisson’s ratio and
Young’s modulus. The properties of soil, geocells and the
properties of geogrid used to compare between the behavior
of geocell and geogrid, are presented in Table 1.

In order to assess the mesh dimensions effect on the
numerical modeling results, a series of sensitivity analyses
were conducted with 0.6 m X 0.6 m, 0.5 m x 0.5 m and 0.4
m % 0.4 m mesh dimension in x-z plane with constant 1 m
mesh dimension along y direction. The 25 ecm X 25 cm
geocell aperture size with 10 m length in 60% relative
density of sand was used for this sensitivity analysis. The
horizontal displacements from the top of the slope have
been considered as the results of the mesh this analysis and
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Fig. 7 The final model meshing and boundaries
configuration

illustrated in Fig. 5. It is indicating that decreasing zones
size lower than 0.5 m x 0.5 m, the mesh sizes along x-z
plane have no more influence on the analyses results.

In order to reduce the analysis time without changing
the results, the mesh dimension along z-axis was fixed to
increase 10% from the geocell layers with respect to those
in the prior zone. Several factors have contributed to the
10% chosen. For instance, the mesh dimensions should be
fine and the ratio of the longest edge to the shortest edge
should be close to one where the stress concentration or
rapid strain changes occur, but using unsuitable zones in the
boundary areas causes no major error in the results (Ou
2000).

A series of analysis was conducted to investigate the
accuracy of the modeling result with 10% mesh dimension
increase along z-axis. The results of applying the mesh-size
coefficient are given in Fig. 6. As can be seen from this
figure, applying the mesh-size coefficient to the meshing
does not have a significant influence on the slope behavior.

For evaluating the boundary effect from the slope crest,
three different distances 40, 50 and 60 m from the slope
crest to the model boundary were considered. The results
indicated that by taking 50 m the boundary distance from
the slope crest, the analysis results showed a satisfactory
level of error. The fixity of x and y directions boundaries
were along to x and y, respectively. Also, the bedrock was
assumed to be in 40 m depth from top of the slope. The
final meshing and boundaries configuration is illustrated in
Fig. 7.

3. Verification
The verification of the numerical analysis is validated

by comparing the results with a model test available report.
Krishnaswamy et al. (2000) conducted a series of model
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Table 2 Properties of soils and geocell used for verification

Soft clay properties
Friction angle (Degree) 0

Cohesion (kPa) 10
Unit weight (kN/m?) 17
Young’s modulus (MPa) 200

Clayey sand properties
Friction angle (Degree) 30
Cohesion (kPa) 10
Unit weight (kN/m?) 19
Young's modulus (MPa) 380

BX geocell properties
Secant modulus at 10% strain level (kN/m) 125
Secant modulus at 5% strain level (kN/m) 160
Thickness (mm) 100
Ultimate tensile strength (kN/m) 20

tests on diamond pattern BX geocell reinforced embank-
ments. The embankment was placed on a layer of geocell
which used to reinforce the soft clay subgrade. Above the
geocell layer, the embankment was constructed using
clayey sand. The constructed embankment chosen for
verification is illustrated in Fig. 8, and the properties of soft
clay, clayey sand and BX geocell are given in Table 2. In
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Table 3 Effect of soil relative density on geocell reinforced
slope behavior

Soil relative density (%) 50 60 70
IF 1.18 1.31 1.45
Umax (Cm) 7 5 4

Maximum membrane stress (kPa)  0.03 0.04 0.05

this Table, as the secant modulus varies with tensile strain
level and it cannot be considered in this finite difference
method, the secant modulus of geocell conservatively is set
125 kN/m occurred in 10% strain level.

Fig. 9 illustrates the comparison between results of the
3D analysis and the experimental model test for H1, H2 and
H3 LVDT presented by Krishnaswamy et al. (2000). It is
generally found that the experimental tests conducted by
Krishnaswamy et al. (2000) have good agreement with the
current numerical study which shows that the present
numerical modeling is verified. Also, the higher lateral
displacement at higher surcharge pressure in numerical
analysis is seen. This is due to the difference between the
three dimensional numerical analysis and the small scale
experimental one.

4. Results and discussion

In this section the effects of aperture size, thickness, soil
compaction, suitable geocell layer placement in the slope
depth and vertical spacing between geocell layers is
evaluated. In order to investigate these parameters effect, a
series of slope stability analyses have been conducted. The
safety factor of geocell reinforced slopes is defined with a
non-dimensional value called improvement factor
calculated as Eq. (4), wherein SFcinforced and SFunreinforcea are
the safety factor of reinforced and unreinforced slopes,
respectively. In addition, a stress investigation of geocell
layers is presented and the mobilized passive resistance is
discussed. Furthermore, a comparison has been evaluated

between the geocell and planar geosynthetics slope
stabilization.

SFreinforced

IF = 4)

SFunreinforced

Fig. 10 illustrates the effect of geocell aperture size on
IF and lateral displacement of slope, respectively. In the
figures, u represents the lateral displacement and b
represents biggest dimension of geocell pocket size which
are non-dimensioned versus slope height (H;) and geocell
thickness (#), respectively. Also, the amounts of IF and
displacement are presented for constant relative density
(60%), thickness (100 mm), vertical spacing (2 m) and
depth of first layer (2 m) in order to attain meaningful data.

Fig. 10(a) shows variation of IF versus geocell aperture
size and Fig. 10(b) shows the slope displacement for
different geocell aperture size. The assessment of these two
figures shows that IF and lateral displacement increase by
increasing the geocell pocket size, although the rate of slope
stability improvement has been decreased for higher values
of b/t than 2.5. This indicates that the mobilized passive
stress in the geocell pocket size under lateral displacement
increase to an optimum value. But when, the pocket size
value is higher than the optimum one, the contribution of
these passive decreases and it can be seen that the slope
stability improvement has been decreased. These results are
related to geocell confinement mechanism. Each geocell
pocket confines in filled materials and as the geocell pocket
size increases, this confinement was increased until it
reaches an optimum value. Upon reaching the optimum
value, an increase in geocell pocket size causes to reduce
the area affected by geocell confinement mechanism. This
reduction leaded to estimated lower safety factor and higher
slope displacement.

To determine the effect of geocell thickness, depth of
first layer, vertical spacing and relative density were
considered constant (2 m, 2 m and 60%) and the thickness
(f) was non-dimensioned versus slope height. The obtained
IF values for different thicknesses are shown in Fig. 11.
This graph shows that the safety factor increases by
increasing the geocell thickness due to the increase in the
passive resistance mobilized in front of each geocell strip.
This passive resistance is one of the geocell confinement
components. However, for #/H, > 0.025 the rate of safety
factor improvement has been decreases and does not have
significant influence. This can show that the geocell
stiffness was increased by increasing the thickness. This
caused to geocell deformed harder and the rate of mobilized
passive stresses was decreased. Therefore, it can be
concluded that the ideal geocell thickness is 1.5%-2.5% of
the slope height.

Table 3 gives IF factor and the maximum horizontal
displacement of the slope (umq) for different soil relative
densities. This table demonstrates that the increase in soil
relative density leads to decrease in the maximum lateral
displacement and consequently increase in safety factor of
slope stability by about 10%. This behavior is related to the
soil particle better interlocking. Also, this Table 3 gives the
obtained maximum induced geocell membrane stress that
induced in the geocell pocket perimeter for different soil
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relative densities. It is obvious that for higher soil relative
densities, the mobilized stress in geocell has been increased
due to the higher confinement stress and soil passive
pressure.

Mehdipour et al. (2013) investigated this behavior by
simulating compaction process but they used equivalent two
dimensional analyses and did not consider the elastoplastic
behavior of geocell. Fig. 15 compares the obtained
maximum tensile force in the geocell layer after and before
compaction by Mehdipour et al. (2013) with the loose and
dense condition of simulated three dimensional slope. In
order to carry out this comparison, three geocell layers used
in 4, 6 and 8 m depth from top of the slope crest. The length
of these layers was kept constant and equal to 20 m.
Moreover, the geocell thickness, aperture size and secant
modulus were set 200 mm, 25 X 25 cm %X ¢cm and 150 kN/m,
respectively. It can be seen in Fig. 12 that there is huge

(a) Unreinforced

Y

(b) Reinforced with one layer

(c) Reinforced with two layers

Fig. 14 Induced slip surface

disagreement between two obtained methods. Simulating
the compaction process used by Mehdipour et al. (2013)
causes to show the maximum tensile force at the second
geocell layer. On the other hand, increasing the soil relative
density leads to reduce the maximum tensile force by
increasing depth. This result indicates that the compaction
process simulation does not compact each layer uniformly
while relative density method increases the soil density
homogeneously. Also, the reason why the maximum tensile
force is measured at the first layer, may possibly be the
higher displacement occurred at the top of the slope that
develops greater tensile force at the shallower geocell
mattresses. Furthermore, the difference between the
achieved tensile force values in the same layer indicates that
the Mehdipour et al. (2013) method predicts higher tensile
force. This can be related to elastoplastic behavior of
geocells which has not be considered in the two
dimensional equivalent model.

Fig. 13 presents the IF factor versus depth of first
geocell layer (d) for different vertical spacing. In this graph,
the depth of first geocell layer is non-dimensioned versus
slope height. The evaluation of this figure shows that the
increase in first geocell layer leads to decrease in IF factor.
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The rate of this decrease is reduced for first geocell layer
placement lower than 0.5H. Furthermore, it can be seen that
the increase in vertical spacing of geocell layers will
increase the rate of slope stabilization especially for d/H >
0.4. This shows that the placement of geocell layers affect
the slip surface. Fig. 14 illustrates the slip surface for
unreinforced, one layer reinforced and two layers reinforced
slope. The induced slip surface indicates that the critical
failure surface is highly depended to the first geocell layer
placement and it is limited to the upper part of first geocell
layer. However, it can be seen that the second geocell layer
placement does not have any significant influence on the
slip surface. It can be inferred that first geocell strip restrain
the slip surface from developing to the lower layers.

5. Conclusions

In the present research, a series of full three-dimensional
geocells were modeled in order to investigate the effect of
geocell on the slope stability. The geocell and soil were
simulated separately in 3D using finite difference method.
In these analyses the effects of aperture size, thickness, soil
compaction, suitable geocell layer placement and vertical
spacing between geocell mattresses were investigated.
Hence, the subsequent conclusions were drawn:

« It was found that the slope stability first increases and
then decreases as the geocell pocket size increases. This
behavior indicated that the contribution of geocell
confinement components: passive stress occurred in the
cells is depended on the geocell pocket size and after a
specific value, this contribution decreased. Hence, the
maximum slope stability and minimum lateral displacement
in the condition of this study took place when b/t = 2.5.

* Geocell thickness has significant influence on the
safety factor. The slope factor of safety increases by
increasing geocell thickness but the rate of increase in slope
stability decreases during an increase of thickness and it
does not have significant effect for #/H; > 0.025. Therefore,
the optimum geocell thickness range is 1.5%-2.5% of the
slope height.

* The results showed that increasing soil relative density
and consequently compaction leaded to increase slope
safety factor and decrease maximum lateral displacement.
This effect is related the higher confinement stress and soil
passive pressure which increase the induced membrane
stresses along geocell pocket elements.

* By placing first geocell layer in lower depth, the IF
value increases and it restrains the critical failure surface.
Also, it was concluded that using two geocell layers with
higher vertical spacing leads to reduce the failure potential.
However, the second geocell layer does not have any
significant effect on the critical failure surface due to the
high stiffness of first geocell mattress.
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