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Introduction

Bearing capacity of poor soils can be improved by various 
ground improvement techniques such as soil reinforcement 
and soil stabilisation methods. Reinforcement techniques 
can be efficiently applied to improve the properties of the 
soft soil. Geocell can be considered as one of the advanced 
methods of reinforcement technique in geotechnical appli-
cations. Geocell consists of a three-dimensional honey-
comb-like structure interconnected at the joints. Literature 
suggested that placing cohesionless soil overlays rein-
forced with cellular confinement systems result in greater 
improvement in strength and lesser deformation for almost 
all types of soils.

Some studies were performed to observe the response 
of geocell reinforced soil by various investigators [2–6, 10, 
14–17, 19, 20], and these studies confirmed that the geocell 
reinforced soil is an efficient technique for improving the 
load-carrying capacity of the soils. Experimental investiga-
tions were conducted by Dash et al. [3, 5] and Sireesh et al. 
[14] to study the effect of different parameters including the 
size, strength, and pattern of geocell on improving the bear-
ing capacity of reinforced sand under a strip and a circular 
footing. Performance comparison of different forms of rein-
forcement was also reported by Dash et  al. [5], Lal et  al. 
[11], Latha et al. [12], Tafreshi et al. [18], and confirmed 
that geocell reinforcement is very effective in imparting the 
strength due to overall confinement provided against lateral 
movement. Experimental and numerical studies of geocell 
reinforced sand were also conducted by various researchers 
[7, 8, 13].

Test results of previous studies showed that improve-
ment responses of reinforced soil are influenced by proper-
ties of test soil as well as the size and strength of geocell. 
Limited works were reported in the case of square footing 

Abstract  A series of the experimental testing program 
was carried out to determine the influence of cell geometry 
and multi-layer system on the behaviour of a square footing 
resting on geocell reinforced sand. Geocells made of three 
different PVC polymers of varying thickness and strength 
were used for testing purpose. Laboratory plate load tests 
were conducted to determine the pressure–settlement 
response of reinforced soil for different geometric param-
eters like diameter, height, depth of placement, and shape 
of the geocell. The effect of geocell material strength on 
load carrying capacity is also included in this paper. Perfor-
mance comparison of single layer and multi-layer geocell 
reinforced sand with different spacing is also presented in 
this paper. The test results confirm that the reinforced sand 
layer shows an excellent improvement in bearing capacity 
in comparison with the unreinforced sand. The optimum 
geocell geometry to get maximum benefit in terms of bear-
ing capacity were determined and presented in this paper. 
Optimum spacing for a two layer geocell system was also 
determined experimentally and presented in this paper.

Keywords  Geocell · Cell geometry · Strength · Geocell 
shape · Multilayer geocell · Square footing · Bearing 
capacity · Settlement

 *	 K. S. Sherin 
	 sherin1405@gmail.com

1	 Department of Civil Engineering, National Institute 
of Technology Calicut, Calicut, Kerala, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40891-017-0097-3&domain=pdf


	 Int. J. of Geosynth. and Ground Eng. (2017) 3:20

1 3

20  Page 2 of 11

resting on a geocell reinforced sand. Very few works were 
aimed to optimise the geocell geometry and effect of mul-
tilayer geocell system on improving the bearing capacity.

This paper reports the test results of numbers of labo-
ratory plate load tests on geocell reinforced sand by using 
different geocell material of varying geometric properties 
and tensile strength. This paper also includes the influence 
of the multi-layer system of geocell on load carrying capac-
ity of the soil by changing the spacing between the geocell 
layers.

Materials Used for Testing

River Sand

The experimental investigations were carried out using 
locally available river sand. The dry river sand has effec-
tive particle (D10) as 0.25 mm and uniformity coefficient 
and coefficient of curvature as 4.6 and 0.57 respectively. 
The maximum and minimum unit weights of sand are 
15.9 and 13.8 kN/m3 respectively. The undrained cohe-
sion and peak friction angle of dry sand from triaxial 
compression testing are found to be 0 and 38° respec-
tively. According to Unified soil classification system, 

the dry river sand was classified as poorly graded sand. 
Particle size distribution curve of river sand is shown in 
Fig. 1.

Geocell Material

Geocell fabricated from PVC polymer sheet was used for 
the experimental investigations. The geocell was formed by 
cutting the polymer sheet into required size, and this sheet 
was shaped into a cylindrical form by joining the ends with 
the help of glue. Three PVC polymer materials of varying 
thickness and tensile strength were used for the testing. The 
test results of engineering properties of Geocell materials 
are tabulated in Table 1. The load–strain behaviour of PVC 
polymer sheets was determined using the Universal test-
ing machine that tests the mechanical properties of plastic 
and plastic composites in accordance with ASTM D-638 
using standard dumbbell-shaped test specimens [1]. The 
load–strain behaviour of PVC polymer sheets is shown in 
Fig.  2. The strength of the seam was also tested, and the 
strength was found to be almost equal to the parent mate-
rial. Photograph of the fabricated geocell and geocell filled 
with sand is shown in Fig. 3.

Fig. 1   Particle size distribution of river sand

Table 1   Properties of geocell material

Description Repre-
sented by

Mass (g/m2) Thickness (mm) Ultimate tensile 
strength (kN/m)

Axial strain at 
failure (%)

Secant modulus at 
failure strain (kN/m)

Secant modu-
lus at 5% strain 
(kN/m)

PVC type-1 P1 294.64 0.15 1.36 9.44 14.38 20.64
PVC type-2 P2 370.68 0.24 9.68 33.30 29.05 58.50
PVC type-3 P3 496.12 0.32 18.44 39.50 46.69 73.33

Fig. 2   Load–strain behaviour of geocell materials
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Experimental Setup

The model foundation used for the study was a square rigid 
steel plate of size 150 mm × 150 mm × 25 mm. The model 
plate load test was carried out in a square steel tank of 
dimension 750 mm × 750 mm × 750 mm. The dimension of 
the test tank was selected as five times the width of the test 

plate based on IS: 1888–1982 to reduce the scaling effects 
[9]. The sides of the test tank were braced with the help of 
mild steel angles in vertical and horizontal directions. The 
two end faces of the steel plate were polished to reduce the 
effect of friction.

The relative density of the test sand was fixed as 65% 
to create the medium dense condition. The relative density 
of 65% was achieved using the sand raining technique by 
changing the height of fall. Sand pouring was done with 
the help of a perforated plate from different heights, and 
the corresponding density from each trial was determined 
using a steel container of known volume from various posi-
tions in the tank. A calibration curve was plotted showing 
the variation of relative density achieved from a different 
height of fall. The height of fall necessary for achieving a 
relative density of 65% was determined with the help of 
calibration curve. Sand pouring was done from the neces-
sary height with a layer thickness of 5  cm. Sand pouring 
was discontinued to keep the geocell layer in required depth 
and continued to the desired level after placing the geocell 
layer.

The model square footing was positioned on the top 
of the sand layer, and loading was done with the help of 
hand operated hydraulic jack of 250 kN capacity. Increment 
loading was applied, and each load increment was given 
for sufficient time to stabilise the footing settlement. Set-
tlement of model footing was taken using two dial gauges 
(Dg1, Dg2) of sensitivity 0.01  mm placed diagonally on 
the footing. The surface heave was observed using two dial 
gauges (Dg3, Dg4) which were kept at a distance equal to 
the width of the model footing (B) from the two edges of 
the footing. Footing settlement and surface deformations 
were taken as the average reading obtained from both dial 
gauges. Photograph showing the testing arrangement is 
shown in Fig. 4.

Fig. 3   a Fabricated geocell, b geocell placed in the test tank and c 
geocell filled with sand

Fig. 4   Loading arrangements
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The test setup for plate load test is shown in Fig. 5. A 
number of laboratory plate load tests were carried out to 
study the pressure–settlement behaviour of reinforced soil 
by changing the geocell opening size (d), the height of geo-
cell (H), placement depth of geocell from the bottom of the 
footing (u) and tensile strength (T) of geocell material. The 
experiment was also performed to examine the effect of one 
layer and two layer geocell system by varying the spacing 
(h) between the layers. The size of the geocell opening (d) 
was fixed based on the diameter of the equivalent circular 
area of the opening [19].

The experimental testing program includes seven dif-
ferent types of plate load test and the parameters consid-
ered for these experiments are described in Table  2. Test 
series-1 was carried out on the unreinforced sand, and test 
series 2, 3 and 4 have been conducted on reinforced sand 
by changing the geometric parameters of the geocell layer. 
Test series-5 and 6 were performed on reinforced sand by 

varying the tensile strength and shape of the geocell layer. 
Test series-7 was carried out on reinforced sand with two 
layer geocell system by changing the spacing between the 
layers.

Results and Discussions

Experimental results obtained from seven series of plate 
load tests are discussed below. Improvement in bearing 
capacity due to geocell reinforced system is represented by 
bearing capacity improvement factor (If). Bearing capacity 
improvement factor is defined as the ratio of bearing capac-
ity of geocell reinforced sand at a given footing settlement 
to the bearing capacity of unreinforced sand for the same 
settlement [3, 5]. The settlement of footing (s) is repre-
sented based on footing width (B) as s/B (%). The improve-
ment factor obtained from different test series (2–7) are 
tabulated in Table 3.

Effect of Placement Depth of Geocell Layer 
from Bottom of the Footing

The plate load tests were performed by changing the depth 
of placement of geocell layer (u) from the footing base (test 
series 2). The pressure–settlement behaviour representing 
the effect of geocell placement depth is shown in Fig.  6. 
From the pressure–settlement behaviour, it is evident that 
load carrying capacity decreases when depth increased 
from 0.06B to 1B. The load carrying capacity was improved 
slightly when placement depth increased from 0 to 0.06B. 
When footing was placed directly on the geocell layer 
(u/B = 0), early buckling of geocell wall may happen due 
to direct contact of geocell with the model footing [3]. The Fig. 5   Test setup

Table 2   Plate load test details

Test series Details Geocell material Variable parameter Constant parameters

1 Test on unreinforced sand
Test on reinforced sand (Test series 2–7) 

2 Effect of depth of geocell layer from 
bottom of the footing

PVC type-2 u/B = 0, 0.06, 0.1, 0.25, 0.5,1 d/B = 0.8, H/B = 0.8

3 Effect of diameter of geocell layer PVC type-2 d/B = 0.5, 0.8,1,1.25,1.5 u/B = 0.06, H/B = 0.8
4 Effect of height of geocell layer PVC type-2 H/B = 0.5, 0.8,1,1.25,1.5,2 u/B = 0.06, d/B = 0.8
5 Effect of tensile strength of geocell 

layer
PVC type-1, PVC 

type-2 and PVC 
type-3

P1, P2 ,P3 u/B = 0.06, H/B = 1.25, d/B = 0.8

6 Effect of shape of Geocell PVC type-2 Circular, Annular, and Square 
shapes

u/B = 0.06, H/B = 0.8

7 Effect of layer and spacing PVC type-2 Single layer
2 layer, h = 0B
2 layer, h = 0.1B
2 layer, h = 0.3B

u/B = 0.06, d/B = 0.8, H/B = 0.8
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maximum benefit was obtained when the geocell mattress 
is placed at a depth 0.06B from the bottom of the footing. 
At a depth u = 0.06B, the presence of a small layer of sand 

cushion above the geocell layer that will avoid the direct 
contact between the geocell and footing. This thin layer of 
sand cushion will prevent buckling of geocell walls in an 
early stage, and this will result in maximum load carry-
ing capacity compared to the footing placed directly on the 
geocell. A decrease in load carrying was observed with an 
increase in the depth of the sand cushion between the geo-
cell and the footing due to lateral shifting of the soil mass 
during loading. When the geocell is kept at a greater depth 
from the bottom of the footing, there is a major reduction in 
improvement factor and surface heave become predominant 
as there is a significant shifting of sand in the lateral direc-
tion. It is very clear from the Fig. 7 showing the variation 
of improvement factor that improvement becomes marginal 
when the geocell layer is kept at a depth beyond 0.25B. 
Dash et  al. [3] conducted a test on strip footing on geo-
cell reinforced soil and the maximum pressure–settlement 
response was reported at u = 0.1B. From the Fig. 8 show-
ing the variation of surface heave or settlement for different 
u/B values, it is evident that surface heave/settlement was 
substantially reduced for reinforced soil in comparison with 

Table 3   Summary of 
improvement factor for test 
series 2–7

Test series Variable parameter Bearing capacity improvement factor

s/B = 5% s/B = 10% s/B = 15% s/B = 20%

2 u = 1B 1.55 1.46 1.59 1.61
u = 0.5B 1.72 1.62 1.71 1.88
u = 0.25B 2.62 2.19 2.13 2.02
u = 0.1B 3.18 2.69 2.71 2.62
u = 0.06B 3.44 2.78 2.82 2.87
u = 0B 3.05 2.59 2.8 2.6

3 d = 0.5B 4.2 3.52 3.4 3.2
d = 0.8B 3.44 2.78 2.85 2.87
d = 1B 3.34 2.73 2.82 2.85
d = 1.25B 3.27 2.71 2.81 2.77
d = 1.5B 2.87 2.55 2.39 2.3

4 H = 2B 4.25 3.02 3.12 3.08
H = 1.5B 4.58 3.39 3.39 3.34
H = 1.25B 4.34 2.91 3.03 3.01
H = 1B 4.1 2.8 2.93 2.96
H = 0.8B 3.44 2.77 2.85 2.96
H = 0.5B 2.73 2.21 2.3 2.1

5 P1 2.9 2.39 2.44 2.47
P2 3.82 3 3.35 3.08
P3 4.9 4.18 4.22 4.12

6 Circular 3.44 2.78 2.86 2.82
Square 3.73 2.95 2.96 2.9
Annular 4.58 3.78 3.66 3.63

7 Single layer 3.44 2.78 2.86 2.82
2 layer, h = 0B 4.07 3.09 3.06 3.09
2 layer, h = 0.1B 4.19 3.11 3.15 3.13
2 layer, h = 0.3B 4.17 3.1 3.02 2.91

Fig. 6   Pressure–settlement response representing the effect of place-
ment depth of geocell from bottom of the footing



	 Int. J. of Geosynth. and Ground Eng. (2017) 3:20

1 3

20  Page 6 of 11

the unreinforced soil. Minimum surface heave/settlement 
was observed at u = 0.06B.

Effect of Diameter of the Geocell

The plate load tests were carried out by changing the 
diameter of the geocell opening (d) as stated in test 
series 3. The pressure–settlement behaviour represent-
ing the influence of diameter of the geocell opening is 
shown in Fig.  9. The experimental results revealed that 
the load carrying capacity continuously increased with a 
decrease in the opening size of geocell. When the diam-
eter of geocell reduces, there is an increase in the con-
finement offered by the cell and that will provide greater 
resistance to lateral movement of sand. When pocket size 
increases, confinement provided by the geocell reduces 
and that will lead to larger settlement and surface heave. 

Fig. 7   Variation of improvement factor with different u/B values

Fig. 8   Surface heave/settlement for various u/B values

Fig. 9   Pressure–settlement response describing the effect of diameter 
of geocell opening

Fig. 10   Variation of improvement factor for different d/B values

Fig. 11   Surface heave/settlement for various d/B values
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The improvement factor different s/B % is shown in 
Fig. 10. The maximum improvement is noticed when the 
d/B ratio becomes 0.5. From the Fig. 11 showing the sur-
face heave/settlement, it is very clear that for higher d/B 
ratio, surface heave becomes more significant compared 
with the lesser d/B ratio. Similar findings were reported 
by Dash et al. [3]. When d/B is >1.25, the improvement 
in load carrying capacity becomes marginal as there is a 
reduction in confinement offered per unit volume of the 
sand.

Effect of Height of Geocell Layer

The plate load tests were performed on the geocell rein-
forced sand for different H/B values to investigate the 
influence of height of geocell layer (test series 4) on bear-
ing capacity. Figure  12 shows the pressure–settlement 
behaviour of reinforced sand for various H/B values. The 
increase in the height of geocell layer will offer better 
confinement against the lateral movement, and the more 
stiffened layer is obtained for load transfer which in turn 
leads to higher bearing capacity. The improvement fac-
tor for different s/B % is shown in Fig.  13 and effect of 
the height of geocell on surface deformation is shown in 
Fig. 14.

The significant improvement in bearing capacity was 
noticed when H/B increases from 0.5 to 1.5. However, 
the reduction in bearing capacity can be observed beyond 
H/B value of 1.5. The decrease in improvement in bear-
ing capacity may be due to lateral buckling happened for 
the geocell layer due to applied pressure and leading to 
the higher settlement rates [3]. The reduction in bearing 
capacity may also be due to the decrease in the density 

of sand which in turn results in higher settlement. Dash 
et  al. [3] conducted a test on strip footing reported that 
significant change in pressure–settlement response was 
not observed beyond H/B value of 2. Dash et  al. [5] 
performed a test on circular footing reported that local 
buckling of geocell walls results in lesser improvement 
beyond H/B ratio of 2.1.

Effect of Strength of Geocell Layer

The influence of tensile strength of geocell material on 
bearing capacity was investigated by conducting the load 
test on geocell made of three different polymers of varying 
thickness (test series 5). The pressure–settlement response 
is shown in Fig. 15. Geocell made of PVC-type 3 showed 
higher bearing capacity compared to PVC-type 1 and type 
2. The improvement in bearing capacity is mainly due to 

Fig. 12   Pressure–settlement response representing the effect of 
height of geocell

Fig. 13   Variation of improvement factor with different H/B values

Fig. 14   Surface heave/settlement for various H/B values
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higher strength value exhibited by the PVC-type 3 poly-
mer compared to other polymers. The bearing capacity 
improvement factor for different s/B % is shown in Fig. 16, 
and the effect on surface deformation is shown in Fig. 17. 
Geocell made of PVC-type 3 showed higher performance at 
higher settlements due to its better stiffness value. Improve-
ment factor for the type-3 polymer was obtained as 4.12 for 
s/B of 20%. Experimental results proved that strength and 
stiffness of geocell material plays a vital role in imparting 
the strength.

Effect of Shape of Geocell Layer

Three different shapes of geocell such as circular, square 
and annular shapes were fabricated in the present study 
using PVC-type 2 polymer (test series 6). The different 
forms of geocells are shown in Fig.  18. One annular cell 
was formed by joining the ends of two circular cells which 
have the same center with different radii, arranged one cell 
inside the other. The same quantity of material was used 
for making a square and circular form by keeping the same 
perimeter, whereas almost 40% extra material used for 
fabricating the annular form. Typical pressure–settlement 
response representing the influence of geocell shape is 
shown in Fig. 19. For the same quantity of material, square 
and circular forms showed almost comparable improve-
ment in load carrying capacity. It is evident from the 
experimental results that annular form shows an improve-
ment of 28.5% more compared with the circular and square 
form for s/B = 20% due to increased stiffness offered by the 
inner and outer cell against lateral movement. The annular 
shape geocells can be used in the cases where more bear-
ing capacity is required from a single layer of geocell. From 
the Fig. 20 showing the effect on surface deformations, it is 
evident that settlement and surface heave were considerably 
lesser for annular geocells.

Effect of Layer and Spacing of Geocell

Series of plate load test were conducted by placing two 
layers of geocell by varying the spacing between the lay-
ers (test series 7). Top geocell layer was placed at a depth 
of 0.06B under the model footing and the second layer was 
positioned at a spacing of h = 0B, h = 0.1B and h = 0.3B 
from the bottom of the first geocell  layer. Typical pres-
sure–settlement response representing multi-layer effect 
at different spacing is shown in Fig.  21. From the pres-
sure–settlement response, it is very clear that bearing 
capacity improvement of two layer system is only mar-
ginal when compared with the single layer system. The 
variation in improvement factor for two layer geocell sys-
tem  of varying spacing with different s/B % are shown in 
Fig. 22 and surface heave/deformation is shown in Fig. 23. 

Fig. 15   Pressure–settlement response representing the effect of ten-
sile strength of geocell

Fig. 16   Variation of improvement factor with geocell tensile strength

Fig. 17   Surface heave/settlement of polymers of varying tensile 
strength
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For s/B = 20% improvement factor for two layer system is 
3.13 whereas one layer system has an improvement fac-
tor of 2.82. Reinforcement should be provided within in 
the pressure bulb to attain the maximum benefit in terms 
of the load carrying capacity. As the testing was done with 
the model footing of relatively smaller size compared to the 
original foundation, the depth of pressure bulb is not that 
deep. Hence two layer geocell of sufficient height is placed 
beneath the footing; the second layer may cross the pres-
sure bulb if the spacing between the layers is increased. In 

such cases, the improvement attained by a multilayer sys-
tem will be marginal compared with the one layer system 
of sufficient height.

A minor improvement in load carrying capacity was 
noticed when two geocell layers are placed without any 
spacing. When the two geocell layers are placed with-
out any spacing, it will act as a one layer system with a 
height two times the original height. This study has already 
noticed that there is a decrease in load carrying capacity 
when the height of geocell layer increases beyond 1.5B. 

Fig. 18   Shapes of geocell a circular form, b annular form and c square form

Fig. 19   Pressure–settlement response representing the effect of shape 
of geocell Fig. 20   Surface heave/settlement for different shapes of geocell
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The optimum spacing of two layers is obtained as 0.1B. If 
the size of the footing is relatively larger, a multi-layer sys-
tem with sufficient spacing will be able to offer a higher 
load carrying capacity compared with one layer system.

Conclusions

This paper has examined the behaviour of geocell rein-
forced sand under a square footing by varying the geomet-
ric parameters and strength of geocell layer. This paper has 
also examined the effect of the multi-layer system with dif-
ferent spacing on bearing capacity improvement. The fol-
lowing conclusions are drawn from the present study

•	 The pressure–settlement response of square footing rest-
ing on geocell reinforced sand showed improved perfor-
mance in bearing capacity than unreinforced sand

•	 A noticeable reduction in surface heave and footing set-
tlement was observed in geocell reinforced sand.

•	 The highest improvement in load carrying capacity was 
noticed when the geocell was placed at a depth of 0.06B 
from the footing base. A thin layer of sand between geo-
cell and footing would avoid the direct contact and helps 
to distribute the loads evenly.

•	 The improvement of the geocell reinforced system is 
considerable up to a height equal to 1.5B. A remarkable 
improvement was not noticed beyond this height.

•	 The inverse relationship was observed between the load 
carrying capacity and the diameter of the geocell open-
ing. When the diameter of the opening is reduced, the 
confinement offered for the sand increases which in turn 
improve the bearing capacity.

•	 The experimental results showed that the strength and 
stiffness of geocell layer confining the soil has a crucial 
role in imparting the strength

•	 For the same quantity of material, square and circular 
forms showed almost comparable improvement in load 
carrying capacity.

•	 The annular form shows an improvement of 28.5% 
more compared with the circular and square form for 
s/B = 20% due to increased stiffness offered by the inner 
and outer cells against lateral movement.

•	 The two layer system gives only marginal improvement 
(If = 3.13) when compared with the single layer system 
(If = 2.82).

•	 The maximum load carrying capacity in a two-layer sys-
tem was noticed when geocells were placed at a spacing 
of 0.1B.

•	 If the size of the footing is relatively larger, a multi-layer 
system with sufficient spacing will offer better load car-
rying capacity compared with single geocell layer sys-
tem.

Fig. 21   Pressure–settlement response representing the effect of layer 
and spacing of geocell

Fig. 22   Variation of improvement factor for two layer geocell system 
of varying h/B values

Fig. 23   Surface heave/settlement for one layer and two layer geocell
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