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Abstract

Although geocells are widely used, most current research focuses on improving the bearing capacity of foundations. Only few
studies have investigated the shear strength of soil reinforced by geocells, especially the shear plane characteristics, which are
important design consideration. A series of large-scale direct shear tests was conducted on fine sand to investigate the shear
plane behavior influenced by different parameters including cell size (509.6 cm? and 2041.8 cm?), geocell angle of inclina-
tion to the horizontal plane (0° and 45° + ¢/2), and normal stress (100 kPa, 200 kPa, 300 kPa, and 400 kPa) on the sample
in reinforced and unreinforced soil. To study the shear strength of the shear plane in unreinforced and geocell-reinforced
conditions, shear characteristics mobilized at the shear plane including apparent cohesion, friction angle, and dilation were
evaluated. The results revealed that smaller cells produce a better reinforcement effect; the geocell angle of inclination to the
horizontal plane has an effect on the shape of the shear displacement versus shear stress curve. An angle of 0° produces a
strain-softening curve, and the curve with a geocell angle of 45° + ¢/2 produces shear stress that continues to increase with
displacement. It has been reported that increasing normal stress weakens the ability of geocells to reinforce soil under both
maximum shear stress conditions and the residual conditions. Contraction was observed at the beginning of the test, the
dilation gradually decreased with an increase in normal stress. The main factor influencing the dilation is geocells’ angle of
inclination to the horizontal plane; the cell size has little effect on the dilatancy of the samples.
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Introduction Wen 2008; Madhavi Latha and Somwanshi 2009; Chen

et al. 2013a,b; Hegde and Sitharam 2013; Neto et al. 2013;

In recent years, geocell applications have grown rapidly
owing to their cost-effectiveness, environmental friendli-
ness, durability, and ease of use (Hegde 2017). Geocells
are often used to strengthen a foundation and increase the
bearing capacity of footings (Thallak et al. 2007; Zhou and
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Moghaddas Tafreshi et al. 2015; Biabani et al. 2016; Abdul-
muttalip and Gizem 2021). It has been demonstrated that
geocells are an ideal material for significantly improving the
bearing capacity of a foundation and reducing settlement;
the effects of geocell geometry, foundation bed properties,
and soil materials have also been studied. Dash Sujit (2010,
2012) reported the influence of relative soil density and
geocell type on the performance improvement with geocell
reinforcement, indicating that a high relative density and a
smaller geocell produce a better reinforcement effect. Tava-
koli Mehrjardi et al. (2019) studied the scale effect on the
behavior of geocell-reinforced soil. It was recommended that
the cell size, particle size, and foundation width are propor-
tional to each other to obtain the best reinforcement effect.
In addition to foundation reinforcement, geocells are
also used to strengthen slopes and build retaining structures
(Yang 2005). In retaining walls, geocell reinforcements are
mainly subjected to lateral earth pressure, and the shear
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resistance of the soil reinforced by geocells is particularly
critical. Chen et al. (2013b) presented a numerical analysis
of the behavior of geocell-reinforced retaining structures
with different layouts. It was found that extending the length
of geocells in some layers to serve as reinforcement reduced
the deformation of the structure and decreased the potential
slip zone. Song et al. (2018) conducted numerical analyses
on the failure mode of geocell-reinforced retaining walls;
the results indicated that the failure surface will cut through
the retaining wall and finally develop to the wall toe when
friction angle >20°. Khorsandiardebili and Ghazavi (2021)
proposed an analytical approach to investigate the stability
of geocell-reinforced slopes; this approach considered each
geocell layer as a beam providing bending and shear resist-
ance in addition to axial strength to optimize the lengthy
reinforcement system.

Researchers tend to use triaxial tests to explore the shear
strength of geocell composites. Bathurst and Karpurapu
(1993) revealed that the stiffening effect and strength
increase imparted to the soil through enhanced confine-
ment and a simple elastic membrane model can be used
to estimate the additional apparent cohesion present in the
composite structure. Chen (2013) found that cell size is the
most significant factor affecting the apparent cohesion; and
circular cells induce the highest apparent cohesion. Raja-
gopal et al. (1999) investigated the effect of geocell stiff-
ness on the overall performance of a geocell-soil composite
using fabricated geocells. Zhang et al. (2006) reported that
3-D reinforcement increases both apparent cohesion and the
angle of internal friction in the soil. Besides triaxial tests,
direct shear tests are widely used to investigate the shear
plane’s strength. But research on the interface characteris-
tics of soil and geosynthetics focuses mainly on geogrids
(Liu et al. 2009; Lopes and Silvano 2010; Ferreira et al.
2015; Hatami and Esmaili 2015). Yang (2005) chose loess
and sand as soils to study the strength of reinforced soil,
with the geocell-soil composite sheared in the horizontal
and 45° to the horizontal plane. Wang et al. (2008) found
that the unreinforced soil and geocell-reinforced soil give
similar nonlinear features on the behavior of shear stress
and displacement. Tavakoli Mehrjardi and Motarjemi (2018)
reported that the shear strength at the geocell—soil interface
was increased by increasing the median grain size and rela-
tive density of the soil. Arvin et al (2021) conducted large-
scale shear test on the geocell-geofoam composite samples
and found that inclusion of the geocell leads to a consider-
able increase in the shear strength and a great decline in the
compressibility of the geofoam. Simoni and Houlsby (2006)
reported that the presence of coarse particles can improve
the shear strength and dilatancy through direct shear tests on
the sand—gravel mixture. Ferreira et al. (2015) found that the
vertical contraction of the looser soil tended to increase with
applied normal stress and soil moisture content. In direct
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shear tests with denser soil samples, the soil dilation tended
to increase with decreasing normal stress and moisture con-
tent. Afzali Nejad et al. (2018) confirmed that both the peak
and maximum dilation angles of sand—geosynthetic inter-
faces are affected by soil inherent anisotropy.

The stress applied on the shear plane is very complicated;
to study the characteristics of the geocell-reinforced shear
plane, the angle of 0° and 45° 4+ ¢/2 inclined geocell was
introduced in this study, where ¢ represents the friction
angle of the soil, and it can be obtained through a direct
shear test on unreinforced soil. This study investigates the
effect of geocell properties on the shear strength of the plane
and estimates the effectiveness of geocell reinforcement; the
dilatancy of the geocell-reinforced sand was considered as
well. It is meaningful for the study of the characteristics of
shear plane and also has reference value in the application
of geocell-reinforced earth retaining walls.

Test materials

In this study, fine sand and geocells with different dimen-
sions were used as test materials, and a pair of large-scale
shear boxes was created for the direct shear tests. Auto-
matic hydraulic system was the source of horizontal force
applied on the shear boxes. The vertical force is provided
by the reaction frame and a jack. In addition, many other
devices such as pressure sensor and dial indicators are also
necessary.

Geocells

A geocell is a type of honeycomb structure constructed of
heat-bonded nonwoven (HBNW) strips. Two strips were
connected by seams to form a three-dimensional grid, and
two types of geocells were used in this study. The distance
between the seams of each cell was 400 mm and 800 mm,
resulting in the cells with an area of 509.6 cm* and 2041.8
cm?, respectively. The thickness and height of the cell are
customized according to different application requirements,
and the cell thickness and height in this paper are 1.75 mm
and 20 cm. The physical properties can get from manu-
factures, but the parameters related to raw materials such
as tensile strength must be obtained through experiments.
The characteristics of the cell are greatly affected by the
strip material, and the cause of cell failure is stretching; to
investigate the ultimate tensile strength of the strip, a tensile
test of strip was carried out according to Test Methods of
Geosynthetics for Highway Engineering (JTG E50-2006).
It was found that the ultimate tensile strength of the strip is
14.2kN/m, which illustrated that the cell has a high tensile
strength and can withstand great tensile stress. The surface
of the geocell is textured, and it can increase the friction
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with the soil. Table 1 summarizes the properties of the geo-
cells used in this study.

Large-scale shear box

To study the characteristics of the shear plane, a pair of
shear boxes including a lower box and an upper box was
constructed for the large-scale shear test. The box material
is a steel plane with a thickness of 20 mm and a height of
200 mm, and the steel plates are connected by bolts to form a
frame. The shear box is a square with a side length of 40 cm.
During the test, the upper box was fixed, and a horizontal
force was applied to the lower box to achieve shearing. The
soil sample was covered with a steel plate to transmit the
vertical pressure exerted by the jack and the reaction frame.
Actually, large-scale shear box has an impact on the shear
strength, and the normal force in the shear plane is induced
not only the exerting force but also the weight of the upper
box with soil and the rolling friction force at the fixed end
of the upper box.

Table.1 Technical indicators of geocells

Properties Unit Value

Density g/em® 0.96

Cell area cm? 509.6 and 2041.8
Cell height mm 200

Cell thickness mm 1.75

Ultimate tensile strength kN/m 14.2

Cell area refers to the area of the equivalent circle for each cell
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Fig. 1 a Particle grading curve of the soil. b Compaction curve of the soil

Dry density p,; (g/em®)

To avoid friction, a gap between the upper box and the
lower box was created (Fig. 2a and b), and the lubricant was
applied between the boxes to reduce friction. Both the lower
box and the bottom plates were equipped with tracks, and
two rows of steel balls were placed in the tracks. However,
there still be rolling friction; the measured horizontal force
is the sum of the shear force in the shear plane but also
the rolling friction between the box and the tracks. Besides,
the force systems generate a moment in the shear plane.
Although the large shear box can meet the requirements
for investigating the shear strength of the soil reinforced by
geocells, the error caused by the apparatus should be con-
sidered. To evaluate the impact of the large shear box on the
test, the inherent resistance of the device was measured to
calibrate the large-scale direct shear apparatus; in addition, a
series of standard direct shear tests on fine sand was carried
out as control group.

Soil

The soil is SP-SM (poorly graded sand with silt) as per Uni-
fied Soil Classification System; its particle grading curve
was obtained through a sieve test, as shown in Fig. 1a. The
grain size results indicate that 92.2% of the particles were
between 0.425 mm and 0.075 mm in size and 7.8% of the
particles were smaller than 0.075 mm, including silt of 6.7%
and clay of 1.1%.

It was determined through a compaction test that the
maximum dry density of the soil was 1.635 g/cm® and the
optimum water content was 9.5%. Figure 1b shows the com-
paction curve of the soil, which is different from that of the
cohesive soil. The curve has two peak points, corresponding
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Table.2 Properties of the soil

Properties Value
Specific Gravity (Gs) 2.66

Wet density (p) 1.87 g/cm3
Maximum dry density (p,,,,) 1.64 g/em®
Optimum water content (w,,) 9.5%

Void ratio (e) 0.68
Table.3 Test program

Testno  Soil Sample  Cell area (cm?)  Angle

1 Sand S — 0°

2 Reinforced sand  RS400 509.6 0°

3 Reinforced sand ~ RS800 2041.8 0°

4 Reinforced sand ~ RS400* 509.6 45° + /2
5 Reinforced sand ~ RS800*  2041.8 45° + /2

1. S sand, R reinforced

2. “400” indicates the distance between two seams of the cell was
400 mm; “800” indicates that this distance was 800 mm. An angle
0f45°+¢@/2to the horizontal plane is indicated by “*”; otherwise, the
angle is 0°

to water contents of 9.5% and 16.5%. During the test, the
dry density gradually increased with the water content, then
reaching the first peak, and as the water content further
increased, the dry density reached the second peak point
and then drops down. The properties of the soil are presented
in Table 2.

Test program

Five experimental groups were designed according to rein-
forcement, cell area, and the geocell angle of inclination to
the horizontal plane (Table 3). Test 1 was unreinforced; the
other tests used geocells reinforcement with different cell
areas and geocell angles in the apparatus.

The soil should be compacted under the optimal water
content condition. The weight of soil was calculated based
on the volume of the box V, the compaction degree, the
maximum dry density p,,,..» and the optimum water content
w,,,- When preparing the soil samples, the geocell was paved
in the lower box firstly. Then the soil was poured into the
mold in several layers of about 5 cm thickness. Layers were
compacted by a light hammer. The upper box was placed
over the lower box, and the operation was repeated until the
upper box was filled. To simulate the subgrade retaining
wall, the compaction degree in the test is 93%.

Before the shear test with a 45° + ¢/2 inclined geocell (¢
is friction angle of the soil), the position of geocell in the
apparatus should be determined. Firstly, draw a 45° 4 ¢/2
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line on the shear box, then infill the box and compact it fol-
lowing the line, and pave the geocell on the soil wedge. To
compact the soil in the geocell, a light hammer was used,
with a cylindrical head of steel; this hammer head can detach
from its body and fit the size of each cell. The soil in the
boxes should be compacted according to the compaction
degree. Two schematic views of the direct shear apparatus
are shown as Fig. 2a and Fig. 2b, the arrangement of 0° and
45°+ /2 cell layer in the test is shown as Fig. 2¢ and Fig. 2d.

A horizontal servo loading system was used in the tests;
the normal force was provided by the reaction frame and a
jack and was measured by a pressure sensor between the
frame and the jack. The value of normal force exerted on the
box cap is shown in Table 4.

During the test, the shear speed was 0.8 mm/min until
failure. There are usually two criteria for the failure value.
If the shear—stress displacement curve had a significant peak
or a stable value, this value was used as the shear strength
value. If the shear stress increased with shear displacement
and there was no peak or stable value, the shear stress cor-
responding to a selected shear displacement was used as
the shear strength value. Generally, the maximum shear dis-
placement is 1/15-1/10 of the sample diameter, accordingly;
the termination condition for this test is that the shear force
is reduced or the shear displacement reaches 40 mm. During
the shearing, all data including the displacement of the box,
the shear force, the normal force, and dilation were recorded.

Prior to shearing, normal stress was applied to the sam-
ples for 1 h to stabilize the particles from any possible creep.
During the test, the horizontal displacement and force were
measured by the servo loading system and recorded through
the host computer; vertical displacement was measured by
dial indicators. Many of the tests were repeated three times
to check the consistency of the results.

Results and discussion

Figure 3 presents the shear—stress and shear displacement
curves for all five experimental conditions under normal
stresses of 100 kPa (Fig 3a), 200 kPa (Fig 3b), 300 kPa (Fig
3c), and 400 kPa (Fig 3d). Test 1, represented by the letter
“S,” used the fine sand soil without geocells; the shear stress
of the shear plane was obviously smaller than in other tests
(Table 5), indicating that the presence of geocells signifi-
cantly improved the shear strength of the soil regardless of
the normal stress.

In the initial stages of the test, all shear stresses
increased rapidly before the curve stabilized; however,
their stabilization paths were different. For the first three
test conditions (S, RS400, RS800), with an geocell angle of
0° to the horizontal plane, the displacement—stress curves
exhibited a peak point, indicating that the maximum shear
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Fig.2 Schematic view of direct shear apparatus

Table.4 Normal force acting on box’s cap

Box area (mm?) Normal force (kN)
100 kPa 200 kPa 300 kPa 400 kPa
400 x 400 16 32 48 64

stress decreased to a specific residual shear strength. How-
ever, test 4 (RS400%) and test 5 (R§800%) did not show
this phenomenon; as the shear displacement increased,
their curves continued to increase without yielding, but
the growth rate slowed. When the angle is 45° + ¢/2 to
the horizontal plane, the shear plane can withstand greater
shear stress. This implies that geocell improves the shear
strength of the hybrid plane, because the shear plane
consists of soil and geocell, and the geocell provides a
great tensile strength. In addition, the shear displacement

[OHONONONONONONONO)

| |
(b)

(d)

corresponding to the peak point increased with an increase
in the normal stress. In other words, under heavy normal
stress, the appearance of the peak point is delayed.

To evaluate the ability of geocells to reinforce fine sand,
the ratio of the shear strength of reinforced soil (z,,,, ) t0
the shear strength of unreinforced soil (z,,,,,),; is defined as
an influencing factor. In Table 6, the value (7,,,)r/ (o) soi
varies between 1.09 and 1.36; a value greater than 1.0 indi-
cates that the geocell enhances the shear plane irrespective
of cell area and angle conditions. However, by comparing
different cell sizes, it was found that although small cells
can provide better reinforcement, the difference is small; the
use of larger geocells may provide better economic benefits.
An increase in normal stress hinders the positive effect of
geocell reinforcement on the shear plane; that is, the rein-
forcement effect of the geocell is more obvious when the
vertical stress is lower.

@ Springer
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Fig.3 Shear stress versus shear displacement of direct shear test under different normal stresses

Maximum apparent cohesion

By comparing the results obtained from the standard direct
shear test (represented by S,) and the large-scale direct shear
test, it can be found that the cohesion and friction angle
obtained by large-scale shear test are greater, especially
cohesion. It is inferred that due to the larger model, the roll-
ing friction between the lower box and the tracks and the soil
weight in upper box were magnified, and the loading sys-
tems including horizontal and vertical loading system could
generate a moment on the sample, resulting in unreinforced
sand exhibits false cohesion.

To study the shear strength of the reinforced soil, the lin-
ear Mohr failure envelopes under maximum and residual
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conditions were exhibit in Fig. 4. It can be found that the
envelopes of RS400 and RS400* are above RS800 and
RS800%, indicating that smaller cells produce better rein-
forcement effects because their tightening rate is greater than
that of larger cells.

For reinforced soil, the intercept between the failure enve-
lope and the y-axis is considered the apparent cohesion. It
was observed that geocells greatly strengthened the apparent
cohesion of the soil. The analysis is as follows.

The effect of cell size on apparent cohesion is expressed
as increasing apparent cohesion with decreasing cell size.
The apparent cohesion of sample S is 5.94 kPa; RS400 and
RS800 are 11.25 kPa and 9.58 kPa, 1.9 times and 1.6 times
greater than for S, representing an increase of 89.4% and
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Table.5 Results of maximum shear stress under different normal stresses

Maximum shear stress (z,,,,.) (kPa)

Sample

Test no

0, =400 kPa

6, =300 kPa

6, =200 kPa

0, =100 kPa

303.75

226.25

157.67

81.21
91.25
88.75
110.63

340.79

266.13

180.02

RS400
RS800

337.25

261.37

178.13

360.00

287.22

188.65

RS400*

356.08

271.75

186.88

106.88

RS800*

Table.6 Values of influence factor under maximum shear stress con-
dition

Sample (Tmax)R/(Tmax)Soil

6, =100kPa o, =200kPa o, =300kPa o, =400 kPa

RS400 1.12 1.14 1.18 1.12
RS800 1.09 1.13 1.16 1.11
RS400* 1.36 1.20 1.27 1.19
RS800% 1.32 1.19 1.20 1.17
400
=S ———Maximum condition
350 ° RS400 ... Residual condition
e RS800
300 & RS400*
= A RS800*
% 250 . S
5‘ 500 *  RS400,,,
Z % RS800,,
St
S 150}
17
100
50
0 1 1 1 1
0 100 200 300 400

Normal stress (kPa)

Fig.4 Linear Mohr failure envelopes under maximum and residual
conditions

61.3%, respectively. When the angle that inclination to the
horizontal plane is 45° + @/2, the increase is even greater,
reaching 315.7% (RS400*) and 268.4% (RS800%*). The influ-
ence of the angle of inclination to the horizontal plane on
apparent cohesion is greater than the influence of cell size.
For comparison, the apparent cohesion of RS400* is approx-
imately 2.2 times that of RS400 and 4.2 times that of S. The
reason is that the geocell wraps soil to form a hybrid plane,
and the strength of the shear plane is a combination of the
geocell and soil resistance to the applied stress (Table 7).

Maximum friction angle

The angle between the Mohr failure envelope and the hori-
zontal axis represents the internal friction angle of the soil.
Through experiments, it was found that the geocell can
increase the friction angle of the fine sand, but the improve-
ment is limited.

Table 8 summarizes the interface friction angle for all five
sample types. In the horizontal shear test, the friction angles
of RS400 and RS800 increased by 3.18° and 3°, representing
an increase of 8.7% and 8.2%, respectively. In the inclined

@ Springer
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Table.7 Interface’s apparent cohesion for all 5 types sample
Testno  Sample  Apparent Increased Increased ratio
cohesion value (kPa) §
(kPa) §
1 S, 1.52 — I
2 s 5.94 — &
3 RS400 11.25 5.31 89.4%
4 RS800 9.58 3.64 61.3%
5 RS400*  24.69 18.75 315.7%
6 RS800*  21.88 15.94 268.4% - o o
o = X
o2 X
AN N oon
Table.8 Interface’s friction angle for all 5 types sample
Testno Sample Friction angle (°) Increased Increased ratio §
value (°) §
1 S, 36.10 i
2 S 36.66 —
3 RS400  39.84 3.18 8.7%
4 RS800  39.66 3 8.2%
5 RS400*  40.28 3.62 9.9%
6 RS800*  39.93 3.27 8.9% § § §
SIS
shear test with an angle of 45°+ ¢/2, RS400* and RS800* -
increased by 3.62° and 3.27°, representing an increase of &
9.9% and 8.9%, respectively. The effect of geocells on the §
friction angle of fine sand is less significant than the effect I
on apparent cohesion. ©
Generally, confinement by the geocell increased the
apparent cohesive strength of the fine sand; an increase
in the internal friction angle had little effect on the shear =
strength. § Qe
g ¢ 8
Residual shear strength 2 -7
g
For the residual shear strength of the samples, this study g g
only examined the first three test conditions (S, RS400, § =
RS800) because there were peak points on their shear—stress % CTT g o
displacement curves. Table 9 presents the residual shear é sl g g
stress of each sample under different normal stresses. It is
obvious that the residual shear strength increases with an
increase in normal stress with or without geocell reinforce-
ment. As with the maximum shear strength, the residual =)
strength of soil with geocell reinforcement is greater than § é. § §
that of unreinforced soil; RS400 demonstrated the greatest = |8 v 22
residual strength. 2
Figure 4 also shows the residual shear strength enve- E
lopes for the first three test conditions. The residual fric- %
tion angle and apparent cohesion values are presented in i o
Table 10. Compared with the maximum strength parameters, %' ;
the friction angle and the apparent cohesion are reduced by S e - & o

@ Springer
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Table.10 Interface’s residual shear strength parameters 12
Test no Sample Friction angle Apparent —S 6,~100kPa A
@res () cohesion ¢, op T RS400 5 r00kPa a
(kPa) — RS800 300k
—— 0,=300kPa R
- -o- - RS400* ;
S 35.4 28 8 __A--RS800* 6,=400kPa .
RS400 376 8.4 E '
RS800 37.2 16.0 zor
]
=
B 4r
1.3°-2.5° and 2.85-6.42 kPa, respectively. The decrease in 5L
the residual friction angle is small, which is mainly reflected
in a decrease in the apparent cohesion. Geocell reinforce- ol

ment mainly affects the apparent cohesion.

To assess the geocell reinforcement capability in improv-
ing the shear characteristics of the interface under resid-
ual conditions, the influence factor (z,,,)g/(%,05)s,; Was
studied in this section (Table 11). As with the results for
maximum shear stress, the geocell can provide additional
reinforcement, but the values are slightly smaller than
(Tpnar) R/ Tmax)soi» indicating that the reinforcement effect
becomes weaker, and excessive normal stress reduces the
effect. Under heavy normal stress, the internal stress in the
soil-geocell composite is increased when subjected to shear-
ing. Although the geocell has better ductility and the surface
may not be damaged, the geocell seam may not be able to
withstand such pressure.

Dilation

It is known that the volume of sand changes when sub-
jected to shearing. Normally, low-density sand shrinks and
medium-density sand undergoes dilation. However, geocells
were not considered in previous studies. Due to a lack of
relevant specifications for geocells/geosynthetics, there are
few studies on the interface between two layers of geocell-
reinforced soil. This paper investigated the strength of the
shear plane and also the change in the sample volume, that
is, the vertical displacement during the shearing process.
To better understand the volume change in samples
reinforced by geocells, the dilation of samples under dif-
ferent normal stresses was studied. Figure 5 plots dila-
tion versus shear displacement for all tests under normal
stresses of 100-400 kPa. At the beginning of the test, the
geocell-reinforced and unreinforced soils both undergo a

Table.11 Values of influence factor under residual condition

Sample (TVC’A')R/(TTL’J)SOH

6, =100kPa o, =200kPa o, =300kPa o, =400 kPa
RS400 1.13 1.20 1.17 1.08
RS800 1.05 1.18 1.13 1.07

0 10 20 30 40
Shear displacement (mm)

Fig.5 Dilation versus shear displacement of direct shear test under
different normal stresses

vertical contraction as the shear displacement is small; the
contraction is proportional to the normal stress. Due to the
confinement effect of the geocell on the soil, the contrac-
tion of the geocell-reinforced soil is smaller than that of
the unreinforced soil; the samples exhibit dilatancy with an
increase in shear displacement. When the normal stress is
smaller, the samples exhibit stronger dilatancy and greater
vertical displacement. When the angle is 45° + ¢/2 to the
horizoantal plane, the dilatancy displacement is significantly
greater than that of the angle of 0°; when the angles are
the same, the size of the cell has little effect on the vertical
displacement.

This can be interpreted as follows: when the geocell is
45° + @/2 inclined in the shear box, the shear plane consists
of soil and geocell, which causes a heterogeneous compres-
sion modulus. When the sample is subjected to vertical
loads, the reinforcement soil shrinks unevenly, resulting in
the two boxes moving to form a gap that increases vertical
displacement, especially under heavy normal stress. Figure 6
shows the gap that the RS800* sample was sheared under
400 kPa normal stress.

Although the geocell provides greater strength when sub-
jected to inclined shearing force, under heavy vertical load,
the shearing force may cause damage to the cell wall, result-
ing in internal damage to the composite.

Conclusions
When geocells are subjected to lateral earth pressure, the

shear strength of the geocell-reinforced soil must be con-
sidered. To investigate the interface behavior influenced by
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Fig.6 The gap between boxes during shearing process under 400 kPa
normal stress (RS800%*)

cell size, geocell angle to the horizontal plane, and normal
stress on the samples in reinforced and unreinforced soil,
several large-scale direct shear tests were conducted, and
the following conclusions were obtained:

(1) The geocell significantly enhanced the shear strength of
the shear plane. During the shearing process, different
geocell angles to the horizontal plane produce differ-
ent stress—displacement curves. When the angle to the
horizontal plane is 0°, the curve is a strain-softening
type. When the angle is 45° + /2, the curve continues
to grow.

(2) The improvement in strength is mainly reflected in
the increased apparent cohesion of the shear plane; an
increase in the friction angle has little effect on the
shear strength. Small cells can provide greater shear
strength, and the reinforcement effect weakens when
the normal stress is large, both under maximum and
residual shear stress.

(3) The geocell angle to the horizontal plane greatly affects
the characteristics of the shear plane. It can be inter-
preted that the shear force acts directly on the hybrid
shear plane that consists of soil part and geocell part;
the total strength is a combination of the geocell and
soil resistance to the applied stress.

(4) This study also investigated the vertical displacement
during the shearing process. Contraction was observed
at the beginning of the test; as the shear displace-
ment increased, the vertical displacement gradually
increased. When the normal stress was smaller, the
samples exhibited stronger dilatancy and greater verti-
cal displacement. The main influencing factor is the
geocell angle to the horizontal plane; cell size has little
effect on the dilatancy of the samples.
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