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,e geosynthetic-encased vertical column and geosynthetic-embedded horizontal cushion are recognized as the effective methods
to reduce the settlement of the soft subgrade. ,is paper investigated the settlement behavior of a soft subgrade reinforced by
geogrid-encased stone column and geocell-embedded sand cushion using the finite element analysis method (Plaxis 2D). ,e
simulating settlement was in good agreement with the field monitoring data, indicating the reasonability of the designed model
and adopted parameters. After that, the factors, geocell layer in sand cushion, encasement length around stone column, and
standing time between embankment filling stages, were employed to study their influences on the subgrade settlement.,e results
showed that the embedment of geocell reduced construction settlement, postconstruction settlement, and differential settlement is
attributed to the increase in stiffness of sand cushion and therefore the uniform distribution of additional stress on subgrade
surface.When the encasement length of stone column increased from 1D (one time the column diameter) to 8D (full encasement),
the settlement in construction stage and postconstruction stage decreased by 32.2% and 35.1%, respectively, which is benefited
from the increase in the compression modulus of the column.,emaximum lateral deformation occurred at the position of about
2D from the top of the stone column, and it decreased more significantly when the encasement length increased from 1D to 4D
than that from 4D to 8D. ,e encasement length up to 4D is found to be adequate in reducing the subgrade settlement and the
column lateral deformation based on the consideration of performance and economy. ,e extension of the filling interval
increased the construction settlement caused by soil consolidation, while it decreased the postconstruction settlement.

1. Introduction

,ere are large areas of soft soil ground distribution in
China, especially in coastal regions, as shown in Figure 1.
,e soft soils are mostly silt, silty clay, and clay, which have
the typical properties of being very low in stiffness, very weak
in shear strength, and very small in hydraulic conductivity
[1]. Many infrastructure projects, such as road embank-
ments, have been constructed in these regions. In order to
meet the requirements of load-bearing capacity and settle-
ment control of the subgrade, the soft soil ground is nec-
essary to be improved.

,ere are a number of techniques for the improvement
of soft soil ground, such as stone columns (granular piles),
vacuum preconsolidation, soil cement columns, lime
treatment [2], and foundation replacement [3–6]. Among all
these methods, the stone column technique is preferred due
to the advantages of increasing bearing capacity, accelerating
consolidation process, reducing final settlement, and being
relatively cost-effective [7, 8]. However, the construction of
stone columns in very soft soil with low undrained shear
strength is difficult due to insufficient lateral support of the
surrounding soil. It is known that the most probable failure
mechanism is bulging failure [7], which will lead to the
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destruction of the embankment [9–11]. To solve the prob-
lem, the concept of geosynthetic-encased stone column
(GESC) has been proposed in 1989 [2]. ,e geosynthetic
encasement could not only increase the strength of the stone
column and prevent the lateral squeezing of stones but also
enable quicker and more economical installation [7].

In the recent decades, many numerical and experimental
studies have been carried out to focus on the performance of
GESC. Fattah and Majeed [12–15] investigated the behavior
of soft soil ground reinforced with original stone column
(OSC) and GESC.,e parameters, different spacing distance
between stone columns, length to diameter ratio, shear
strength of the surrounding soil, and the area replacement
ratio, were employed to study their effects on the bearing
improvement and settlement reduction. Kwa et al. [16]
experimentally investigated the behavior of GESC for
reinforcing of soft clay and found that the ultimate bearing
capacity of GESC is 1.6 times compared to OSC. Malarvizhi
and Ilamparuthi [17] conducted small-scale tests to inves-
tigate the improved performance of GESC and found that
the ultimate bearing capacity of GESC treated beds is three
times that of the untreated beds. Gu et al. [18] also found that
the ultimate load capacity of the soft soil was greatly in-
creased by GESC, and the effective length of the encasement
was three to four times of the diameter of stone columns.
Orekanti and Dommaraju [8] conducted strain-restricted
compression tests on GESC, and the results showed that
GESC with lateral reinforcement of end-bearing type and
floating type showed a substantial increase in load-carrying
capacity relative to clay by 2.44 and 2.01 times, respectively.
Hajiazizi and Nasiri [19] experimentally investigated the
behavior of ordinary stone column (OSC) and GESC for
reinforcing of sand slopes and found that location of GESC
in middle of the slope increases the bearing capacity of slope
crown 2.17 times than OSC. Ayadat andHanna [20] and Yoo
and Lee [21] performed experimental investigation on the
load-carrying capacity and settlement of GESC and con-
cluded that additional confinement provided by the

encasement not only increased the ultimate carrying ca-
pacity of the stone column but also reduced the settlement of
the soft ground as compared to conventional stone columns.
Similar results were also reported in the works of Murugesan
and Rajagopal [7] and Kadhim et al. [22]. Almeida et al. [23]
presented the behavior and instrumentation results for a test
embankment on soft soil improved by GESC and found that
the differential settlement between column and surrounding
soil increased as the embankment height increased and
consolidation progressed.

,e previous studies have obtained many valuable
findings for a deep understanding of the performance of
GESC in improving the soft ground. However, most of these
studies were carried out on a single GESC, and the behavior
of GESC might be different in actual engineering. In this
study, the settlement behavior of a soft subgrade reinforced
with GESC and geocell-embedded sand cushion was in-
vestigated by using Plaxis 2D program.,e numerical model
was verified using the monitoring data from a soft subgrade
improvement engineering. A parametric study was then
conducted to study the influencing factors on the settlement
behavior of the soft subgrade, including geocell layer in sand
cushion, encasement length around stone column, and
standing time between embankment filling stages.

2. Site Description

,e selected case study for numerical modeling was a road
embankment of National Highway 320 in Hunan, China,
which was constructed over deep soft soil. ,e underground
conditions of the site were reported in Zhou et al.’s work
[24]. ,e geotechnical profile is characterized by an upper
soft soil layer extending to a depth of 6-7m.,is soft layer is
distributed with mainly silty clay, which has extremely high
water content and very low shear strength. Below the soft
layer is a layer of coarse sand, which is possible to induce
liquefaction. ,erefore, both drainage and compaction
should be taken into account in the subgrade improvement.
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Soft soil

Soft soilSoft soil

Soft soil

Figure 1: Distribution of soft soil ground in China.
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,e subgrade reinforcement program, geogrid-encased
stone column, and sand cushion were adopted in this
project.,e stone columns were 0.8m in diameter and 6.5m
in length, with a spacing of 1.5m and area replacement rate
of 5.6%. Besides, the stone columns were encased with
geogrid, the encasement length was 1.5m, approximately
twice diameters of the stone column, and the rest 5m of the
stone column was not encased. ,e sand cushion was 0.8m
in thickness, which was used for horizontal drainage to
accelerate the consolidation of the subgrade.

,e filling process consists of three stages, as shown in
Figure 2. ,e filling height of each stage is 2m.,e duration
time of filling is 6 d, 8 d, and 10 d for stage 1, stage 2, and
stage 3, respectively. ,e standing time is 10 d and 12 d
between stages 1-2 and stages 2-3, respectively. In this study,
the duration of days 0–46 is regarded as the construction
stage, and the duration of days 47–170 is the post-
construction stage.

3. Numerical Simulation

3.1. NumericalModel. ,e finite element program Plaxis 2D
was adopted to analyze the settlement behavior of the
geogrid-encased columns-supported embankment over soft
soil. ,e designed finite element model is shown in Figure 3.
,e soil, gravel, and geogrid were modelled using a non-
linear elastic-plastic constitutive model with Mohr-Cou-
lomb yield criterion and the nonassociated flow rule. All of
the analyses were performed using meshes made up of four
15-node triangles within each rectangle.

,e interface strength reduction factor (Rinter) was used
to simulate the interfacial interactions between geogrid and
stone column as well as geogrid and surrounding soil. ,e
value of Rinter was determined in reference to Wu and Hong
[25]. ,e geocell and the encased sand were treated as a
composite cell to simulate the reinforcement of geocell in
sand cushion. ,is manner can not only simulate the me-
chanical characteristics of geocell layers but also simplify the
modelling steps and reduce the contact surface between
geocell and sand [26]. ,e deformation of bottom boundary
was fixed in both horizontal and vertical directions. ,e
deformation of the two side boundaries was fixed in the
horizontal direction but was allowed to move freely in the
vertical direction.

3.2.Material Properties. As reported in the work of Madhavi
[27], the geocell-sand composite can be treated as an
equivalent soil layer with cohesive strength greater than the
encased soil and angle friction angle the same as the encased
soil. ,e induced cohesion in the soil, cr, is related to the
increase in the confining pressure on the soil due to geocell
reinforcement, which can be obtained through the following
equation:

cr �
Δσ3

���
Kp



2
, (1)

where Kp is the coefficient of passive Earth pressure, and it
can be valued as 0.58; Δσ3 is the additional confining

pressure due to geocell reinforcement, which can be cal-
culated via the following equation:

Δσ3 �
2M 1 −

�����
1 − εa


 / 1 − εa(  

D0
, (2)

where εa is the axial strain at failure state, and it can be
valued as 0.25; M is the secant modulus of the geocell
material at the axial strain of εa; D0 is the initial diameter of
the geocell, and the value is 0.2256m in this study.

Based on triaxial compression tests on geocell-encased
sand, Madhavi [26] proposed the following empirical
equation to express Young’s modulus of geocell-reinforced
sand (Eg):

Eg � 4 σ3( 
0.7

Ku + 200M
0.16

 , (3)

where Ku is the dimensionless modulus parameter of the
unreinforced sand, and it can be valued as 0.25; M is the
secant modulus of the geocell material, and the value should
be corresponded to the average strain of 2.5% in the load-
elongation response of the geocell material; here the value is
160 kN/m; σ3 is the confining pressure, and here the value is
37 kPa.

Based on the above method, the cohesion and modulus
of the geocell-sand composite can be obtained. ,e physical
and mechanical parameters of embankment fill, silty clay,
sand, and gravel were obtained from laboratory tests re-
ported in the work of Zhou et al. [24]. ,e values of Rinter
were referenced from the work ofWu and Hong [25]. All the
parameters used in present numerical analysis are sum-
marized in Table 1.

3.3. Parametric Study. ,e designed cases in present nu-
merical analysis are shown in Table 2. Control case was
carried out on the actual engineering condition to verify the
reliability and accuracy of the numerical model and adopted
parameters. Case 1 was conducted by varying the number of
geocell layers to investigate the effect of geocell layers in sand
cushion on the settlement behavior of the subgrade. In Case
2, the encasement length of GESC was varied from 1D (one
time the stone column, i.e., 0.8m) to 8D (full encasement,
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Figure 2: Filling process of the embankment.
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i.e., 6.4m) in order to study the influence of encasement
length on the settlement behavior of the subgrade. ,e
influences of standing time between filling stages on the
subgrade settlement and pore water pressure were analyzed
in Case 3; the filling interval was extended by 10 days, 15
days, 20 days, and 25 days in sequence on the basis of the
control case.

4. Results and Analysis

4.1. Validation of Simulation Results. Figure 4 shows the
temporal variation of surface settlement at the center of the
subgrade (point A). In the construction stage, the simulating
settlements at the end of F1 (day 6), I1 (day 16), F2 (day 24),
I2 (day 36), and F3 (day 46) are 16.0 cm, 25.4 cm, 49.2 cm,
58.5 cm, and 80.8 cm, respectively, and the corresponding
field monitoring settlements are 11.7 cm, 25.7 cm, 41.5 cm,
54.2 cm, and 67.3 cm. In the postconstruction stage, after 124
days following F3, the simulating settlement further de-
veloped to 96.1 cm, and the field monitoring result was
94.4 cm. It is observed that the simulated settlements are
slightly larger than the measured results in the filling interval
stages, that is, I1, I2, and I3. ,e reason can be explained as
follows. In the numerical analysis, the subgrade soil was
assumed to be homogeneous and be classified into layers,

that is, an ideal state. In fact, the distribution of the subgrade
soil was inhomogeneous and very complex in the field site.
,erefore, the seepage path would be more flexural in the
field site, which results in a lower hydraulic coefficient of the
subgrade soil and further leads to a delay of the consoli-
dation settlement in the filling interval stages. On the whole,
the simulating results are quite comparable to the field
monitoring data, which indicates that the designed nu-
merical model and adopted parameters in this paper are
acceptably accurate.

4.2. Influence of Geocell Layers in Sand Cushion on the Sub-
grade Settlement. Figure 5 shows the temporal variation of
surface settlement at the center of the subgrade (point A)
when installing different layers of geocell in sand cushion. In
the construction stage, the settlements increased to 73.5 cm
and 66.7 cm, respectively, for the conditions of installation of
one-layer and two-layer geocell in sand cushion, being 9.0%
and 17.5% smaller than the control case (no geocell layer).
After 124 days following F3, the postconstruction settle-
ments were 12.6 cm and 9.6 cm when installing one-layer
and two-layer geocell, respectively, which are 19.2% and
38.5% smaller than the control case. It is observed that the
embedment of geocell in sand cushion can significantly

Table 1: Physical and mechanical properties of the materials.

Parameter Embankment fill Geocell-sand composite Silty clay Sand Gravel
Natural unit weight c (kN/m3) 17 19 14 20 18
Saturated unit weight csat (kN/m3) 19 20 15 21 21
Elasticity modulus E (MPa) 15 42 2.8 26 50
Poisson’s ratio μ 0.3 0.3 0.35 0.3 0.3
Cohesion c (kPa) 15 42 14 10 0
Friction angle φ (°) 23 30 17 30 35
Interface strength reduction factor Rinter 0.65 0.65 0.58 0.58 0.58

Table 2: Designed cases in the finite-element simulations.

Cases Geocell layer in sand cushion Encasement length of stone column Standing time between filling stages
Control case None 2D Actual engineering condition
Case 1 One/two 2D Actual engineering condition
Case 2 None 1D∼8D Actual engineering condition
Case 3 None 2D +10 d/ + 15 d/ + 20 d/ + 25 d
D refers to the diameter of the stone column.

Embankment

Geocell reinforced sand cushion

Geogrid

Gravel pile

Sility clay6.4m

0.8m

2.8m Sand

Point A

Figure 3: Designed numerical model.
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reduce both the construction settlement and post-
construction settlement of the subgrade.

Figure 6 shows the differential settlement of the subgrade
on day 170 under the conditions of installing different layers
of geocell in sand cushion. When there is no geocell layer in

the sand cushion, the differential settlement between the
center and the edge of the subgrade was about 73.0 cm.
When there is one geocell layer installed in the sand cushion,
the differential settlement was about 66.0 cm, being 9.6%
lower than the control case. ,e differential settlement was
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Figure 5: Influence of geocell layer in sand cushion on the settlement of point A.
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about 59.1 cm when installing two-layer geocell, being 19.0%
lower than the control case. It can be seen that the em-
bedment of geocell in sand cushion can effectively reduce the
differential settlement of the subgrade.

4.3. Influence of Encasement Length of Stone Column on the
Subgrade Settlement and Column Lateral Deformation.
Figure 7 shows the temporal variation of surface settle-
ment at the center of the subgrade (point A) with different
encasement length of the stone column. In the con-
struction stage, the settlements increased to 88.8 cm,
80.8 cm, 75.3 cm, 70.7 cm, 67.9 cm, 65.0 cm, 62.8 cm, and
60.2 cm with respect to the encasement length of 1D, 2D,
3D, 4D, 5D, 6D, 7D, and 8D (full encasement). In the
postconstruction stage, after 124 days following F3, the
settlements further developed to 104.7 cm, 96.1 cm,
88.5 cm, 82.0 cm, 77.9 cm, 74.1 cm, 70.8 cm, and 67.9 cm
for the encasement length of 1D, 2D, 3D, 4D, 5D, 6D, 7D,
and 8D, respectively, corresponding to the post-
construction settlements of 15.9 cm, 15.3 cm, 13.2 cm,
11.3 cm, 10.0 cm, 9.1 cm, 8.0 cm, and 7.7 cm. It is seen that
the increase of encasement length of the stone column
results in the reductions of both construction and post-
construction settlements of the subgrade. It is also ob-
served that the settlement decreased more significantly
with the encasement length increasing from 1D to 4D;
however, a further increase of the encasement length
resulted in a slow decrease of the settlement. ,erefore, the
encasement length of the stone column up to four times of
the diameter of the column is found to be adequate in

reducing the settlement based on the consideration of
performance and economy.

Figure 8 shows the differential settlement of the subgrade
on day 170 with different encasement length of the stone
column. When the encasement length was 1D, the differ-
ential settlement between the center and the edge of sub-
grade was about 78.1 cm. If the encasement length increased
to 4D, the differential settlement was about 61.9 cm, and the
reduction rate was about 20.7% regarding 1D condition. If
the encasement length further increased to 8D, the differ-
ential settlement was about 51.7 cm, corresponding to a
reduction rate of 33.8% when compared to 1D condition. It
can be seen that the differential settlement of the subgrade
gradually decreases significantly with the increase of the
encasement length of the stone column.

Taking the stone column at the center of the subgrade as
an example, the lateral deformations of the stone column
with different encasement lengths are shown in Figure 9.,e
lateral deformations were calculated at day 170, that is, 124
days after the completion of the embankment filling. It is
observed that the maximum lateral deformation occurs at
the position of about 2D from the top of the stone column
and it decreases gradually with the increase of encasement
length of the stone column. When the encasement length is
1D, the maximum lateral deformation is about 9.20 cm.
When the encasement length increases to 4D and 8D, the
maximum lateral deformation is about 3.67 cm and 2.75 cm,
respectively, corresponding to a reduction rate of 60.08%
and 70.08% when compared to 1D condition. It is seen that
the lateral deformation decreased more significantly when
the encasement length increased from 1D to 4D compared to
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Figure 6: Influence of geocell layer in sand cushion on the differential settlement.
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that from 4D to 8D. ,erefore, the encasement length of the
stone column up to 4D is found to be adequate in reducing
the lateral deformation of the column when considering
both the performance and economy.

4.4. Influence of Filling Interval on the Subgrade Settlement.
Figure 10 shows the temporal variation of surface settlement
at the center of the subgrade (point A) with different

standing time between filling stages. In the construction
stage, the settlement developed rapidly and the excess pore
water pressure increased sharply during the filling process,
and the settlement developed slowly and the excess pore
water pressure gradually dissipated in the standing period.
In this stage, the settlements developed to 83.0 cm, 83.6 cm,
84.1 cm, and 84.5 cm, respectively, for the filling interval
extended by 10 days, 15 days, 20 days, and 25 days, being

Filling interval: + 0d (control case)
Filling interval: + 10d (case 3)
Filling interval: + 15d (case 3)
Filling interval: + 20d (case 3)
Filling interval: + 25d (case 3)
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3.1%, 3.9%, 4.5%, and 5.0% larger than the control case. In
the postconstruction stage, the settlement further developed
to a stable value and the excess pore water pressure gradually
dissipated to approximately zero. ,e postconstruction
settlements were 13.4 cm, 13.0 cm, 12.6 cm, and 12.2 cm,
respectively, for the filling interval extended by 10 days, 15
days, 20 days, and 25 days, being 14.1%, 16.7%, 19.6%, and
21.8% smaller than the control case. It is seen that the ex-
tension of the filling interval will promote the consolidation
of subgrade soil in the construction stage, which results in an
increase in the construction settlement and a reduction in
the postconstruction settlement.

Figure 11 shows the differential settlement of the sub-
grade with different standing time between filling stages.,e
settlements were calculated at the time point of 124 days
after the completion of the embankment filling. ,e dif-
ferential settlements between the center and the edge of the
subgrade were about 73.9 cm, 74.1 cm, 74.4 cm, and 74.5 cm,
respectively, for the filling interval extended by 10 days, 15
days, 20 days, and 25 days; the corresponding increase rates
were about 1.2%, 1.5%, 1.9%, and 2.1% when compared to
the control case. It can be seen that the extension of the
standing time between filling stages has negligible influence
on the differential settlement of the subgrade.

5. Discussion

Composite compression modulus method is one of the
available methods to compute the settlement of GESC
supported composite foundation, and the calculation
equation [28] is presented as follows:

S � 
n

i�1

Δpi

Ecsi
Hi,

Ecs � mEps +(1 − m)Ess,

(4)

where S is final settlement of composite foundation; Ess is
compression modulus of the soil; Eps is compression
modulus of the column; Ecs is composite compression
modulus of the foundation;m is area replacement ratio; n are
numbers of calculation layers; Hi is thickness of soil layer i;
Dpi is additional stress of soil layer i. From the above
equation, the following issues were discussed:

(1) ,e embedment of geocell would provide rein-
forcement via the restriction of soil movement and
the concentration of stresses within the geocell,
hence increasing the stiffness of the sand cushion
[29]. In addition, the confinement provided by
geocells improves the distribution of additional
stress over the subgrade [30] and decreases more at
the center and decreases less at the side [31]. As a
result, both the center settlement and differential
settlement on the subgrade surface reduce [30].

(2) ,e lateral deformation of the stone column de-
creased due to the additional confining stress pro-
vided by the geogrid encasement, and, therefore, the
compression modulus of the column increases as
well as the composite compression modulus of the
foundation [22, 32]. As a result, the larger the en-
casement length of the column, the smaller the
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construction and post-construction settlements of
the subgrade. However, the column encasement
cannot significantly affect the embankment pressure
distribution on subgrade surface; hence, the en-
casement length of the column has small influence
on the differential settlement of the subgrade [33].

(3) ,e extension of standing time between filling stages
would promote the dissipation of the excess pore
pressure and increase the settlement induced by soil
consolidation in the construction stage. As a result,
the compression modulus of soil increases, as well as
the composite compression modulus of the foun-
dation at the end of the construction stage [1, 23].
,erefore, the longer filling interval, the larger the
construction settlement and the smaller the post-
construction settlement of the subgrade. However,
the extension of filling interval cannot affect the
additional stress on the subgrade surface, and,
therefore, it has negligible influence on the differ-
ential settlement of the subgrade.

6. Conclusions

,is study conducted numerical analysis on the settlement
behavior of a soft subgrade reinforced by geogrid-encased
stone column and geocell-embedded sand cushion, and the
main findings were presented as follows:

(1) ,e simulating settlement was in good agreement
with the field monitoring data, which indicates that
the designed model and adopted parameters are
reasonable.

(2) ,e embedment of geocell in sand cushion reduced
the construction settlement, the postconstruction
settlement, and the differential settlement. ,e
geocell embedment will increase the stiffness of sand
cushion and, therefore, adjust the embankment
pressure to distribute more uniformly on subgrade
surface.

(3) ,e increase in encasement length of the stone
column resulted in the smaller construction settle-
ment, postconstruction settlement, and differential
settlement. ,e additional confinement provided by
the encasement increases the compression modulus
of the column as well as the composite foundation.
,e maximum lateral deformation occurred at the
position of about 2D (two times the column diam-
eter) from the top of the stone column, and it de-
creased more significantly when the encasement
length increased from 1D to 4D compared to that
from 4D to 8D. ,e encasement length up to 4D is
found to be adequate in reducing the subgrade
settlement and the column lateral deformation based
on the consideration of performance and economy.

(4) ,e extension of the standing time between em-
bankment filling stages increased the construction
settlement due to the promotion of soil consolida-
tion, while it decreased the postconstruction

settlement. However, the extension of filling interval
had little influence on the differential settlement, and
it would lead to a delay of the embankment
construction.
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