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Abstract Installation of stone columns is recognized as a usual procedure for the
treatment for soft clay soils. In the current research, three-dimensional
finite-element analyses were performed to simulate the behavior of multilayer
geosynthetic-reinforced granular bed over stone column-reinforced soft soil using
the ABAQUS. An extensive research was conducted for better understanding of the
mechanism of load transfer in ordinary stone columns (OSCs) and
geosynthetic-encased columns (GECs) installed under a concrete foundation.
Parametric studies were also carried out to investigate the effects of factors such as
hardness of the geosynthetic encasement and the region replacement proportion on
the overall behaviour of the GECs group. The results designated that utilizing of
more than one geosynthetic reinforcement with stone columns is not so effective to
reduce the maximum settlement. But, a multilayer reinforcement system is efficient
to decrease the maximum settlement when stone columns are not used. It was also
shown that there is a large growth in the amount of stress concentration proportion
with the presence of geosynthetic reinforcement in comparison with the amount
when there is no geosynthetic reinforcement present.
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1 Introduction

Large segments, particularly along the beach, are covered with thick soft marine
clay deposits which have very low shear strength and high compressibility. Stone
columns, one of the most commonly used soil improvement technique, have been
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utilized throughout the world to enhance the bearing capacity of the soft soils and
decrease the settlement of superstructures constructed on them. Utilizing the stone
columns also increases the rate of the consolidation of the soft clay.

The stone column technique was adopted in European Countries in the early
1960s. Stone columns in compressive loads fail in different modes, such as bulging
[1], general shear failure [2], and sliding [3]. But, the most usual failure mode for
stone columns in soft clays is bulging [4].

A granular layer of sand or gravel, 0.3 m or more in thickness, is usually placed
over the top of the stone columns for catering a drainage route and spread the
stresses coming from the superstructures. Selecting a proper diameter, stiffness, and
spacing of the stone columns is very important to improve an existing soft soil.
Studies have shown that maximum settlement decreases as the stiffness of the stone
column raises, however differential settlement which is the settlement difference
between the center of the stone columns and the mid-span of the column spacing,
increases [5, 6]. Thus, a suitable level of stiffness must be utilized to gain an
optimum amount of the maximum and the differential settlement of the improved
ground. It has been further seen that the rate of the stabilization of the soft soil
increases as the stiffness of the stone column increases [7]. The maximum and
differential settlement increases as the spacing-to-diameter ratio increases [5],
whereas the rate of consolidation decreases as this ratio increases.

Horizontal geosynthetic-reinforcement sheets can be used in the granular col-
umns to increase the load-carrying capacity as well as decrease the bulging of the
columns [4, 8]. Van Impe proposed the concept of covering the stone column by
wrapping with geotextile in the year 1985 [9]. Geosynthetic encasement can also be
used to extend the use of stone columns for extremely soft soil condition [10–14].
The first projects started successfully in Germany around 1995 [15].

The granular bed can be further reinforced with the geogrid to boost the
load-carrying capacity and decrease the settlement of the stone column-improved
soft clay. Han and Gabr [8] carried out a numerical analysis of
geosynthetic-reinforced and pile-supported earth platforms over soft soil. Based on
lumped parameter modeling approach, models have been expanded for single layer
[5, 16]. Deb et al. [17] have been done a laboratory model test on single-stone
column to study the effect of reinforcement diameter and thickness response,
bearing volume and construction of the stone column. The published literature on
the performance of reinforced granular fill over soft soil with stone columns group
is limited.

In the present study, the results of 3D numerical analyses of different aspects of
the performance of multilayer geosynthetic-reinforced granular bed over stone
column-reinforced soft soil were presented using the finite-element program
ABAQUS. The calibration of the methods utilized in the numerical analyses was
performed by modeling the experimental results presented by Ambily and Gandhi
[18]. A comprehensive study was carried out to better understanding the
load-transfer mechanism of a group of Geosynthetic Encased Columns (GECs) and
the multilayer geosynthetic-reinforced granular bed over stone column-reinforced.
The results of the numerical study conducted for the effect of multilayer

146 M. Afzalirad et al.



geosynthetic-reinforced granular fill over soft soil with stone columns on settlement
response, bearing capacity and bulging of the stone column were reported.

2 Validation of Finite-Element Model

In order to calibrate the numerical procedure used in the present research, the
settlement results gained from the current finite-element analyses were compared
with the experimental results presented by Ambily and Gandhi [18]. The model
tests were performed on a group of seven stone columns arranged in a triangular
pattern as illustrated in Fig. 1. The diameter of the stone columns utilized in the
model test was 100 mm and spacing between the stone columns was taken as
300 mm. The diameter was 835 mm and load was applied through a 16 mm thick
mild steel plate with stiffeners to ensure negligible constructional deformation.
A 30 mm thick sand bed was located between the stone columns and the footing.
The length of the stone columns was equal to the depth of the soft soil (450 mm).
The clay, sand, and stones material behaviors were simulated using Mohr–
Coulomb’s criterion. The finite-element mesh was expanded utilizing eight-node
linear brick elements for the stone columns, clay, and sand, displayed in Fig. 2. At
the bottom boundary of the finite-element mesh, the displacements are set to zero in
the z direction. The displacements in the x and y directions were set to zero on the
circumferential boundary of the soft soil zone. In following model test, footing was
loaded up to 4.6 mm settlement. Figure 3 compares the results obtained from the
model test and based on the current FEM analysis, which matches well. This
comparison shows that the predicted values from the settlement using the present
analysis have acceptable correspondence with the experimental results.

Fig. 1 Group test arrangement: a plan view; and b section of test tank Ambily and Gandhi [18]
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2.1 Numerical Modeling

Finite-element analyses were carried out by the ABAQUS Program. Since there are
two planes of symmetry in the zone of interest, it was only vital to numerically
model the behavior of the system over a quarter of the domain. In all of the
numerical analyses that were carried out, the thickness of the soft soil and length of
the stone columns were assumed to be 10 m. A 300 kPa surcharge pressure was
applied in 100 increments on the stone columns group through a 1 m thick,
linear-elastic concrete foundation. A multilayer geosynthetic-reinforced granular fill
resting on soft soil with stone columns can be seen in Fig. 4 [19].

At the bottom boundary of the finite-element mesh, the displacements were set to
zero in the z direction. The displacements in the x and y directions were set to zero
on the circumferential boundary of the soft soil zone. On the planes of symmetry,

Fig. 2 Finite-element mesh used for the calibration analyses

Fig. 3 Comparison of maximum settlements for the calibration analyses
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normal displacement was restricted. The diameter of geogrid reinforcement was
chosen as two times the diameter of the footing.

Figure 5 shows a typical finite-element mesh used in the analyses. The
finite-element mesh used in the numerical simulations was developed using
eight-node Linear Brick elements for both the stone column, sand and soft soil. For
constitutive modeling, the clay soil was represented by the modified Cam clay
(MCC) material while the linear-elastic, perfectly plastic model (the Mohr–
Coulomb failure criterion) was used to model the crushed stone, and sand. It should
be noted that the MCC parameters considered in this study were inferred from the
geotechnical parameters of soft soils encountered in a recent soft ground
improvement project [20]. The Mohr–Coulomb parameters used in the numerical
analyses were based on the material properties that Ambily and Gandhi [18] used in
their tests, and are presented in Table 1.

Fig. 4 Multilayer
geosynthetic-reinforced
granular fill resting over soil
with stone columns

Fig. 5 Typical finite-element mesh used in the analyses
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The geosynthetic was modeled using four-node quadrilateral, decreased inte-
gration membrane elements. The geosynthetic was assumed to be an isotropic
linear-elastic material, with an assumed Poisson’s ratio of 0.3 [21]. Based upon the
results of a prior comprehensive numerical study [14], to avoid adversely
influencing the numerical results, and knowing that the encasement did not carry
vertical (compressive) load, the “No Compression” option that is available in
ABAQUS was utilized to more appropriately characterize the behavior of the
geosynthetics.

Alexiew [22] documented that design values of tensile modulus (J) between
2000 and 4000 KN/M were required for the geosynthetic used to encase stone
columns on a number of different projects. Consequently, a circumferential elastic
modulus of 4000 KN/M was used in the numerical analyses. The circumferential
elastic modulus (E) of the geosynthetic was derived from the relationship J = Et,
where t is the thickness of geosynthetic, which was assumed to be 5 mm for all of
the numerical analyses performed. The various stone columns are referred to use the
column numbers which are shown in Fig. 6.

3 Numerical Results Multilayer Geosynthetic-Reinforced
Sand Bed Resting Over Soil with Stone Columns

In this section, effects of various design parameters on the performance of multi-
layer geosynthetic-reinforced sand bed resting over soil with stone columns
installed under a concrete foundation are examined. The settlement and lateral
deformation and force of stone columns obtained from the analyses were selected as
representatives of the group behavior.

Table 1 Material properties used in the numerical models

Material properties Stone
column

Soft
soil

Sand

Sat. unit weight (kN/m3) – 17 –

Dry. unit weight (kN/m3) 16.62 – 15.50

Young’s modulus (kPa) 55,000 – 20,000

Poisson’s ratio 0.3 0.3 0.3

Cohesion (kPa) 0 – 0

Friction angle (deg) 43 – 10

Dilation angle (deg) 10 – 4

Critical state stress ratio (M) – 1.3 –

logarithmic hardening constant for plasticity (k) – 0.3 –

logarithmic bulk modulus for elastic material behavior (j) – 0.02 –

Initial void ratio (eo) 0.62 1.5 0.74
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3.1 Load-Settlement Characteristics

Figure 7 shows the variation of maximum settlement with load for multilayer
geosynthetic-reinforced sand bed with 1 m thick over soft soil. It has been
observed that if the soft soil is not improved with stone columns, the reduction of
the maximum settlement at the center of the loaded region as compared to the
unimproved soil is 16, 22, and 27% as the number of geosynthetic layers increases
from 1 to 3 respectively. The maximum settlement reduction is 37% if only stone
columns are used. Thus, it can be said that the use of multilayer reinforcement
system is effective to reduce the maximum settlement when stone columns are not
used.

Fig. 6 Stone column
numbers used in numerical
modeling

Fig. 7 Load-settlement characteristics of reinforced sand bed layers
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3.2 Lateral Deflections of Stone Column

Figure 8 which is contour lateral displacement is shown the results from the full 3D
analyses for a group of OSC. As it can be seen, the incidence of failure mechanisms
is clearly visible and the maximum lateral displacement in the stone columns, the
columns of the upper elements circumferential ring, occurs. So the pattern lateral
displacement of the stone columns is important. In the field, most constructed stone
columns have equal ratios of length-to-diameter and a bulging failure usually
develops depending on whether the tip of the column is floating in soft soil or
resting on a firm bearing layer [23].

The effect of unreinforced and geosynthetic-reinforced sand bed placed over
stone column on bulging behavior of the column has been studied. The lateral
deflection of column number 25 obtained from the analyzed models are presented in
Fig. 9. In the case of only stone column-improved soft clay, a maximum bulge of
145 mm has been observed at a depth of 3 m from top of stone column. As
compared to the only stone column-improved soil, 5.5% reduction in maximum
bulge diameter of the stone column has been observed when sand bed is placed over
the stone column-improved soft clay. Additional 20% reduction in maximum bulge
diameter has been observed when geosynthetic reinforcement is placed within the
sand bed. It can be concluded that the maximum bulge diameter of stone column
reduces and the depth of bulge increases with the application of sand bed. Inclusion
of geosynthetic reinforcement further reduces the bulge diameter and increases the
bulge depth.

Shahu et al. [24] shows that adequate thickness of granular mat reduces the load
carried by granular pile both at the top and bottom and helps to reduce the failure of
the granular pile due to bulging of the pile. Very high stress concentration has been
observed near the top of the columns, which causes high bulging. However, when

Fig. 8 Contour plots lateral
displacement of stone
columns
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sand bed is placed over the stone column-improved soft clay, significant reduction
in stress concentration on top of the column has been observed and the variation of
stress concentration with depth is more uniform. Thus, placement of sand bed on
top of the stone column-improved soft clay reduces the bulge diameter and
increases the bulge depth of the stone column.

3.3 Optimal Thickness of the Geosynthetic -Reinforced
Sand Bed

Figure 10 shows the load-settlement characteristics of the geosynthetic-reinforced
sand bed of different thicknesses where it is placed over stone column-improved
clay. It has been observed that as the ratio of thickness of sand bed to the diameter

Fig. 9 Lateral deflections of the stone column 6 when soft clay has been improved with stone
column alone, unreinforced and geosynthetic-reinforced sand bed over stone column-improved
soft clay

Fig. 10 Load-settlement characteristics of reinforced sand bed of different thicknesses over stone
column-improved soft clay
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of the footing (Hs/D ratio) increases, the load-carrying capacity also increases up to
a value of 0.3. Whereas beyond this value, the load-carrying capacity decreases by
increasing the thickness of the sand bed. Thus, the optimum thickness of
geosynthetic-reinforced sand bed is 0.3 times the diameter of the footing.

The vertical component of the tensile force acts in the geosynthetic reinforce-
ment partially counterbalances by the overlying soil. As a result, the vertical stress
is reduced in the zone due to combined action of mobilized tension in the rein-
forcement and membrane action in its curvature [25–27]. However, when the sand
bed thickness increases such that Hs/D > 0.3, a major portion of the shear failure
zone of the soil is developed above the reinforcement layer and the deflection of the
reinforcement also decreases [27]. This phenomenon reduces the effectiveness of
the geosynthetic layer causing reduction in bearing capacity. Thus, the stone col-
umn under geosynthetic-reinforced sand bed having Hs/D = 0.4 produces less
bearing capacity than that under geosynthetic-reinforced sand bed having
Hs/D = 0.3. This is due to the fact that as the thickness of the reinforced sand bed
increases, the deflection of the reinforcement decreases and the effectiveness of the
reinforcement also decreases [17].

The effect of tensile stiffness of the geosynthetic on the settlement response has
been studied for multilayer-reinforced soil. It is seen that irrespective of the number
of reinforcement layer, the maximum settlement decreases (Fig. 11) as the stiffness
of the geosynthetic layers increases up to the range of 4000–5000 kN/M, beyond
which the rate of change in settlement is negligible. The reduction in the values of
settlement is 22, 25.6, and 28% for one, two and three layers case, respectively.

3.4 Load Transfer

To investigate the effects of the geosynthetics-reinforced sand bed of 1, 2, and 3
reinforced layers on the end-bearing behavior, load-transfer curves of stone column

Fig. 11 Effect of geosynthetic tensile stiffness on maximum settlement geosynthetic -reinforced
sand bed over stone column-improved soft clay
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at a 300 kPa surcharge pressure are shown in Figs. 12 and 13 show the load transfer
of column 1 and 6, respectively. The force of columns number 1 and 6 has been
increased by 116 and 112% when the soil is improved by stone columns along with
unreinforced sand bed, respectively. Use of single layer geosynthetics-
reinforcement with stone columns increases the value of column force at surface
by 135% whereas the increment is 143 and 148% if two and three layers of
geosynthetics-reinforcement are used with stone columns, respectively.

Fig. 12 Load-transfer curves of column 1 for geosynthetic-reinforced sand bed over stone
column-improved soft clay

Fig. 13 Load-transfer curves of column 6 for geosynthetic-reinforced sand bed over stone
column-improved soft clay

Numerical Analysis of Multilayer Geosynthetic-Reinforced … 155



4 Mechanism of GECs Behavior

Mechanisms governing GECs behavior (in relation to the influencing factors) are
presented in the following sections.

4.1 Load Transfer

In stone column-reinforced ground, stress concentration occurs in stone columns
due to the higher relative stiffness of the column to soil, the degree of which can be
quantified using the stress concentration ratio (SCR), which is defined as the ratio of
the stress on the stone column, r0v;SC, to that on the soil, r0v;cl. As the degree of load
transfer between the column and the soil depends largely on the modulus ratio
between the stone column and the soil, the SCR is thus expected to be larger for a
GECs than for a OSCs.

Figure 14 shows the vertical stress in the stone column-normalized settlement
(Sc=Hc) displacement response for both a GECs and OSCs. Increased encasement
stiffness also increases the vertical stress in the stone column r0v;SC, such that at a
settlement of 390 mm, the mobilized vertical stress on top of the GECs with
J = 10,000 KN/M is 2.4 times greater than that of OSCs.

The use of encasement can noticeably enhance the load-carrying capacity of
OSCs (Fig. 12), it is instructive to more comprehensively study the load-transfer
mechanism of both OSCs and GECs.

Fig. 14 Effect of encasement on vertical effective stress in stone column
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4.2 Force in Stone Column

The end-bearing capacity of columns is another component that should be con-
sidered when the overall load-transfer behavior of these systems is studied. To
investigate the effects of column encasement on the end-bearing behavior,
load-transfer curves of an OSC and GECs at a 300 kPa surcharge pressure are
shown in Figs. 15 and 16. Figures 15 and 16 show the load transfer of column 1
and 6, respectively.

The distributions of computed column force with depth are presented in Fig. 15.
The column force increased with depth until a maximum value of 720 kN was
achieved at about mid-depth. This is due to negative drag-down from the sur-
rounding clay that tends to settle more than that of the stone column.

Fig. 15 Load-transfer curves of stone column 1 obtained from models with various encasement
stiffness

Fig. 16 Load-transfer curves of stone column 6 obtained from models with various encasement
stiffness
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From Fig. 16, it can be seen that both the OSCs and GECs are primarily
end-bearing columns as 86 and 70% of the loads applied at the ground surface are
transferred to the tip of the columns, respectively. As shown in Fig. 16, the amount
of load transferred to the tip of the GECs is much greater than that of the OSCs at a
given settlement, because the encasement makes the GECs a stronger and more
rigid element.

4.3 Settlement

These results demonstrate that the geosynthetic encasement can significantly reduce
the settlement of the soft ground by decreasing the degree of surcharge load
transferred to the clay layer and increasing the stiffness of the stone column.

Stone column encasement also increases the stiffness of the stone column-clay
composite ground. Figure 17 shows the variations of surcharge pressure (Psur)-
normalized settlement (Sc=Hc) relationships for different values of encasement
stiffness. Note that Sc represents the settlement at the top of GECs. As one would
expect, the slope of Psur � Sc=Hc curve, K, representing the stiffness of the
GECs-reinforced ground, increases with increasing J, indicating that the stiffness of
the GECs-reinforced ground also increases as the encasement stiffness increases.
For example, K increases from 3350 kPa for the OSC to 7672 kPa for the GECs
with J = 10,000 kN/M, demonstrating approximately a 230% increase in the
capacity for the GECs-reinforced ground.

4.4 Lateral Deflection

Figures 18 and 19 show the lateral deflections (dh) of column 6 and the associated
geosynthetic hoop strains (eg), respectively, for different values of encasement

Fig. 17 Effect of encasement on global stiffness of GECs-clay composite ground
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stiffness. In Fig. 18, it can be seen that lateral deflection of the stone column tends
to sharply increase with length, by up to 145 mm at 3.5Dsc, where Dsc = stone
column diameter, after which it decreases with length when no encasement is
provided. This is attributed to mobilization of more load on top of the GECs
(Fig. 14), and the subsequent transmission of greater loads to higher depths in the
case of the GECs.

The geosynthetic hoop strain (eg) profiles, shown in Fig. 19, tend to follow the
general trend observed in the dh profiles with a tendency of decreasing eg with
increasing J, showing a maximum hoop strain of 23.5% occurring at 3.5Dsc below
the top of the stone column for J = 1000 kN/M.

Fig. 18 Lateral deflections of stone column 6 obtained from models with various encasement
stiffnesses

Fig. 19 Geosynthetic hoop strain of stone column 6 obtained from models with various
encasement stiffness
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The confining effect provided by the geosynthetic encasement can be quantified
using the ring tension force (DFr) developed in the geosynthetic encasement. The
ring tension force can be expressed as DFr ¼ J � eg where eg = hoop strain, when
assuming linear-elastic material behavior with stiffness J. The additional confining
stress provided by the geosynthetic encasement Drh;geo can then be computed as
Drh;geo ¼ DFr=rgeo where rgeo = radius of the encasement [28]. Substituting
DFr ¼ J � eg into Drh;geo ¼ DFr=rgeo yields

Drh;geo ¼ J � eg
rgeo

ð1Þ

Figures 20 and 21 show Drh;geo profiles along the stone column for various
cases, computed using the results of FE analyses together with Eq. (2) for a
300 kPa surcharge pressure. As one would expect, it can be seen in Fig. 20 that a
stiffer encasement provides greater Drh;geo, showing ðDrh;geoÞmax = 500–2600 kPa

Fig. 20 Variation of Drh;geo with influencing factors: effect of J

Fig. 21 Variation of Drh;geo with influencing factors: effects of aE
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depending on J. Figure 21 also indicates that the confining stress provided by the
encasement depends on the encasement stiffness. For example, as shown in Fig. 21,
for J = 2000 kN/M, larger Drh;geo are developed when the area replacement ratio
aE is lower and/or the ground is weaker, showing ðDrh;geoÞmax = 920 kPa for
aE = 10% as opposed to ðDrh;geoÞmax = 434 kPa for aE = 20%, depending on the
soil consistency. These results in fact suggest that the encasement has a greater
impact when aE is smaller, i.e., a lager spacing of GECs is weaker.

4.5 Effect of Encasement Stiffness the GECs Performance

The encasement stiffness J is important design item as they directly affect the cost
of GECs. The effects of J on the GECs performance are examined. Figure 22
presents the variations of settlement ratio b with the encasement stiffness for GECs
with aE = 12, 20% for a 300 kPa surcharge pressure. As one would expect, it can
be seen that in all cases the settlement ratio b decreases rapidly with J up to
J = 2000 KN/M after which it decreases at a decreased rate. Another trend shown
in these figs is that the b − J relationships are practically the same for a given area
replacement ratio.

4.6 Stiffness Improvement Factor

Figure 23 shows the variations of stiffness improvement factor (SIF), defined as the
ratio of the stiffness of GECs-reinforced ground (KGECs) to that of untreated ground
(Kuntreated), with the encasement stiffness and the area replacement ratio. Note that
the stiffness values of the GECs-reinforced and untreated ground, i.e., KGECs, and
Kuntreated are obtained from the respective Psur � Sc=Hc curves given in Fig. 16 as

Fig. 22 Variation of settlement ratio with of geosynthetic tensile stiffness
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average slopes. As shown, an eightfold increase in the stiffness of the ground can be
achieved for the GECs with J = 4000 kN/M and aE = 20% compared to that of the
untreated ground. As before, cases with larger column spacing tend to yield greater
SIF values for a given encasement stiffness, supporting the trend observed earlier.

Figure 23 can be used to make a preliminary estimate of the settlement of
GECs-reinforced ground. For example, the settlement of GECs-reinforced ground
(Sc=Hc)GECs under a given surcharge Psur can be obtained using the settlement of
untreated ground ðSc=HcÞuntreated and the SIF given in Fig. 20, since SIF can be
written, by definition, as

SIF ¼ KGESC

Kuntreated
¼ ½psur=ðS=HcÞ�GESC

½Psur=ðS=HcÞ�untreated
¼ ðS=HcÞuntreated

ðS=HcÞGESC
aF ð2Þ

The settlement of GECs-reinforced ground ðSc=HcÞGECs under a given
embankment surcharge Psur can then be expressed as

S
Hc

� �
GESC

¼ 1
SIF

� S
Hc

� �
untreated

ð3Þ

Since (Sc=Hc) untreated can be computed as (Sc=Hc) untreated = my � Dr0, where
mv = coefficient of volume compressibility of untreated ground and Dr

0
= effective

stress increase, ðSc=HcÞGECs can be computed as (Sc=Hc) GECs ¼ my:psur=SIF
assuming a constant mv and Dr0 ¼ psur.

5 Stress Concentration Ratio

The SCR versus normalized surcharge pressure psur=Eimp relationships are shown in
Figs. 24. Note that the normalized surcharge pressure,psur=Eimp is used in this

Fig. 23 Variation of SIF with J and aF
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figure, where Eimp = elastic modulus of the stone column-soil composite ground,
computed based on the area replacement ratio as

Eimp ¼ ðAs þAscÞ ¼ EscAsc þEsAs; ð4Þ

where ASC and AS are the surrounding soil and the cross-section areas of the stone
column, respectively, and Esc and Es are the surrounding soil and elastic moduli of
the stone column, respectively. Note that the elastic moduli of the untreated soils
are computed using the following as:

Es ¼ 3ð1� 2mÞð1þ e0Þp0
k

; ð5Þ

where p′ = mean effective stress.
Figure 24 shows variation of stress concentration ratio with surcharge pressure

for multilayer geosynthetic-reinforced sand bed with 40 cm thick placed over stone
column. It can be seen, changes in the vertical effective stresses both in the stone
column and in the clay layer caused by the multilayer geosynthetic-reinforced result
in eight times larger SCR values for the three layers of geosynthetics-reinforcement
than that for the OSC. The multilayer of geosynthetics-reinforcement transfers the
stress from soil to stone columns due to stiffness difference between the soft soil
and stone columns which reduce the possibility of soil yielding above stone col-
umns. Thus, it can be said that there is a large increase in the values of stress
concentration ratio in comparison to the values with the presence of
geosynthetics-reinforcement when there is no geosynthetics-reinforcement present.

These changes in the vertical effective stresses both in the stone column and in
the clay layer caused by the encasement result in nine times larger SCR values for
the GECs with J = 10,000 kN/M than that for the OSCs as shown in Fig. 25.
The SCR tends to increase with the surcharge pressure load. Thus, it can be said

Fig. 24 Variation of stress concentration ratio with surcharge pressure for multilayer
geosynthetic-reinforced system
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that use of GECs with an increase in the encasement tensile stiffness helps the stress
transfer process and causes further reduction of stress on the soft soil.

6 Conclusions

In this paper, three-dimensional numerical analyses were performed to study the
settlement response of multilayer geosynthetic-reinforced granular fill over stone
column-reinforced soil. Finite-Element Analyses were carried out to compare the
group performance of GECs with OSCs.

A detailed study was implemented to better understand the mechanism of
load-carrying capacity in a group of GECs and OCSs. Based on the results gained
from present research, the following conclusions can be found:

It has been observed that the use of multilayer geosynthetics-reinforcement with
stone columns is not very effective to reduce the maximum settlement. The
multilayer-reinforced system is very much effective to reduce the maximum set-
tlement when stone columns are not provided in the soft soil. However, single-layer
reinforcement with stone columns is very effective to reduce the maximum
settlement.

The optimum thickness of geosynthetic-reinforced sand bed is 0.3 times the
diameter of the footing. Decreases in bulge diameter in depth of bulge have been
observed due to placement of sand bed over stone column-improved soft clay.
Further decrease in maximum bulge diameter and increase in depth of bulge have
been observed due to application of geosynthetic.

More stress concentration means more stress is transferred from soil to stone
columns due to stiffness difference which helps to reduce the possibility of soil
yielding above the stone columns. The use of geosynthetic reinforcements

Fig. 25 Variation of SCR with surcharge pressure at depth 2.5 m for GECs with various
encasement stiffness
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significantly helps the stress transfer process and causes further reduction of stress
on the soft soil.

When encasing the stone column, the lateral bulging is considerably decreased
due primarily to the added confinement by the encasement. The confinement
stresses inferred from the ring tension force developed in the geosynthetic
encasement are larger when the area replacement ratio is smaller.

Increase in the stiffness of the geosynthetic encasement of the stone columns
leads to increasing the column stiffness, the hoop tension force mobilized in the
encasement, and the lateral confinement provided to the column, leading to sub-
stantial enhancement in the performance of the GECs group.

The critical geosynthetic encasement stiffness, beyond which no further benefit
can be achieved, was found to be approximately J = 2000 KN/M and it appears to
be independent of the area replacement ratio and the surcharge pressure load
intensity for the conditions analyzed.

Encasing stone columns increased the end-bearing capacity. Encasement also
allowed for greater load transfer to deeper depths, which was led to corresponding
increases in loads that were transferred to the tip of the column.
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