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Abstract
Selecting suitable materials with acceptable shear strength characteristics may be the easiest and most economical way 
to obtain the maximum shear strength, if possible. But, it is costly in some projects, due to the long distances to access 
the source of high-quality materials, as well as environmental constraints. Therefore, this study intends to adopt a more 
appropriate strategy in order to achieve desired strength properties using 3D geosynthetic reinforcement called geocell. 
In this study, both laboratory experiments and numerical analyses were employed to investigate the layout-dependent 
and dimensional effects of geocell on the shear strength of reinforced soil in various sections of a reinforcing element. 
Experimental outputs were extended using numerical simulation through the finite element method. The results indi-
cated that geocell with smaller pocket opening diameter increased the shear strength of soil up to 31%. It was also 
observed that despite the increase in the pocket opening diameter (up to 80%), only 4% decrement occurred in the 
value of shear strength. Due to the increase in the aspect (height-diameter) ratio of geocell, the interface shear strength 
between the soil and geocell edge increased. When the failure plane exactly passed through the middle of the geocell-
height, the shear strength is increased by 11%, in comparison with the state that the edge of geocell is tangential to the 
failure plane. However, when the geocell moved away from the failure plane, the shear stress-horizontal displacement 
curves had a similar trend to that of the unreinforced soil.

Keywords Finite-element modeling · Laboratory tests · Reinforced soil

1 Introduction

One of the main disturbing problems which geotechnical 
engineers are continually encountering is finding a solu-
tion to improve the strength properties of earth structures 
depending on the type of project and its financial budget. 
The selection of suitable materials with acceptable shear 
strength characteristics is the easiest and often the most 
economical method. However, there is not cost-effective 
access to high-quality material resources at all times. 
Therefore, other strategies should be adopted in order to 
achieve the desired strength characteristics.

In the history of building materials technology, soil is a 
material that has relatively good compressive and shear 
strengths and almost no tensile strength. However, to 
improve its engineering properties, especially the tensile 
strength, soil can be reinforced [1, 2]. In ancient times, soil 
reinforcement consisted of mixing straw with mud, rein-
forcing with woven reeds, and using branches and other 
plant material to improve strength and capacity to support 
greater loads [1]. Modern soil reinforcement uses stronger 
and more durable materials, but employs many of the 
same fundamental mechanisms that provided strength in 
these early applications. Early versions of modern soil rein-
forcement were developed in the early 1960s with Henri 
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Vidal’s patented Reinforced Earth for construction of self-
supporting retaining walls. These walls were constructed 
using galvanized steel strips with ribs to provide lateral 
resistance against earth pressures [3].

Since the mid-twentieth century, simultaneously with 
the advent of polymers, a much more stable substance 
called geosynthetics became demanded. Geosynthetics 
can provide enhanced confinement to the soil by increas-
ing its strength and stiffness [4]. Nowadays, these have 
gained popularity as reinforcement materials in the con-
struction of geosynthetic-reinforced soil (GRS) structures 
(e.g., retaining walls, slopes, embankments, abutments, 
etc.), and they are using, very widely [5]. Improving the 
resistance of weak soil using geosynthetic material is a suc-
cessful way to support the stability of many geotechnical 
engineering structures such as dams, road construction, 
excavations, slopes and foundations [6]. Soil reinforce-
ment not only increases soil resistance parameters but 
also can consequent some economic benefits, due to 
a cost-saving stemming from controlled use of local fill 
materials and improved overall stability and increased 
safety coefficients. As a result of the safety factor incre-
ment, the usage of geocell reinforcement for sub-ballast 
may increase the allowable train speed by almost 5–25% 
[7]. The mechanism of the reinforcement action is mainly 
influenced by the two factors of interface friction between 
the soil and reinforcement and a passive pressure due to 
the interlocking between the soil particles and reinforce-
ment when it has appendages or pocket [8]. The geocell 
is a three-dimensional product of geosynthetics, which is 
made of polymer materials with the polymer bands con-
nected at certain intervals [9]. The term geocell refers to 
cellular (often honeycomb shape when expanded) geo-
synthetic products [10].

In comparison with the non-geocell state, higher bear-
ing capacity and lower settlement are other advantages of 
geocell, which are used to improve poor earth materials 
[11]. However, it must be noted that according to the BS 
8006 [12], in the construction of reinforced embankments 
over soft and very soft foundation soils, the main aim is 
to control the stability rather than to reduce settlements.

Some researchers presented parametric results that 
could be used to obtain the strength and stiffness of 
the confined region with the geocell [13, 14]. Practically, 
utilizing this parametric method, the geocell-reinforced 
soil can be simplified, to a layer of homogeneous and 
isotropic composite material with the estimated equiv-
alent strength and stiffness parameters [10]. Based on 
analyses, geocell may model as a beam element, which 
has the frictional properties of the base soil and at 
the same time, its cohesion and modulus of elasticity 
increases, and this element can carry both bending and 
membrane stresses [15]. The vertical stress distribution 

patterns observed in the subsoil show that the normal 
pressures were redistributed well within the geocell mat-
tress and transmitted insignificant pressure to the sub-
soil in comparison with those in unreinforced soils [16]. 
Using a laboratory model, it was found that a geocell 
with greater height would lead to a relatively uniform 
distribution of pressure, compared to the one with a 
lower height [17]. Besides, the higher ratio of height to 
diameter of the geocell called aspect ratio can improve 
the benefit of geocell. Thus, keeping constant the height 
of geocell, and decreasing the diameter of its pockets, 
result in interfacial shear strength between the soil and 
reinforcement increases [18].

Based on a statement resulted from direct shear tests 
on dry mixtures of sand and clay, the shear strength of 
the mixture is affected by the concentration by weight 
of the sand in the mixtures. For instance, when the con-
centration of sand varies between 40 and 75%, the shear 
strength of the mixture is provided in part by the shear 
strength of the clay and in part by the frictional resist-
ance between the sand grains. Less and more amounts 
of sand make the domination role for clay cohesion or 
friction between the sand particles in determining the 
shear strength of the mixture, respectively [19]. Numeri-
cal simulations demonstrated that the best redistribu-
tion of the load is achieved if reinforcements are placed 
up to a certain depth depending on the loading width 
[20–22]. Through experiments and numerical simula-
tions, it was showed that confinement through geocell 
effectively increases the stiffness and strength of the bal-
last and decreases vertical settlement and lateral disper-
sion [11, 23]. In a study conducted on geocell-reinforced 
soils using extra-large scale direct-shear testing equip-
ment with 500 × 500 × 400 mm dimension, a cohesion 
increment of 244%, was indicted, in the sample with 
geocell reinforcing materials [24].

In the present study, using a numerical method, the 
effect of geocell dimensions was examined, aiming to 
test the sensitivity of the reinforced soil strength to 
dimensional changes of geocell reinforcement. Design-
ing geocells with a larger aspect ratio, in addition to 
making more problems in the practical works (the 
installation process of geocell and soil compaction), 
also imposes more costs on soil improvement projects. 
Therefore, having enough information about the value of 
the effect of geocell dimensions could help the designer 
engineer make the proper decision. Additionally, it was 
attempted to investigate the variations of soil shear 
strength between the two reinforcements. Hence, the 
changes in the location of geocell placement, to assess 
the effectiveness of the reinforcing element emplace-
ment, in the case of executive errors of the geocell instal-
lation location, was studied.
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2  Materials and methods

2.1  Specifications of materials and laboratory 
results used in modeling

The laboratory tests were employed to determine the 
strength parameters of the soil and reinforcement used 
in the model. The soil was collected from a site located 
in the north of Semnan. The test specimen was produced 
by a change in the soil granulometry to achieve a mid-
dle curve of the subbase material for column “F” of the 
AASHTO M 147 code [25]. Geocell manufacturing was 
done using available polymeric sheets.

2.1.1  Soil properties

The engineering properties of grained soil used in this 
study and the particle size distribution curve are pre-
sented in Table 1 and Fig. 1, respectively. The specific 
gravity of soil particles is achieved by 2.631, follow-
ing ASTM D854, ASTM C127 and ASTM C128 [26–28]. 
The soil compaction curve, as well as the zero void 
line, are shown in Fig. 2. As is observable, the peak of 

Table 1  Soil engineering characteristics

Type of soil Classification Average particle size
D50 (mm)

Maximum dry density 
(kN/m3)

Optimum moisture 
content (%)

Cohesion (kPa) Friction angle

Unified AASHTO

F SM A-1-b 0.9 20.9 7.2 7.4 34.9
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Fig. 1  Grain size distribution curve of soil
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Fig. 2  The compaction curve, and zero air void line of the soil
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the compaction curve shows that using ASTM D1557 
method [29], the soil is achieved to a relative density of 
95%, compared to the maximum theoretical value.

The soil was remoulded by 90% of relative compac-
tion, to achieve the dry density of 18.8 kN/m3. This density 
achieved, placing a predetermined weight of soil, regard-
ing the degree of compaction in optimal moisture condi-
tions, in a given volume of shear box. The direct shear tests 
were conducted in accordance with BS 1377 [30] at the 
optimum moisture content.

2.1.2  Properties of reinforcement material

The geocell was created, using a polymeric sheet after test-
ing of tensile properties according to ASTM D 882 [31]. 
The resistance properties and the stress–strain curve of 
the sheet are as shown in Table 2 and Fig. 3, respectively.

2.1.3  Laboratory test procedure

Direct shear tests were carried out on a large scale and 
square-shape box with dimensions of 30 cm. The tests 
were first conducted on the unreinforced soil to deter-
mine the cohesion value and the internal friction angle 
of the soil, with different overburdens of 49, 98 and 
196 kPa, respectively. In order to mould soil in the shear 
box, it was prepared at the optimum moisture content 
and compacted in three layers. For the first and last layers, 
a square-shape tamper, with a dimension of 75 mm and 
weight of 2500 gr, was applied. A bullet-nosed metal rod 
measuring 16 mm in diameter with a 600 mm long, was 
used to tamp soil inside the whole geocell pockets, placed 
in the second layer. Then a test, applying the maximum 
overburden of the previous tests, was carried out on the 
geocell-reinforced soil. Therefore, the results would be a 
yardstick for software calibration.

The maximum particle size of soil was considered as 
the minimum size of the geocell opening. The height of 
the geocell was also taken the same account of its open-
ing size. Owing to the mentioned scales adopted herein, 
entire soil particles could be disposed into the interior of 
the geocell pockets and, consequently, effectively com-
pacted. The geocell was installed inside the shear box, 
such that the predetermined failure plane cross through 
the middle of the geocell height (see Fig. 4).

2.2  Finite element modeling

To evaluate the trend of shear stress-horizontal displace-
ment curves, ABAQUS software was used to simulate tests 
in a three-dimensional state.

2.2.1  Constitutive model of the soil and the failure 
criterion

Numerical methods in geotechnics include the following 
principles: boundary conditions, compatibility, equilib-
rium and constitutive equations. Constitutive laws define 
the relationship between stress and strain, containing the 
failure criterion. These equations that describe the behav-
ior of materials can be interpreted as constitutive models 

Table 2  Polymer sheet features

Thickness 
(mm)

Weight 
per unit 
area (g/
m2)

Yield 
strength 
(MPa)

Ultimate 
strength 
(MPa)

Strain 
at yield 
point (%)

Elastic 
modulus 
(MPa)

0.5 632.2 3.24 6.33 10.9 20.54
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Fig. 3  Polymer sheet stress–strain curve

Fig. 4  A schematic diagram of the direct shear test set-up
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of materials. The model of “Mohr–Coulomb” was used to 
evaluate the soil function. The model involves strength 
parameters including cohesion (C), angle of internal fric-
tion (φ) and dilatancy angle (ψ) and parameters of deform-
ability including Young’s modulus (E) and Poisson ratio (ν) 
[32]. This elasto-plastic model is one of the most widely 
used models in geotechnical numerical analysis. In Mohr’s 
model, the Mohr–Coulomb failure criterion is used as the 
yield surface, and the flow rule in shear mode is assumed 
to be independent.

In 1773, Coulomb published an essay presenting a fail-
ure criterion as follows: 

where (τ) and (�) , respectively, represent shear stress and 
normal stress on the physical surface where material fail-
ure occurs. Later, Mohr combined this criterion with the 
principal stresses, and the Mohr–Coulomb model was 
formed.

2.2.2  Parametric calculations of reinforced soil properties

A number of investigators [21, 22] remarked that geocell 
confinement in soil induces apparent cohesion, whereas 
the reinforcement depth is replaced by an equivalent layer, 
with homogenous properties [33]. The induced cohesion 
in the soil is related to the increase in the confining pres-
sure on the soil due to the geocell reinforcement, which is 
calculated through the following equation:

where (∆�
3
) is the increase in the confining pressure due 

to the geocell, and (Kp) is the coefficient of passive earth 
pressure [34]. On the other hand, Henkel and Gilbert [35] 
proposed the membrane correction theory to obtain the 
increment of the confinement due to geocell:

where (�a ) is the axial strain of the geocell materials, (do) 
is the initial diameter of individual cell pocket, and (M) is 
the modulus of the geocell material corresponding to the 
axial strain of (�a ) [10].

In order to determine the total cohesion of reinforced 
soil, the apparent cohesion due to the geocell function 
should be added to the unreinforced soil cohesion as 
follows:

(1)� = c + � tan�

(2)Cr =
Δ�

3

2

√

Kp

(3)Δ�
3
=

2M

do

�

1 −
√

1 − �a

1 − �a

�

(4)Cg = Cr + C

In this analysis, the reinforced layer through geocell 
behaves like an equivalent soil layer with greater cohe-
sive strength than unreinforced soil. Based on the triaxial 
compression test on geocell-encased sand, the follow-
ing empirical equation was proposed to express Young’s 
modulus of geocell-reinforced sand (Eg):

where (Ku) is the dimensionless modulus parameter of the 
unreinforced sand that corresponds to the modulus num-
ber in the hyperbolic model [36].

Based on the proposed equations, using the param-
eters of soil and geocell material presented, the modu-
lus of elasticity was obtained by 127.27 MPa, and the 
values of overall reinforcement cohesion were achieved 
by 28.35, 22.35 and 19.02 kPa for geocells having the 
diameter of 25, 35 and 45 mm, respectively. For example, 
a geocell with a square opening with 25 mm dimensions 
has an equivalent diameter of 28.2 mm (corresponding 
to a circle having the same area). At a strain of 10%, con-
sidering the stiffness of 11.72 kN/m, the increase in the 
confining pressure (3) due to the geocell is 21.9 kPa. Con-
sequently, the induced cohesin (2) would be 20.99 kPa. 
Eventually, the overall cohesion (4) of the geocell rein-
forced soil is obtained by 28.35 kPa.

2.2.3  Details of the model and boundary conditions

The three-dimensional analysis of ABAQUS software was 
done using two steps of computation, as shown in the 
figure below (Fig. 4). An overburden load of 196 kPa, 
the same value used in model verification, was applied 
to the top of the shear box. Then the shear load was 
applied horizontally to the lower half box by control-
ling the value of displacement. Aiming to have an inte-
grated soil mass, two parts of soil with Tie interaction 
were connected. Thus, there was no relative deforma-
tion between these two levels through interaction. There 
was also normal and tangential interaction between the 
surface of soil and box. For the upper box, displacement 
was restricted by the boundary conditions that did not 
allow the upper box to move in the horizontal direction. 
Related to the lower box, the movement restriction was 
applied in the vertical direction, and therefore its motion 
was just horizontally possible. Additionally, in the pre-
sent numerical modeling with ABAQUS, 386 C3D8R ele-
ments and 172 nodes for the box, and 1800 C3D8R ele-
ments and 2560 nodes for the soil, were used.

(5)Eg= 4
(

�
3

)0.7
(Ku + 200M0.16)
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2.2.4  Model verification

Before the numerical simulation, using laboratory 
results, the model was validated, and then examined the 
effects of different variables on the shear strength of the 
soil. For model verification, the shear stress-horizontal 

displacement curve, obtained from the large-scale labo-
ratory direct shear test on unreinforced soil, was plotted 
against the software simulation chart. Then, the experi-
mental results of geocell-reinforced soil, with a pocket 
opening size of 25 mm and a height of 25 mm, were com-
pared with the simulated model under the same condition.

Fig. 5  Shear stress and hori-
zontal displacement contours 
for the soil body under direct 
shear test under 196 kPa 
overburden
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Contours of shear stress and horizontal displacement of 
soil body, under an overburden of 196 kPa, is presented in 
Fig. 5. Comparing the experiment and simulation results 
(see Fig. 6) reveals that the generated model can perform 
the simulation acceptably. The model simulated can pre-
sent the maximum shear strength with good accuracy. 
Besides, the strains obtained are relatively nearby the 
reality.

2.2.5  Numerical simulation of model

The direct shear test was simulated by three quadrangu-
lar geocell with pocket opening diameters of 25, 35 and 
45 mm, to investigate the effect of the opening size of geo-
cell on the shear strength parameters, where all reinforce-
ments were installed at the middle height of the shear 
box. In order to determine the efficacy of geocell layout, 
a geocell, with a diameter and height of 25 mm, was used 
in the three tests carried out in this study. In the first test, 
the failure plane completely passes through the middle 
height of the geocell (S = 12.5 mm), where "S" refers to a 
part of geocell height, which remained in the upper box. 
In the tow next step, the geocell brings down by a quarter-
height. So, the "S" value is 6.25 and 0 in millimeter. Addi-
tionally, it was attempted to evaluate the effect of aspect 
ratio versus interfacial shear strength, using a different 
method. For this purpose, instead of keeping the height 
constant and changing the diameter performed by Manju 
[18], the pocket diameter was kept constant at 25 mm, and 
the geocell height was varied between 15, 20, 25, 30 and 

35 mm. And, finally, two series of tests were carried out 
using geocell with the heights of 15 and 25 mm, to deter-
mine the effect of reinforcement on the shear strength of 
the soil between two layers of geocell. The pocket diam-
eter was kept constant at 25 mm, and the test simulated, 
where geocells installed at different distances from each 
other. Firstly, both geocells were tangent to the predeter-
mined failure plane, then, they got away from each other 
in two steps, each time as the same of geocell height.

3  Results and discussion

3.1  Effect of geocell‑pocket opening size

A significant increase in the shear strength of the soil 
occurred as a result of the reinforcement. Based on the 
results shown in Fig. 7, this desirable effect increased fol-
lowing the decrease in the diameter of geocell. The small-
est diameter intended for the geocell is 25 mm, which is 
the least possible size for this purpose considering the 
maximum size of the soil particles.

As shown in the mentioned figure, a decrease and 
subsequent an increase in stress, after horizontal dis-
placement of about 7 mm, are observed. The decrease 
in stress probably results from the loss of total cohesion 
(Cg) in the case of the geocell-reinforced soil model. On 
the other hand, stress increases again due to the role 
of frictional resistance of sand particles, which controls 
the stress level after initial displacement. Based on the 

Fig. 6  Comparison between 
experimental and numerical 
results
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assumptions made in this study, the existence of geocell 
is attributed to the augmentation of cohesion. In this 
simulation, the soil thickness containing geocell has 
been replaced, with materials that not only have the 
characteristics of the base granular soil but also have 
significant cohesion. This situation can be equated with 
re-increasing the stress caused by the passive resistance 
activation, due to displacement increment, in the experi-
mental tests [19].

In Fig.  8a, the effect of pocket opening size on the 
increased shear strength percentage is shown. According 
to the results, with an increase of 80% in the diameter, 
5% of its shear strength reduces. Although this statement 
needs to be confirmed in large-scale practical work, the 
geocell design should nevertheless take into account the 
economic issues and operational problems of producing 
and using geocells with smaller pocket diameters.

The ratio of the height of the geocell to its diameter 
is referred to as aspect ratio. Pocket diameter and aspect 
ratio of geocells influence the interfacial cohesion signifi-
cantly. The increment of the confined sand area resulting 
from a smaller pocket size or higher aspect ratio leads 
to an increase in interfacial cohesion [18]. Based on the 
numerical results of this laboratory scale, Fig. 8b shows a 
correlation between the aspect ratio of geocell and shear 
strength increment.

3.2  Efficacy of the geocell layout

The results, as presented in Fig. 9a, show that the shear 
strength values obtained by direct shear test of the 
reinforced section, when failure plane crosses reinforc-
ing element, as can be seen in the schematic placed 
in Fig. 9a are significantly greater than those resulting 

Fig. 7  Effect of pocket open-
ing size on shear strength of 
reinforced soil
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from the interaction between the reinforcement and soil 
(S = 0 mm). On the other hand, in this case, the shear 
stress horizontal displacement curve indicates that after 
reinforced soil failure, its shear strength tends toward 
that of the unreinforced soil. However, in other cases, a 
decrease in shear strength is observed due to incipient 
failure. As the displacement increases, the pull-out resist-
ance applies in the opposite direction of shear, which 
moves/turns the model into a passive state. Therefore, 
a further increase in shear strength can be seen (up to 
the ultimate pull-out resistance of the reinforced soil or 
the rupture resistant of the geocell). Depending on the 

depth of geocell involvement and the geosynthetic ten-
sile strength used in geocell fabrication, this increase in 
shear strength may be more or less.

In Fig. 9b, the effect of dimensionless changes of geo-
cell placement related to the failure plane is shown using 
the percentage of maximum shear strength increment 
compared with that of unreinforced soil. The closer the 
geocell middle height is to the failure plane, the more 
effective it is for increasing shear strength. Distancing 
the geocell from the failure plane reduces the pull-out 
resistance and, therefore, the shear strength.

Fig. 9  Effect of geocell layout 
on the shear strength

a Effect of geocell placement on the shear strength of reinforced soil

b Dimensionless effect of geocell placement on the increased shear strength percentage
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3.3  Geocell height effect

The results of modeling clarified, unlike previous studies, 
not only the ultimate strength of all geocells, with different 
heights, were the same, but also the reinforced samples 
with an aspect ratio of 0.8 and more (H ≥ 20) had the same 
stress–strain behavior (Fig. 10a). This discrepancy in the 
statements can be explained by the fact that in previous 

studies, although the interfacial shear strength increased 
with increasing aspect ratio, the reason what improved 
soil resistance properties was the increase in the number 
of pockets per unit area, not the aspect ratio. The smaller 
diameter of the geocell consequents a more number of 
pockets, and also the larger confining area of the geo-
cell with the interface [18]. Thus, it can more improve the 
shear properties. But, this does not happen with the height 

Fig. 10  Geocell height effect 
on the interfacial shear 
strength

a Effect of geocell height on the shear strength of reinforced soil

b Effect of aspect ratio (H/D) on the increased interaction in shear strength percentage
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increment, and therefore the changes made on the aspect 
ratio cannot mobilize more interaction and have a signifi-
cant effect.

Figure 10b shows the effect of geocell aspect ratio on 
the shear strength between soil and geocell edge. Based 
on the figure, data points with a high positive correlation 
are aligned, which is similar to Fig. 8b. With a difference 
that, in the former simulation, it was assumed the prede-
termined failure plane passes through the geocell layer. 
While, in the latter case, the failure occurs at the interface 
between the geocell and soil. Besides, if an increase is 
caused, in the aspect ratio, by a decrease in the diameter 
of the geocell pockets (Fig. 8b), the rate of increment in 
shear resistance is more, compared to the cases where 
increases in the aspect ratio are a result of adding to the 
geocell height (Fig. 10b). Due to the above reasons, the 
rate of shear resistance increment, in Fig. 8b is 3.43 times 
more than that presented in Fig. 10b. If the aspect ratio 
is assumed to be zero (H = 0), the geocell converts into a 
geogrid, which causes an increase in the shear strength 
of the reinforced soil. The values of width of origin, in the 
two mentioned figures, indicate the effect of hypothetical 
geogrids on the interface shear strength. As is observable, 
the widths of the origins have a nonconformity, too. It is 
due to a shift in the location of hypothetical geogrids. As 
shown in Fig. 10a, a distance of 5 mm, between the two 
halves of the shear box, is considered. The middle of the 
geocell height, in the previous model simulation (Fig. 8b), 
was located at the center of spacing, exactly. While, in the 
simulation case for Fig. 10b, the middle height is level 
with the edge of the lower half of the box. Therefore, the 
effect of geocell, as well as the hypothetical geogrid, for 
the simulation performed in Fig. 8b, is more prominent.

3.4  Shear strength increment between two layers 
of geocell

When the two layers of geocell are tangent to the top and 
bottom of the failure plane, there is only one thin layer 
of 5  mm thickness between them; consequently, the 
reinforcements increase the maximum shear strength 
approximately by 5% (see Fig. 11). In this condition, the 
shear strength is stabilized after reaching about 121 MPa, 
and there is no increase or decrease during the shearing 
process. These models have perfect plastic behavior after 
failure. This may be due to lack of distribution and no vari-
ations in shear stress, concerning the fact that the geocell 
layers are stiffer than the soil between them. Then, the 
geocell layers took some distance from the failure plane 
(In two stages and each time equal to the height of the 
geocell), and the direct shear test was simulated on these 
sets at each stage. The results show a decrement in shear 
strength after failing in the cases of unreinforced soil 
and reinforced soil by separated geocell layers. Overall, 
however, shear strength increased by about 5% due to 
reinforcement.

4  Conclusion

The results show that in the reinforced soil tested at 
196 kPa overhead pressure, shear strength increase by 
more than 30%. The amount of this increase depends on 
the opening size of the geocell and the position of geocell 
placement. The various effects of the reinforcement on the 
shear strength are summarized as follows:

Fig. 11  Shear strength incre-
ment between two layers of 
geocell
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1. Geocell with a smaller pocket opening size increases 
the shear strength of the soil more significantly. The 
most increment is up to 31% for the geocell with the 
smallest pocket opening size of 25 mm (equal to the 
maximum size of soil particles).

2. By the increment, up to 80%, in the pocket opening 
diameter, the value of shear strength decreases by 
around 5%.

3. When the failure plane passes exactly through the 
middle of the geocell height, the shear strength incre-
ment is 11% more compared to the one in the state 
whereby the edge of geocell is tangential with the 
failure plane.

4. When the geocell moves away from the failure plane, 
the shear strength resulting from the direct shear test 
is highly similar in trend to the results of the unrein-
forced soil. It was found that the increment of shear 
strength is 5% at maximum shear strength.

5. If the two layers of the geocell place very close to 
each other during displacement, the shear strength 
between them completely stabilizes after failure and 
shows no increase or decrease.

6. The increase in aspect ratio, arising from the height 
increment, is not effective in the interfacial shear 
strength improvement.
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