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Abstract.

Construction of retaining walls with geocell has been gaining in popularity because of its easy and fast installation

compared to conventional methods. In this study, model tests were conducted by constructing the geocell retaining wall (GRW)
at a constant height (i.e., 90 cm) and using aggregate as an infill material at four different configurations and two different
surface angles. In these tests, a circular footing was placed behind the walls at different lateral distances from the wall surface
and loaded monotonically. Subsequent to this vertical loading being applied to the footing, horizontal displacements on the
GRW surface were measured at three different points. The performance of Type 4 GRW exceeded the other three types of
GRW, with the highest lateral displacement occurring in Type 4 GRW at approximately 0.67 % of wall height. In addition, the
results of these tests were compared with theoretical approaches widely accepted in the literature. The stress levels reached
beneath the footing were found to be compatible with theoretical results.
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1. Introduction

Ground improvement methods have become more and
more important in recent years due to the high cost of
foundation systems, a high priority for superstructures. In
accordance with the requirements, construction materials in
geotechnical engineering are differentiating and increasing
in number day by day in line with developing technology.
Geosynthetics are the leading materials used to solve
geotechnical problems such as insulation, drainage, and
stability in a cost-effective way. Geosynthetics, which are
currently very popular in geotechnical engineering, are well
researched in many studies and now occupy a prominent
place in the literature. Particularly, many experimental and
numerical studies have been carried out on the geogrid and
geotextile types of geosynthetics used frequently together
with the soil, revealing their interactions with the soil
(Huang and Han 2009, Han and Leshchinsky 2010, Dong et
al. 2011, Thakur et al. 2012, Allen and Bathurst 2014, Guo
et al. 2015, Gu et al. 2017, Satyal et al. 2018,
Mirzaalimohammadi ef al. 2019, Hussein and Meguid 2020,
Soylemez and Arslan 2020, Namjoo et al. 2020). The
interface friction of geosynthetic and soil composite
systems that are of great importance for the design has been
examined as well by many researchers. In these studies, it
was shown that geogrid and geotextile are useful in
geotechnical engineering applications (Liu et al. 2008,
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Anubhav and Basudhar 2010, Khoury et al. 2011, Vieira et
al. 2013, Cuelho et al. 2014, Davarci et. al. 2014, Ferreira et
al. 2015, Gongora et al. 2016, Demir et al. 2017, Kayadelen
et al. 2018, Altay et al. 2019, Moradi et al. 2019, Shamsi et
al. 2019, Dal et al. 2019, Zhang et al. 2021, Kahyaoglu and
Sahin 2021). However, those studies focused primarily on
the use of geogrid and geotextile products to improve soils.
Aside from geogrid and geotextile, there is a three-
dimensional type of geosynthetic used to reinforce the soils
known as geocell. The geocell reinforced soil improvement
method is used in various geotechnical applications, and the
use of geocell is increasing in designs day by day. The
geocell reinforcement is observed to have a noticeably
positive effect in geotechnical engineering under static and
repeated loads on soil under foundations, on base or
subbase soil layers beneath flexible road pavements, and on
the stability of slopes. Several articles have been published
in which triaxial experiments were used to determine the
shear strength of geocell-soil composite material (Shen
2005, Dash et al. 2007, Zhou and Wen 2008, Leshchinsky
and Ling 2013, Hegde and Sitharam 2015, Song et al. 2019,
Song et al. 2020,). Results obtained from these studies
showed that the combined use of geocell and soil as a
composite material provided a significant increase in shear
strength. In addition, many studies have investigated the
bearing capacity of foundations in soil reinforced with
geocell material (Moghaddas Tafreshi and Dawson 2010,
Tavakoli Mehrjardi ef al. 2012, Chen et al. 2013, Song et al.
2014, Tafreshi et al. 2015, Thakur et al. 2017, Song et al.
2017, Song et al. 2018a, Song et al. 2018b, Mehrjardi et al.
2019, Kumar et al. 2019, Song et al. 2019, Altay et al.
2021, Khorsandiardebili and Ghazavi 2021). These studies
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Fig. 1 Test tank, sand transportation system and loading frame used in experiments

reveal that the bearing capacity of the foundations increased
with the inclusion of geocell reinforcement.

In literature centrifuge tests have been conducted to
identify failure characteristics of soil with geocell
reinforcement. In the centrifuge tests 1/10 and 1/20 scaled
models were used and nearly the same stress values were
reached as in the experiments. With the help of this
geotechnical centrifuges the validations of experimental
results were conducted (Chen and Chiu 2007, Song et al.
2014, Gomez et al. 2014, Song et al. 2018b).

The superior performance of the geocell, rather than
geogrid and geotextile, in many foundation applications has
also inspired its use for other geotechnical purposes such as
slopes and retaining walls. Consequently, the use of
geocells for the stability of the slopes and the construction
of retaining walls started to be preferred for many reasons,
for example, the economical nature of the geocell material.
In addition, its natural interaction with soil and the easy
installation methods of geocell retaining walls (GRW) keep
it one step ahead of other retaining structures. Also, the
surrounding areas of GRW can be greened; therefore, the
outer appearance of the area where the GRW is located after
the wall construction makes these structures very attractive.
Although there are many positive effects of geocell
reinforced slopes and the improvement effects of geocell
are accepted by many researchers, comprehensive studies
including related to the GRW are not abundant in the
literature. One of the few studies conducted by Chen et al.
2013 made several analyses by establishing a numerical
model on geosynthetic reinforced retaining structures. In
their analysis, they examined the failure mechanism, lateral
displacement, and settlement behavior of the soil. As a
result, it was observed that as the vertical load applied to the
soil increases, failure occurs at higher load levels in the soil
reinforced with geosynthetics compared to the unreinforced
soil. Other researchers, Xiao C. ef al. 2015, examined the
bearing capacity and settlement parameters using
geosynthetics on the soil where the bridge piers are placed.
Also, a numerical model was set up and parameters such as

Fig. 2 Geocell used in experiments

the height of the slope and the width of the foundation were
altered and parametrically studied. As a result, it was
observed that the soil reinforced with geosynthetics is in
much better condition than the unreinforced case in terms of
both settlement and bearing capacity. In these studies on
GRW, it is often recommended that the subject be studied in
more detail. The fact that the behavior of the soil differs
according to the type of the soil and the soil has a complex
behavior when considered as a material must also take into
account the geometry of the wall to be built and how it
changes according to the land, making the estimation of the
design parameters of these walls before the construction
increasingly complex. From this point of view, it is obvious
that more experimental data is needed, especially on walls
built in different geometries by using geocell material
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Table 1 Material properties of geocell used in experiments

Properties Value
Welding distance, (cm) 33
Nominal cell length/width (I/'w), (cm) 21/25
Cell area, (cm?) 275
Cell height, (cm) 10
Thickness, (mm) 1.5
Tensile strength (kKN/m) 20

together with the different soil. Additionally, there are still
some gaps in understanding the behavior and theory
developed for GRW, such as the geometry of the wall,
dimensions of geocell, and the soil behind the wall having
different properties.

In this study, the monotonic loading of the circular
footing resting on the sand soil behind the GRW built in
different geometries and the lateral displacements on the
GRW have been experimentally investigated. The GRWs
were built life-sized in order to eliminate scale effects. In
laboratory tests, parameters such as the configuration of
geocell, surface angle of retaining wall, and distance from
wall face to the footing are studied. Using theoretical
formulas, the bearing capacities were calculated.
Experimental findings were verified by theoretical analysis
and all obtained results have been interpreted.

2. Material and methods
2.1 Experimental set up

A series of experiments was conducted to investigate the
behavior of geocell retaining wall under static loading.
Firstly, a test tank was designed with a dimension of
110x110x150 cm; its photograph with the sand
transportation system is shown in Fig. 1. The sand raining
technique was used in all experiments with the aid of the
sand transportation system. The loading frame with loading
system can also be seen in Fig. 1. The material used for
constructing the retaining walls was geocell, which is
composed of high-density polyethylene (HDPE) material.
Each cell has a 10 cm height and a 33 cm welding distance.
A photograph of the geocell retaining wall filled with
aggregate is shown in Fig. 2. The dimensions of geocell
material were 21 cm x25 c¢cm when it was stretched and
filled with aggregate. Material properties of geocell are
given in Table 1.

2.2 Soils

Crushed aggregate material was washed and drained before
the experiments, then used to fill geocell in the construction
stage of the wall; this can be seen in Fig. 3. The grain size
distribution of sand and aggregate can also be seen in Fig.
4. According to Unified Soil Classification System (USCS),
it was found that the aggregate was poorly graded gravel
(GP). The material properties of aggregate are given in
Table 2.

Table 2 Material properties of aggregate used in
experiments

Properties Value
Flakiness index, (%) 9
Water absorption, (%) 0.70
Los Angeles abrasion, (%) 21
Specific gravity 2.77
Internal friction angle (degree) 45

Table 3 Material properties of sand used in experiments

Properties Value

Dy (mm) 0.38

D3y (mm) 0.50

Deo (mm) 0.70

Coefficient of Uniformity, C, 1.84

Coefficient of curvature, C, 0.94

Specific gravity 2.74

Maximum dry density (kN/m?®) 16.97

Minimum dry density (kN/m®) 14.12
Internal friction angle (degree) 42
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Fig. 6 A view from the Type 4 GRW

In each experiment, approximately two tons of sand was
used to fill the test tank. The relative density of sand was 52
%, obtained through a sand raining technique in all
experiments. The relative density value was reached by
dropping the sand soil into the test tank reaching a height of
100 cm. The sieve analysis was conducted on sand soil to
obtain grain size distribution and it was found to be SP
(Poorly graded sand), according to USCS (Fig. 4). The
physical parameters of sand are also given in Table 3.

2.3 Testing procedure

Four types of geocell retaining walls were tested
according to their geometry (Fig. 5). All the walls are 90 cm
in height and 75 cm in length. Type 1 and Type 3 walls were
perpendicular to floor while Type 2 and Type 4 were
standing at an angle of a=75° Schematic views of wall
types are given in Fig. 5 with their details. Fig. 6. shows a
typical view of type 4 wall. The aggregate used to fill
geocells and the sand soil behind the wall can also be seen
in this figure.

The experimental program is shown in Table 4. Twelve
experiments were carried out to examine the behavior of
different types of GRW. A circular steel plate having a
diameter of (D)15 cm was used as a footing on sand soil in
experiments. The effects of three different lateral distances
(L) from the footing to the wall surface were examined in
the study. The “L” distances were specified as 5 cm, 15 cm,
and 25 cm, measured between the nearest points of the
circular footing and the GRW.

Table 4 Experimental Program

Wall surface Footing distance to the Wall

m;[rflsb;er ge(\}ﬁgtry angle, a surface, L

(degree) (cm)
1 Type 1 90° =5
2 Type 1 90° =15
3 Type 1 90° =25
4 Type 2 75° L=5
> Type2 75° L-15
6 Type 2 750 =25
7 Type 3 90° 1=5
8 Type 3 90° L=15
9 Type 3 90° L=25
10 Type 4 750 L=5
11 Type 4 750 =15
12 Type 4 750 L=25

3. Results and discussion
3.1 Experimental results

In this study, a total of 12 tests were carried out on four
different types of walls. For each type of wall, three
different experiments were carried out by changing the
distance between the outer point of the circular footing and
the wall’s back surface. The displacement on the wall
surface was measured at three different points: top, middle,
and bottom (H=85 cm, H=45 cm and H=5 cm).

Fig. 7 shows the lateral displacement obtained on wall
surfaces when the footing is positioned at different L
distances to the wall surface. Displacements based on
different L distances (5 cm, 15 cm, 25 cm) are given
separately for each type of wall in this figure. The
displacements corresponding to peak stresses occurring
beneath the footing are chosen to construct Fig. 7. This
figure shows, for all types of GRW, that the maximum
lateral displacements obtained measure approximately 4
mm. Below the middle height of the walls, the Types 1 and
3 walls have lower lateral displacement values than Types 2
and 4. The displacement values obtained from the middle
height of the walls to the top of the walls were found to be
nearly the same for all types of GRW. The important point
here is that as the distance L increases, the curves become
steeper because of the attenuation of lateral soil pressures.

3.2 Effect of footing distance to the wall surface
displacements

In Fig. 8, the experiments performed on the type 4 wall
are shown. In these tests, the effects of variation of footing
location from the wall surface was recorded. Fig. 8 shows
the change in lateral surface displacement on the wall
corresponding to the stress that developed under the footing
located at different locations. For example, in Fig. 8-a, it
was observed that the wall had no displacement up to 60
kPa. It can also be stated that there was almost no
displacement up to 40 kPa in Fig. 8-b and 30 kPa in Fig. 8-
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Fig. 7 Displacements vs wall height on different types of GRWs

¢, respectively. While stress-displacement curves for two
points (L/D = 0.33 and 1.00) close to the wall surface are
similar, when the footing is moved away (L/D = 1.67), the
effect of stress on the wall suddenly decreases. In
accordance with Westergaard’s stress theory (Das and
Sobhan 2010) in soils, these results are expected, since the
effect of the vertical stress on the wall occurring beneath the
footing decreases as the distance to the wall surface
increases.

According to the results of the tests, the displacement at
the lowest point of the Type 4 wall surface is less than those
of the middle and the upper points of the wall. When all
three L distances are considered, the displacements are
around 2 mm at the bottom of the wall (H=5 cm), while
displacements at the middle (H=45 cm) and at the top
(H=85 cm) of the wall are 3.5 mm and 4.5 mm,

respectively. Hence, the geocell layers composing the Type
4 wall move together because these displacement values
approximate each other. In other words, there is no slip
plane between the geocell layers of the Type 4 wall.
Similarly, Chen and Chiu (2007) stated that there was no
slip plane occurrence in their model experimental study on
GRWs. However, Pinto ef al. (1996) proved that slip planes
formed on brick walls in a way unlike GRWs. Therefore, it
can be concluded that GRW performance is better than that
of the brick wall in terms of stability.

3.3 Comparison of wall types

Test results of four different types of GRW are shown in
Fig. 9. The displacement at the top of the wall is generally
taken as the most critical point for GRWs. Therefore,
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Fig. 8 Displacements on Type 4 GRW when H=5 cm, H=45 cm and H=85 cm at different L distances

comparisons have been made at this point for all the types
of GRW tested. Only the wall type changes in the curves
obtained from the results of tests, and this means that the
circular footing is located at the same distance to the GRW
surfaces for those curves. Thus, the changes in the
displacement on the GRW surfaces with the change of the
wall type have been investigated.

In the experiments, it was found that the maximum
displacement values occurred at the top point of the wall
where the footing is nearest to the wall surface. In Fig. 9-a,
the displacements obtained at the top point of the wall when
the footing is nearest to the wall surface are given, and in
this figure the maximum displacement is approximately 6
mm. The ratio of the maximum displacements occurring on
the wall surface to the wall height was calculated at
approximately 0.67%. In their experimental study that was
conducted with small-scale geocell on GRW, Chen and
Chiu (2007) concluded, that the wall is considered to be

collapsed if the ratio exceeds 3%. They found this ratio
greater than 3% in some of their experiments, which
suggests that the walls in these experiments are assumed to
be collapsed. The reason why this ratio is greater than that
obtained in this study is that the usage of aggregate and the
interlocking effect of this factor. For example, in Fig. 9-b,
when considering the horizontal displacements that occur
on the wall corresponding to maximum stresses beneath the
footing, this ratio becomes approximately 0.51%, 0.33%,
0.47%, and 0.43% for type 1, 2, 3 and 4 walls, respectively.

3.4 Theoretical approaches

In the experiments, the stresses that occurred beneath
the circular footing positioned at different L distances are
given in Fig. 10. The figure shows the stress obtained
beneath the footings vs vertical displacements occurring on
footings for all types of GRW. From the figure, it can be
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inferred that the stresses occurring beneath the footings are
close to each other except in Type 1 GRW. Additionally,
when L=25 cm, as in Fig. 10(c), the curves of Type 2, 3 and
4 walls seem to be getting closer. For all types of walls, the
maximum stress values obtained increase along with the
distance L. For instance, considering Type 3 GRW, at L=5
cm, 10 cm, and 15 cm, maximum stresses correspond
approximately to 80 kPa, 105 kPa, and 130 kPa,
respectively. This is because of the failure surface forming
beneath the footing (Terzaghi 1943).

The stresses occurring beneath the footing were
calculated by Terzaghi and Meyerhof’s bearing capacity
formulas, which are widely used in theory and compared
with experimental results. Terzaghi and Meyerhof formulas
are given in equations 1 (Terzaghi 1943) and 2 (Meyerhof.
1963), respectively. Since the sand soil was cohesionless
and the depth of the foundation is “O m,” no contribution
could be taken from the first and two components in the
equations. Therefore, the determining factor will be the last
component of the equations. In the calculations, the unit
weight of the soil is taken as y=16.15 kN/m3 and the
internal friction angle as $=420. N, values required for the
calculations were taken from the bearing capacity tables of
these two researchers, then calculated to 171.99 for
Terzaghi and 139.32 for Meyerhof. Factors of shape (sy),
depth (d,), and slope (iy) required in the Meyerhof formula
are given in equations 3-5.

qu=1.3cN-+)yDN,+0.3)DN, (Terzaghi 1943) 1
Gu=CNescdeic+ DN, dyi +0.5 DN 8,0, (Meyerhof. 1963) (2)
s=1+0,1% tan? (45 +¢i2), for ¢>10° (Meyerhof. 1963) (3)
d=1+0,1 “Ltan(45 +4i2), for $>10" (Meyerhof. 1963) (4)

i,=(1- B/pY, for $>0° (Meyerhof. 1963) Q)

Table 5 shows bearing capacity values obtained from
experimental and theoretical formulas. In the last two
columns of the table, the ratio of obtained experimental data
to theoretical values is given. It is observed that this rate
approaches ‘1’ in some cases. Even in Type 1 wall, it is
seen that this value is 1 in the case of L=15 cm. This shows
that the experimental results are quite consistent with the
calculation methods used in theory. Also, according to the
table, it is seen that the Terzaghi bearing capacity formula
gives values closer to the experimental results compared to
Meyerhof’s formula.

Ciire et al. (2014) stated that there was a decrease in the
ultimate bearing capacity of the foundations placed closer to
the slope. Likewise, in the current experimental study, it is
seen in Table 5 that in the GRW used in the experiments,
there is a decrease in the ultimate bearing capacity of the
footing regarding its proximity to the wall. As a result of the
comparison with Terzaghi and Meyerhof, the coefficients
obtained by integrating the experimental results with the
theoretical results can be taken as bearing capacity
correction coefficients. Thus, by giving a correction
coefficient depending on the ratio of the distance to the wall
“L” over the diameter of footing “D,” the change in the
ultimate bearing capacity can be estimated according to the
change in the distance to the wall.

4. Conclusions

In this study, model experiments were carried out in the
laboratory on the geocell retaining wall. In the experiments,
by changing the wall geometry, the performance of four
different types of walls was examined during the vertical
loading of the circular footing placed onto the sand soil just
behind walls. The circular footing with the diameter D=15
cm was positioned at three different distances (L=5 cm, 15
cm, and 25 cm) to the wall, and the horizontal
displacements of the wall were observed. Additionally,
experimental results were validated with theoretical
approaches. The results obtained within the scope of the
study are summarized below.

Table 5 Comparison of the bearing capacity obtained by experimental findings with theoretical formulas.

Distance from the
L/D Terzaghi (1943)

Bearing capacity values

Bearing capacity correction coefficient

Wall (L) (cm) Meyerhof (1963) Experiment Experiment/ Experiment/
(kPa) (kPa) (kPa) Terzaghi (1943) Meyerhof (1963)

L=5 0.33 125 254 82 0.65 0.32

Type 1 =15 1.00 125 254 105 0.84 0.41
Wall

L=25 1.67 125 254 125 1.00 0.49

L=5 0.33 125 254 115 0.92 0.45

Type 2 =15 1.00 125 254 129 1.03 0.51
Wall

L=25 1.67 125 254 134 1.07 0.53

L=5 0.33 125 254 30 0.24 0.12

Type 3 L=15 1.00 125 254 375 0.30 0.15
Wall

L=25 1.67 125 254 45 0.36 0.18

L=5 0.33 125 254 110 0.88 0.43

Type 4 L=15 1.00 125 254 115 0.92 0.45
Wall

L=25 1.67 125 254 140 112 0.55
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e When compared under the same conditions, it was
found that the best performing walls were Type 2 and Type
4 walls. The lateral displacements on these wall types have
always been less than the other wall types. The most
important reason for this was that these two wall types were
built at an angle of 75° to the horizontal.

e Considering the same stress levels occurring beneath
the footing at each L distance to the wall, the Type 1 wall
was displaced more than the other wall types. The two
important reasons for this result were that the Type 1 wall
consists of 2 rows of geocells and that it was built 900 mm
vertically.

e  When the peak stresses occurring at the footing were
examined in the experiments where the footing was located
behind the Type 1 wall, it was observed that the stresses
were at lower levels compared to the other wall types. The
peak stresses seen at the footing were found to be almost
equivalent in the other three types of walls.

e The stresses occurring at the footing also deviated
according to the distance L from the footing to the wall. In
general, the stresses increased as the footing was moved
away from the wall, while the stresses observed at the
footing decreased as its position was further from the wall.
These experimental values have been compared
proportionally with theoretical formulas. There is no change
in the theoretical calculations in the case of increasing or
decreasing distances from the wall. Therefore, these ratios
for these wall types can be taken as the correction
coefficient for the values calculated with theoretical
formulas.

e In Type 4 walls, it was seen that the curves get closer
to each other as the footing is moved away from the wall. In
fact, it was found that the curves of the displacements at
H=45 cm and H=85 cm at the furthest position from the
wall (L=25 cm) were almost overlapping. The reason for
this can be explained by the fact that the effects of the
footing on the wall decrease as it is moved away from the
wall and the displacements on the wall diminish. Because of
the low displacement values, the differences were small and
the curves converge.

e The top point of the GRWs was found to be the
critical point of the walls. The ratio of the maximum
displacements occurring on the wall surface to the wall
height was calculated at approximately 0.67 %.
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