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Abstract This paper summarizes the development of a
three-dimensional numerical model for analyzing single
geocell-reinforced soil. In this model, the infill soil was
modeled using the Duncan-Chang model, which can
simulate non-linearity and stress-dependency of soil.
Geocell was modeled using linearly elastic plate elements,
which can carry both bending and membrane stresses. A
linear interface stress-strain relationship with a Mohr-
Coulomb yield criterion was adopted to model the
interface friction between the geocell wall and the soil.
By modeling the geocell and the soil separately, the
interaction between the soil and the geocell can be
accurately simulated. To verify this model, a plate load
test was conducted in the laboratory, in which a 12-cm-
thick sand layer reinforced by a single geocell was
subjected to a vertical load from a circular steel plate.
The load-displacement curves and the horizontal tensile
strain of the geocell were recorded during the test. A
numerical model was created according to the setup of the
load test. The numerical results compared reasonably well
with the test data.

Keywords geosynthetic reinforcement, geocell, numer-
ical model, FLAC?P

1 Introduction

The term “geocell” refers to cellular (often honeycomb
shape when expanded) geosynthetic products (see Fig. 1).
It was originally developed by the US Army Corps of
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Engineers for quick stabilization of sand in the military
field [1]. Compared to planar geosynthetic products (e.g.,
geogrid and geotextile), geocell can provide better lateral
confinement to infill soils. The reinforced composite
formed by the geocell and the infill soil has a higher
stiffness and shear strength than the unreinforced soil. In
recent years, geocell is increasingly used to reinforce road
bases, slopes, retaining walls, and foundations.

A number of laboratory studies in Refs. [2-9] and field
applications [10,11] have demonstrated the benefits of
using geocell for soil reinforcement. Meanwhile, analytical
and numerical models were also developed by researchers
to investigate and predict the increase in shear strength and
stiffness due to the geocell reinforcement. Bathurst and
Karpurapu [12] conducted large-scale triaxial compression
tests on single-geocell reinforced granular soils. After
analyzing the Mohr-Circles (at failure) of the granular soil
with and without geocell confinement, they proposed using
apparent cohesion ¢, to account for the increased strength
of the geocell-soil composite. Bathurst and Karpurapu [12]
also derived the approximate solution for estimating c,
without performing large-scale triaxial tests on the geocell-
soil composite (Eq. (1)):

_Aoy(m ¢
Cr_ 2 <4+2>7 (1)

where ¢ is the friction angle of the infill soil. The increased
confining pressure Aoz due to the membrane effect of the
geocell can be estimated using Eq. (2) derived by Henkel
and Gilbert [13]:
2M<1\/183>
Aoy = ("),
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where d is the initial diameter of the geocell pocket. &, is
the axial strain of geocell-soil composite, assuming the
geocell and the soil deform together as a right cylinder. M
is the secant modulus of the geocell material corresponding
to the axial strain ¢,. In order to use Egs. (1) and (2) to
calculate the apparent cohesion ¢, of the geocell-soil

THE AUTHORS WARRANT THAT THEY WILL NOT POST THE E-OFFPRINT OF THE PAPER ON PUBLIC WEBSITES.



234

Front. Archit. Civ. Eng. China 2010, 4(2): 233-240

Fig. 1

composite, a constant value of ¢, throughout the reinforced
layer was often assumed.

In order to determine the increased stiffness of the
geocell-reinforced soil, Madhavi Latha [14] proposed the
following empirical equation:

K, = K, +200M°'°, (3)

where M has the same meaning as that in Eq. (2). K, and K,
are the dimensionless modulus numbers of the geocell-soil
composite and the unreinforced soil respectively. The
modulus number K is a parameter of the hyperbolic
constitutive model (also known as the Duncan-Chang
model) for soil developed by Duncan and Chang [15].

With Egs. (1)-(3), the geocell-reinforced soil can be
simplified to a layer of homogeneous and isotropic
composite material with the estimated equivalent strength
and stiffness parameters [16,17]. The equivalent model of
the geocell-soil composite can be easily incorporated into
two-dimensional numerical analyses; however, it cannot
accurately model the three-dimensional geometry of
geocell. In addition, the assumptions used for Eqs. (1)—
(3) may become questionable in some cases. For example,
if the geocell-reinforced layer is subjected to a concen-
trated vertical force (e.g., wheel load, strip footing, etc.),
the axial strain &, in the geocell-reinforced layer may vary
considerably at different distances to the location of
loading. In other words, the stiffness of the geocell-soil
composite is non-uniform in such a case due to the non-
uniform confining stress provided by the geocell.

To overcome this issue, researchers developed improved
numerical models for geocell-reinforced soils. Han et al.
[18] modeled a series of laboratory load tests where the
geocell-reinforced bases (over a soft subgrade) of different
thickness were subjected to a vertical load from a circular
footing. They modeled the gravel bases and the clay
subgrade as linearly elastic-perfectly plastic materials. The
geocell was modeled using linearly elastic membrane
elements. Although this model did not consider the
increase in stiffness of the geocell-soil composite, reason-
able agreement was found between the numerical results

(b

Typical geometry of geocell. (a) Folded; (b) expanded

and the test data. In this particular study, most of the
vertical deformation on the surface resulted from the
compression of the soft subgrade, thus the effect of the
increase in stiffness of the geocell-soil composite was not
significant. Another numerical study by Han et al. [19]
indicated that the modulus of the soil encased by the
geocell increased significantly compared to the modulus of
the soil outside the geocell when the geocell-reinforced soil
was seated on a rigid base. In order to simulate the geocell
confinement effect on the modulus increase of the geocell-
soil composite, the stress-dependent behavior of the infill
soils must be considered.

In this paper, a three-dimensional numerical model for
geocell-reinforced soil is introduced. In this model, the
infill soil and the geocell were modeled separately to
simulate the behavior of the geocell-soil composite more
accurately. The infill soil was modeled with the Duncan-
Chang model. Geocell was modeled using linearly elastic
plate elements, which can carry both bending and
membrane stresses. The interface shear stress-strain
relationship adopted herein was linear and limited by a
Mohr-Coulomb yield criterion. Special boundary condi-
tions for the soil at the joint of the geocell were also
considered so that the soil and the geocell can interact with
each other as in the real application. The model was then
verified by simulating a laboratory plate load test
conducted on a layer of sand reinforced with a single
geocell.

2 Numerical model for geocell-reinforced
soil

A commercial code, FLAC®®, was used in this study to
create a three-dimensional numerical model. FLAC?®*
utilizes an explicit finite difference formulation to solve
the initial and boundary value problems. It has several
built-in constitutive models and structural elements
suitable for modeling a variety of geomaterials and
reinforcements (e.g., pile, soil nail, geosynthetics, etc.).
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Users can also define other constitutive models, such as the
Duncan-Chang model in this study, by programming the
model using C ++ and compiling it to a dynamic-link
library (DLL) file.

2.1 Duncan-Chang model for the infill soil

The hyperbolic stress-strain relationship of soil was
developed by Duncan and Chang [15]. This relationship
reflected non-linear and stress-dependent behavior of soil
by updating the tangent Young’s modulus E; of soil with a
corresponding stress state. The formula for calculating E;
was included in Duncan et al. [20] as shown below:

I_Rf(l —sing)(a; Us)era <ﬁ>n’ @)

E = -
2ccos¢ + 203sin¢ b

where p, (= 101.3 kPa) is the atmospheric pressure, Ry is
the failure ratio, ¢ and ¢ are the cohesion and the friction
angle of the soil, K is the dimensionless modulus number,
and # is the modulus exponent.

In order to use the Duncan-Chang model in the
numerical analysis, another elastic parameter (bulk
modulus, shear modulus, or Poisson’s ratio) needs to be
determined. Duncan et al. [20] proposed using Eq. (5) to
determine the bulk modulus B:

B = Kupy (;)m (5)

a

where Ky, and m are the dimensionless bulk modulus
number and the bulk modulus exponent respectively. The
friction angle in the Duncan-Chang model is also a stress-
dependent variable (as shown in Eq. (6)). ¢o and A¢ are the
friction angle parameters.

¢ = o—Aglogig (ﬁ> (6)
Pa
It was noticed by Boscardin et al. [21] that the bulk
modulus B in Eq. (5) is the secant bulk modulus. Boscardin
et al. then proposed using Eq. (7) instead of Eq. (5) for the
tangent bulk modulus B, of soil:

2
Bt:B,-(l—i— Um) , 7

Bigu

where B; is the initial bulk modulus and &, is the asymptotic
value of the volumetric strain at a large stress. These two
parameters can be determined from an isotropic compres-
sion test. o, is the mean effective stress, i.e., o, =
(O'1+0'2+0'3)/3.

Another issue of using the Duncan-Chang model in a
three-dimensional numerical analysis is that the influence
of the intermediate principal stress o, is missed, because
this model was originally developed to analyze triaxial
test data. A simple modification adopted by researchers is
to substitute all the (o3/p,) terms in Egs. (4)—(6) by

(024 03)/(2p,). This modification was also accepted in this
study.

As mentioned above, the Duncan-Chang model is not a
built-in model in FLAC®P. In this study, the source code of
the Mohr-Coulomb model (provided by FLAC®") was
modified so that the tangent bulk and shear modulus at
each calculation step can be updated with the correspond-
ing stress state. The C ++ code was then compiled to a
DLL file to be incorporated into the main program.

2.2 Linearly elastic plate model for the geocell

Geocell products are mostly made of polymeric materials,
such as high-density polyethylene (HDPE). With the deve-
lopment of technologies, geocell manufacturers are mak-
ing their products stiffer and stronger, such as the geocell
made of novel polymeric alloys by PRS Mediterranean
Inc. In such a case, a thin geocell strip may carry consi-
derable bending load in addition to the membrane stresses.
Thus in this study, plate elements were used instead of the
membrane elements. Polymeric materials often have non-
linear and time-dependent stress-strain relationships. Such
behavior was successfully modeled by researchers [22,23].
However, the test data showed that the maximum tensile
strain experienced by the geocell in this study was less than
1%. Within this range, the tensile stiffness of the geocell
material used in this study can be roughly assumed to be
constant as shown later in Fig. 7. Thus, the geocell was
modeled using a linearly elastic model.

The interface friction is another important mechanism of
geocell reinforcement. In this study, the shear stress-strain
relationship between the geocell and the infill soil was
linearly modeled with a Mohr-Coulomb yield criterion as
shown in Fig. 2.

3 Model verification — a laboratory load test
on single-geocell reinforced sand

3.1 Test setup

A laboratory plate load test was conducted to verify the
accuracy of the numerical model. The test was conducted
in an 80cm x 80cm x 60 cm test box (see Fig. 3). The
load was applied by an air cylinder. To minimize the
friction at the bottom of boundary, a stainless steel sheet
was placed at the bottom of the box. A single geocell, with
a strain gauge attached before the test as shown in Fig. 3,
was cut and placed at the center of the box. Then sand was
poured into the box and compacted in three layers (5, 5 and
2 cm) to a total thickness of 12 cm. The soil in each sub-
layer was weighed before being placed in the box to ensure
a uniform relative density of 70% after compaction. A
circular steel plate with a diameter of 15 cm was placed
at the center of the top surface of the sand. The displace-
ment of the plate was measured by two dial gauges. The
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Fig. 2 Interface shear behavior between the infill soil and the geocell [24]. (a) Shear stress 1 vs. shear displacement u; (b) shear strength

criterion

strain gauge

dial gauges 2
e r E g
e - s o E
i ] |=
! X
//
//
7 [[§ 81
[ e
= ik |
80 cm 80 cm
|
Fig. 3 Laboratory load test setup
vertical load was applied in steps by adjusting the air 100~
pressure in the cylinder. Each load step was maintained
until the plate displacement became stable. Meanwhile, 80
the strain gauge data were recorded with a data
acquisition system during the test. For comparison % 60l
purposes, an unreinforced test with the same setup was E
also conducted. g
w40
: y g
3.2 Materials and parameter calibration g
20
The infill material used in this study was poorly-graded J |
sand locally available in Kansas (also known as Kansas % 1 10

River sand). The grain size distribution curve of this sand is
shown in Fig. 4. Some properties of sand were: specific
gravity Gy, = 2.65, coefficient of curvature C. = 0.98,
coefficient of uniformity C, = 2.73, minimum unit weight
Ymin = 16.4kN/m?, and maximum unit weight .« =
19.5 kKN/m’.

Three triaxial compression (CD) tests and one isotropic
compression test were conducted on the sand prepared at
70% relative density to determine the parameters for the
Duncan-Chang model. The triaxial compression tests were
conducted at confining stresses of 68.9 kPa (10 psi),

particle size/mm

Fig. 4 Grain size distribution curve of the Kansas River sand

103.4kPa (15psi), and 137.8 kPa (20 psi). The triaxial
test data are plotted in Fig. 5 and Fig. 6 together with the
calculated results by the Duncan-Chang model. The
calibrated parameters for the Duncan-Chang model are
listed in Table 1.

The geocell used in this study was manufactured by PRS
Mediterranean Inc. from a polymeric material. The stress-
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Fig. 5 Triaxial compression test results of Kansas River sand
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Fig. 6 Isotropic compression test results of Kansas River sand

Table 1 Duncan-Chang model parameters for the Kansas River sand

parameter symbol value
cohesion/kPa c 1
initial friction angle/(°) o 40.9
friction angle parameter/(°) A¢ 0
initial bulk modulus/kPa B; 3039
asymptotic volumetric strain & 0.02
failure ratio R¢ 0.76
modulus number K 555
modulus exponent n 0.37

strain curve under uni-axial tension is shown in Fig. 7. It is
indicated that the linearly elastic model with a Young’s
modulus £ of 200 MPa can well approximate the stress-
strain relationship of this geocell when the tensile strain is
less than 1.5%. The Poisson’s ratio of the geocell material
was assumed to be 0.45. The interface shear modulus was
determined as 19.7 MPa/m from interface direct shear tests
under a normal stress of 68.9kPa (10psi). Interface
cohesion ¢; and interface friction angle ¢, were estimated

tensile stress/MPa
o0
T

test

2 ———— linear elastic model

| |
S 10 15 20
axial strain/%

Fig. 7 Tensile stress-strain curve of the geocell

by multiplying the cohesion and the friction angle of the
sand by an interaction coefficient of 0.8. A complete list of
the model parameters of geocell and geocell-soil interface
is provided in Table 2.

Table 2 Parameters of the geocell and the geocell-soil interface

parameter symbol value
Young’s modulus/MPa E 200
Poisson’s ratio v 0.45
interface shear modulus/(MPa-mfl) ki 197
interface cohesion/kPa ci 0.8
interface friction angle/(°) @i 347
thickness of the geocell/mm t L5

3.3 Test results

The load-displacement curves obtained from the laboratory
load test are shown in Fig. 8. The test results showed that
the geocell reinforcement increased the bearing capacity of
the sand. At the displacement of 5mm, the bearing
capacity of the soil increased from 102 kPa (unreinforced)
to 153 kPa (reinforced).

vertical load/kPa
0 50 100 150 200

T T 1

reinforced

unreinforced

displacement/ mm
(=%
T

Fig. 8 Vertical load vs. displacement
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The horizontal tensile strain measured from the strain
gauge is shown in Fig. 9. The tensile strain increased with
the vertical load applied. When the soil around the geocell
reached its shear strength, the geocell started to carry more
load, so the slope of the curve in Fig. 9 increased with the
vertical load. The maximum tensile strain measured in the
test was about 0.56%.

0.6
0.5
04 -

03

tensile strain/ %

02

0.1 -

| | ]
50 100 150 200
vertical load/kPa

Fig. 9 Vertical load vs. tensile strain in the geocell

To check the failure mode, the circular plate was
removed and the sand was exhumed after the test. It was
found that the geocell remained intact. Under the large
vertical load, the plate settled into the geocell pocket and
pushed some infill sand out from the gap between the
geocell and the plate.

3.4 Numerical model

A numerical model was created to simulate the laboratory
load test as shown in Fig. 10. The constitutive models and
the parameter calibrations were described in the previous
sections of this paper. A quarter of the test box was
modeled due to the symmetry of the test setup. Vertical
movement was fixed at the bottom boundary of the model,

.
’.'f{r'.;l,:,:,_'._'.-

T

Fig. 10 Numerical model for the load test

and horizontal movement was fixed at the four side
boundaries. To account for the compaction effect, the
initial coefficient of lateral earth press ky was set as 1 in
both the unreinforced and the reinforced cases. A velocity
boundary was applied on top of the sand (within the shaded
region in Fig. 10) to simulate a circular rigid plate loading.
Rough boundary was assumed between the steel plate and
the sand.

To accurately simulate the shape of geocell after
expansion, a photo was taken from the top of the geocell
using a digital camera. It was found that the curvature of
the geocell digitized from the photo can be approximated
using a sinusoidal curve. Additional boundary conditions
and attachment conditions need to be carefully set on the
soil at the joint location of the geocell, so that the soil
nodes encased by the geocell cannot “penetrate” through
the geocell.

The load-displacement curves from the numerical model
were compared with the test curves in Fig. 11. Overall, the
numerical results matched well with the test data of the

vertical load/kPa
0 50 100 150 200

reinforced

unreinforced

displacement/mm
(=21
T

8 -

—— test
o FLAC?P
12 L

Fig. 11 Load displacement curves (FLAC3D vs. test)

0.6 -
—— test

0.5 +

——— FLACD®P

tensile strain/%

50 100 150 200
vertical load/kPa

Fig. 12 Horizontal tensile strain (FLAC3D vs. test)
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sand, with and without geocell reinforcement. The
horizontal tensile strain was also retrieved from the
numerical model. The comparison showed that the
numerical model computed smaller horizontal tensile
strain values than the test measurements as shown in
Fig. 12.

Figures 13 and 14 show respectively the horizontal
stress contours and the horizontal displacement contours of
the geocell-reinforced sand when the vertical displacement
of the load plate reached 8 mm. It is shown that the
horizontal stress inside the geocell was higher than the
horizontal stress outside the geocell. This phenomenon is
expected because the sand inside the geocell was subjected
to additional confining stress provided by the geocell. The
effect of the attachment condition applied to the geocell
joint is shown in Fig. 14. The horizontal movement of soil
was restricted by the geocell wall.

4 Conclusions

A three-dimensional numerical model for analyzing the
single-geocell reinforced sand was developed in this
study. In this model, the infill soil was modeled with the
Duncan-Chang model, and the geocell was modeled using
linearly elastic plate elements, which can carry both

geocell

239

bending and membrane stresses. A linear interface stress-
strain relationship with a Mohr-Coulomb yield criterion
was adopted to model the interface friction between the
geocell and the soil. By modeling the geocell and the soil
separately, several key features of geocell reinforcement
can be simulated:

1) The effect of geocell on the increase in strength of the
reinforced composite;

2) The confining effect of geocell on the infill soils;

3) Interface friction between the geocell and the infill
soils.

The numerical model was verified by modeling a simple
laboratory load test. The load test was performed in an
80cm x 80cm x 60cm test box. A 12-cm-thick sand
layer reinforced by a single geocell was loaded under a
circular steel plate of 15 cm diameter. The load-displace-
ment curve and the horizontal tensile strain of the geocell
were recorded during the test. The test data compared well
with the numerical results.
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