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Abstract Ordinary stone column (OSC) reinforced
soft soils undergo excessive settlements under vertical
stresses due to the lack of adequate lateral support
from the surrounding native soil. To overcome this
issue, stone columns are suitably encased by a
geosynthetic material having high axial stiffness,
which provides the required additional confinement.
A numerical analysis aimed at analyzing the effect of
geosynthetic encasement on the load settlement
behavior of geosynthetic encased stone columns
(GESC) under vertical stresses is presented. Three
dimensional (3D) models were developed in PLAX-
IS3D to simulate the behavior of stone column
reinforced soft soils using the unit cell idealization
concept. The numerical models were first validated
with the help of experimental data of model tests on
GESCs from literature. Various parameters were
varied to quantify their impact on the load settlement
behavior under column only loaded condition. The
parameters varied include the diameter of GESCs,
spacing to diameter (S/D) ratio, pattern of stone
column installation, geosynthetic encasement
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stiffness, length of encasement, length of floating
column, cohesion of soil and friction angle of stone
column infill. Increase in the diameter of GESCs led to
increased settlement for a particular vertical load
intensity. The bearing capacity improved with
increase in the geosynthetic stiffness, encasement
length, length of floating GESCs, the cohesion of soil
and the friction angle of the stone column infill.
Increase in S/D ratio decreased the bearing capacity
and triangular pattern of stone column installation was
found to be more efficient. Moreover, the lateral
bulging indicated a reducing trend upon increasing the
axial stiffness of encasement.

Keywords Stone columns - Geosynthetic
encasement - OSC - GESC - Finite element method -
PLAXIS3D

1 Introduction

Soft soil conditions present huge challenges for
geotechnical engineers. Due to increase in population
and unavailability of land, infrastructure development
over soft soils has become unavoidable. These soft
soils undergo large deformations under external
loading conditions. Hence, the need for improvement
of these problematic soils arises so as to make them
feasible. Over the years various ground improvement
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techniques have been developed to address this issue
which include dewatering, pre-loading, sand drains,
prefabricated vertical drains (PVD’s), granular col-
umns, vacuum consolidation etc. (Rajasekaran and
Rao 2002; Rampello and Callisto 2003; Indraratna
et al. 2004; Shen et al. 2005). Providing granular piles
(or stone columns) in soft soil conditions is one of the
most widely used ground improvement techniques. In
this technique, the soft soil is partially replaced by a
dense and highly permeable material. The inclusion of
stone columns reduce the lengths of flow paths and
hence provide the added advantage of accelerated
consolidation (Greenwood 1970; Han and Ye 2001;
Castro et al. 2013). Stone columns placed in soft soils
sustain under vertical stresses due to the lateral support
provided by the surrounding soil (Greenwood 1970).
When the stone columns are loaded, they tend to bulge
and hence induce passive pressures on the surrounding
native soil. Therefore, providing ordinary stone
columns in soft soils conditions may not yield the
desired results. In presence of very soft clays having
un-drained shear strength (Su)< 15 kPa, the soil is not
able to provide the required passive resistance to stone
columns and they undergo failure due to bulging and
general shear (Aboshi et al. 1979). In soft soil
conditions the loss of infill material in the surrounding
soil renders the granular columns ineffective. More-
over the soil may enter in the voids of the granular
material, thereby clogging the granular columns which
leads to reduction in permeability of these columns.
Encasing the stone columns with suitable geosynthetic
material can solve these issues as this encasement
provides the additional lateral confinement and also
acts as a barrier between the soft soil and the granular
material. The geosynthetic encasement also stiffens
the stone columns leading to reduction in bulging by
mobilization of hoop stress in the reinforcing material
(Van Impe and Silence 1986; Murugesan and
Rajagopal 2006; Malarvizhi and Ilamparuthi 2007;
Ghazavi and Afshar 2013; Dar and Shah 2020). Due to
these advantages, GESCs are being widely used in soft
soil conditions with low un-drained shear strengths.
The behavior of a typical ordinary and GESC
surrounded by soft soil is shown in Fig. 1. Ordinary
stone columns placed in soft soils undergo bulging and
excessive settlements due to unavailability of ade-
quate passive resistance from the surrounding soil.
The geosynthetic encasement in stone columns pro-
vides additional confinement and hence the additional
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passive resistance against bulging, thereby increasing
the bearing capacity. The encasement in stone
columns can be of various types viz. geotextiles,
geogrids etc. The axial stiffness of these materials is
very large and huge hoop stresses need to be mobilized
to undergo any considerable lateral strain. The stone
columns may be constructed by two methods viz.
displacement and non-displacement method. In dis-
placement method, a tube or casing is driven into the
soil and the soil gets laterally displaced while in case
of non-displacement method, the surrounding soil is



Geotech Geol Eng (2021) 39:1901-1922

1903

not displaced as the soil is taken out while boring (IS:
15284 Part 1 2003). Moreover, the stone columns can
be installed in various patterns as shown in Fig. 2. The
triangular pattern gives the closest packing. Unit cell
idealization concept was used to analyze the behavior
of GESCs in this study. This concept is used for
studying the behavior of a large group of columns
beneath large loaded areas e.g., embankments etc. The
concept of unit cell idealization is based on the idea of
simplifying the analysis of behavior of a large number
of stone columns by only analyzing an individual
representative column. Figure 3 explains the concept
of unit cell idealization under embankment wherein an
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Fig. 2 Patterns of stone column installations a triangular
b square

individual stone column is analyzed under an equiv-
alent vertical stress as it would experience in presence
of the actual embankment. Most of the methods used
for design of granular columns are based on this
concept. A unit cell comprises of a granular column at
the center and the extent of surrounding soil depends
upon the spacing between the stone columns and the
pattern of installation. The column and its zone of
influence collectively is called ‘unit cell’. The diam-
eter of the unit cell is equal to the equivalent diameter
as shown in Fig. 2. A unit cell is a cylindrical element,
the behavior of which is studied by loading the unit
cell area with an equivalent loading intensity as
experienced by it. The equivalent diameter (De) of the
columns placed in triangular and square patterns is
1.05 and 1.13 times the spacing between the columns
respectively. The spacing ‘S’ between the stone
columns vary between 2 - 3 times the diameter of a
column. In unit cell idealization, only vertical settle-
ment is allowed along the perimeter of the unit cell and
rigid boundary conditions are applied at the bottom to
simulate the stone columns resting on a hart strata.
This method has been used by various researchers over
the years and the results show that the unit cell analysis
closely represents the behavior of large number of
columns underneath a structure (Hughes et al. 1975;
Priebe 1995; Goughnour 1983; Murtaza and Samad-
hiya 2016, Khadhim et al. 2018). Hence, the unit cell
concept provides an easy and simple solution to a
complex problem. Attempts have been made by
various researchers to study and analyze the influence
of providing geosynthetic encasement on the load
settlement behavior of granular piles. Model tests were
conducted by various researchers to analyze the
impact of encasement on the behavior of granular
piles (Murtaza and Samadhiya 2016; Sharma et al.
2004; Ayadat and Hanna 2005; Murugesan and
Rajagopal 2007; Wu and Hong 2009; Gniel and
Bouazza 2009; Ali et al. 2012; Yoo and Lee 2012).
Various numerical analyses were also carried out that
successfully simulated the effect of geosynthetic
encasement on bearing capacity of granular piles
(Murugesan and Rajagopal 2006; Malarvizhi and
Ilamparuthi 2007; Khabbazian et al. 2010; Yoo
2010; Keykhosropur et al. 2012; Almeida et al.
2013). However, the majority of numerical analysis
on stone columns has been carried out using two
dimensional (2D) axisymmetrical models. The anal-
ysis of behavior of the encased stone columns using
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Three Dimensional (3D) numerical models is yet to be
explored fully.

In this study, the behavior of vertically loaded stone
columns surrounded by soft soil has been simulated
and quantified using a 3D Finite Element (FE)
programme (PLAXIS3D). Experimental data from
the literature was used to validate the FE model.
Subsequently a parametric study was conducted to
study the impact of various parameters on the load
settlement behavior of the stone columns. The param-
eters varied include the diameter of GESCs, geosyn-
thetic encasement stiffness, length of encasement,
length of floating column, cohesion of soil and the
friction angle of stone column infill.

@ Springer

2 Numerical Modelling

Numerical investigations were carried out in this study
using an FE programme (PLAXIS3D). This FE
package comprises of robust computational proce-
dures that have been well tested over the years and
enables the users to solve complex geotechnical
engineering problems wherein the analysis and sim-
ulation of soil behavior is carried by development of
3D soil models. Settlement analysis was carried out on
an individual column using the unit cell concept.
Triangular arrangement of stone columns was chosen
to carry out the current study for the said pattern
provides the densest possible packing. The equivalent
diameter (De) of equivalent cylindrical unit cell in
case of triangular pattern is, De = 1.05 x S, where ‘S’
is the spacing between columns which is normally 2-3
times the diameter (D). For the current study, the
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spacing between the stone columns was kept twice the
diameter i.e. S = 2D. Columns of diameter 0.5 m,
0.75 m and 1.0 m were investigated. The length (L) of
columns for each diameter was so taken that the L/D
ratio for all the cases remains constant at 6. The
settlement behavior of unreinforced soil, ordinary
stone column (OSC) reinforced soil and geosynthetic
encased stone column (GESC) reinforced soft soils
were studied. For analyzing the behavior of soft soils
and stone columns, Mohr-Columb model was used as
done by various researchers in the past (Ghazavi and
Afshar 2013; Murtaza and Samadhiya 2016; Pulko
et al. 2011; Chen et al. 2015; Mohanty and Samanta
2015). The geosynthetic encasement was modelled as
a linear elastic material. There are geometrical limi-
tations with the PLAXIS3D due to which a cylindrical
unit cell cannot be created. Since the shape of a unit
cell has no influence on the load settlement relation-
ship, an equivalent square unit cell was analyzed in
this study. The square unit cell has been used by
various researchers for analyzing the load intensity
settlement behavior in the past (Ghazavi and Afshar
2013; Murtaza and Samadhiya 2016; Mohanty and
Samanta 2015; Ambily and Gandhi 2007). Various
researches regarding the impact of geosynthetic
encasement on the settlement behavior of stone
column reinforced soft soils of different un-drained
shear strengths suggest that interface element is not
required since the settlement of the column occurs due
to lateral bulging of the stone columns and shear is not
possible (Ambily and Gandhi 2007; Khadhim et al.
2018). Hence, interface elements were not used in this
study. The typical FE models generated in the
PLAXIS3D are shown in Fig. 4.

2.1 Validation of the Numerical Model

The validation of numerical models was carried by
simulating the load settlement behavior of model tests
carried out by Murtaza and Samadhiya (2016). They
carried out laboratory model tests on individual stone
columns surrounded by soft clays using the unit cell
method. These tests were carried out on stone columns
of two diameters viz. 75 mm and 90 mm in end
bearing and floating conditions under two loading
conditions (a) by loading the column only and (b) by
loading whole area of unit cell. The case of ‘column
only loaded’ under floating and end bearing conditions
was taken for validation.

The numerical models developed in this study were
validated by comparison with the experimental results
of Murtaza and Samadhiya (2016). The various
material properties used by Murtaza and Samadhiya
(2016) are given in Table 1. Figure 5 shows that the
results obtained from PLAXIS3D are in good agree-
ment with the experimental model tests carried by
Murtaza and Samadhiya (2016) under both the end
bearing and as well as floating conditions. These
validated models were then used for conducting
further parametric studies.

2.2 Material Properties

The material properties for the benchmark case used
for development of numerical models in this study are
shown in Table 2. Various parameters were varied to
quantify the influence of their variation on the load—
intensity settlement behavior of the soil. Axial stiff-
ness (J) of the geosynthetic was also one of the
parameters varied in this study. The axial stiffness of
the geosynthetic encasing was varied as 250kN/m, 500
kN/m, 1000kN/m and 2000kN/m. The influence of this
variation in stiffness of encasement on the load-
settlement behavior and bulging of the stone columns
was studied. For the benchmark case, the axial
stiffness of the geosynthetic was taken as J = 500
kN/m.

3 Parametric Studies and Discussion

The influence of various parameters on the load-
intensity versus settlement behavior of GESCs was
investigated by developing 3D FE models. For the
baseline model, a stone column of diameter 0.5 m was
taken up for analysis, Najjar et al. (2010), from their
experimental investigations found the critical column
length of granular column to be around 6D, which
means the load carrying capacity of granular column
increases up to the column length of six diameters,
beyond which there is no considerable improvement in
the bearing capacity. Hence the length to diameter (L/
D) ratio of 6 was used in the present study. To simulate
the column only loaded condition, the load was
applied on top of the stone column in terms of
prescribed displacement of up to 150 mm. The
parameters varied included the diameter of GESCs,
S/D ratio, pattern of stone column installation,
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Table 1 Material Parameters Soft clay Stone column
properties of soil and stone
aggregates (after Murtaza Young’s modulus, E (kPa) 420 42,500
and Samadhiya (2016)) Poisson’s ratio 0.48 0.3
Cohesion (kPa) 5.01 (for floating) 0
5.09 (for end bearing)
Angle of internal friction (¢°) 0 43
Unsaturated unit weight (kN/m3) 13.85 14.51
Saturated unit weight (kN/m3) 18.58 14.51
geosynthetic encasement stiffness, length of encase- parameter at a time while keeping others constant. The
ment, length of floating column, cohesion of soil and parametric studies are discussed in detail as follows.

frictional angle of the stone column infill. The
parametric studies were conducted by changing one

@ Springer
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Table 2 Material properties of soil and stone aggregates for
benchmark case

Parameters Soft clay ~ Stone column
Young’s modulus, E (kPa) 550 30,000
Poisson’s ratio 0.45 0.33
Cohesion (kPa) 5 0

Angle of internal friction (¢°) 0 43
Unsaturated unit weight kN/m® 175 18

Saturated unit weight (kN/m>) 18.2 19

3.1 Effect of the Diameter of Encased Stone
Column

The influence of diameter of GESC on the load
settlement behavior and lateral bulging was analyzed
by using GESCs of three different diameters viz.
0.5 m, 0.75 m and 1.0 m. The ‘L/D’ ratio in all the
cases was kept at 6 which correspond to column
lengths of 3.0 m, 4.5 m, and 6.0 m respectively. Axial
stiffness of the encasement was kept constant in all the
cases with J = 500kN/m. Unit cell parameters corre-
sponding to the largest diameter column were used.
The area replacement ratios for 0.5 m, 0.75 m and
1.0 m diameter columns correspond to 5.7%, 12.93%
and 22.93% respectively. Figure 6 shows the load-
intensity settlement behavior of GESCs with varying
diameters. A perusal of Fig. 6 shows that for a
particular load intensity the larger diameter GESCs
undergo larger settlements. These findings are consis-
tent and in agreement with that of Murugesan and
Rajagopal (2006); Ali et al. (2012). The variation in
the load intensity settlement behavior for various
prescribed settlements by varying diameter of GESCs
is shown in Fig. 7. The vertical load intensity for
0.75 m diameter GESC compared to 0.5 m diameter
column decreased by 17.50%, 18.67% and 19.71% for
prescribed settlements of 50 mm, 100 mm and
150 mm respectively while in case of 1 m diameter
column the reduction in vertical load intensity was
21.98%, 26.33% and 27.89%. Hence, it can be
deduced that the vertical load intensity vs settlement
behavior of the stone columns is dependent on the
diameter of the GESCs. The increased settlement in
case of larger diameter columns can be attributed to
(a) the re-adjustment of the granular particles within
the GESC and (b) the elongation of the geosynthetic

@ Springer

encasement (Rajagopal and Mohanty 2016). More-
over, as the diameter of the column increases there is
large scope for readjustment of the particles. As a
result, larger diameter mobilizes lower tensile hoop
stresses in the geosynthetic material leading to larger
settlements. In case of ordinary stone columns, there is
no considerable impact on the load-settlement behav-
ior on increasing the diameter. The load-intensity vs
settlement behavior of unreinforced stone columns
(OSCs) is shown in Fig. 8.

3.2 Effect of S/D ratio

The stone columns are generally installed with S/D
ratios ranging from 2-3. To study the impact of the
variation in S/D ratio on the load carrying capacity,
GESCs with three different S/D ratios viz. 2, 2.5 and 3
were taken up for analysis. The equivalent diameters
of the unit cell corresponding to S/D ratios of 2, 2.5
and 3.0 vary as 1.05m, 1.3125m and 1.575 m
respectively. The variation in the vertical load inten-
sity versuss settlement behavior for different S/D
ratios is shown in Fig. 9.

As the S/D ratio increases, there is reduction in the
bearing capacity of GESCs. It can be attributed to the
fact that as the S/D ratio increases, the extent of partial
replacement of soft soil with better quality material
also reduces which results in reduced bearing capacity.
The variation in the vertical load intensities for various
prescribed displacements is presented in Fig. 10. On
varying the S/D ratio from 2 - 3, the vertical load
intensity for prescribed settlements of 50 mm,
100 mm and 150 mm reduced by 5.75%, 3.03% and
2.47% respectively.

3.3 Effect of Pattern of Stone Column Installation

The stone column are generally placed in triangular or
square arrangement. The influence of pattern of
installation of GESCs on the load carrying capacity
was analyzed in this study. GESCs placed in triangular
and square arrangement were analyzed. The equiva-
lent diameters of unit cell for triangular and square
arrangement was taken as 1.05 m and 1.13 corre-
sponding to equivalent diameters of 1.05 x S and
1.13 x S respectively.

Figure 11 shows the influence of pattern of stone
column installation on the vertical load intensity
settlement behavior of GESCs. The bearing capacity



Geotech Geol Eng (2021) 39:1901-1922

1909

Vertical Load Intensity (kPa)

300 400 500

20

[0} [e)) S
o o o
T T T

Settlement (mm)

2

120

140

160 -

Fig. 6 Vertical load intensity settlement behaviour of GESCs for different diameters

600 1
50 mm
= 500 4 100 mm
Q
X 150 mm
2400 -
[7}
c
8
£ 300 1
T
[0}
K
5 200 -
9
(4
Q
> 100 A
¥ 0.5 0.75 1

Diameter of stone column (m)

Fig. 7 Vertical load intensity settlement behaviour of GESCs
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of GESCs in case of triangular arrangements were
higher compared to the square pattern. This is due to
the fact that in case of triangular arrangement of
installation of stone columns, the columns are closer
compared to the square arrangement. The variation in
the vertical load intensity for different prescribed

settlements are for different patterns of stone column
installation is presented in Fig. 12. On changing the
pattern of installation of stone column from triangular
to square, the vertical load intensity for prescribed
settlements of 50 mm, 100 mm and 100 mm reduced
by 6.60%, 3.54% and 3.59% respectively.

3.4 Effect of Geosynthetic Encasement Stiffness

Stiffness of the geosynthetic encasement determines
the hoop stress required to be mobilized to undergo
any considerable strain. To study the influence of this
stiffness on the load carrying capacity of GESCs, the
stiffness ‘J’ of the encasement was varied as 250 kN/
m, 500 kN/m, 1000 kN/m and 2000 kN/m. The
behavior of fully encased column (end bearing as well
as floating) was captured whilst keeping all other
parameters constant. Figure 13 shows the variation of
the vertical load-intensity versus settlement behavior
of a 0.5 m diameter end bearing column for different
values of encasement stiffness. A perusal of Fig. 13
shows that there is a significant enhancement in
bearing capacity as the encasement stiffness increases
from 250 to 2000 kN/m. This enhancement in the
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bearing capacity is due to larger lateral confinement
provided by the encasement of higher stiffness,
thereby increasing the overall stiffness of the GESCs.
As the stiffness of the encasement is increased, it
simulates the stiffer surrounding soil conditions.
These findings are in agreement with those of
Murugesan and Rajagopal (2006). Figure 14 shows
the enhancement in the vertical load intensities in the
end bearing column for various prescribed settle-
ments. For geosynthetic encasement stiffness of 2000
kN/m, the vertical load intensity of the columns
increased by 1284.33%, 2091.65% and 2767.84% for
the prescribed settlements of 50 mm, 100 mm and
150 mm respectively relative to clay bed. This
enhancement was found to be 347.47%, 624.60%
and 859.82% respectively relative to the ordinary
stone columns. The change in the encasement stiffness
influences the extent of lateral bulging in GESCs as
shown in Fig. 15. As the stiffness of geosynthetic
encasement increases, there is reduction in the extent
of lateral bulging, hence reducing the settlement. This

@ Springer

can be ascribed to the additional lateral confining
effect of the geosynthetic encasement, thereby
increasing the bearing capacity of GESCs. The effect
of stiffness of encasement on the bearing capacity of
floating columns was also studied. For this purpose, a
floating column of 0.5 m diameter and 1.5 m length
was placed in a unit cell of 3 m depth. The values of
encasement stiffness ‘J” were varied as 125 kN/m, 250
kN/m, 500 kN/m and 1000 kN/m. Figure 16 shows the
influence of geosynthetic stiffness on the behavior of
floating GESC. The floating GESCs showed improve-
ment in the load carrying capacity with increase in the
encasement stiffness. However there is no significant
improvement on increasing the encasement stiffness
beyond 500kN/m. This is attributed to the punching
effect of floating stone columns encased with geosyn-
thetic material of higher stiffness. Such columns tend
to punch into the soft soil rather than undergoing
settlement due to radial bulging.
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3.5 Effect of Geosynthetic Encasement Length

The settlement in stone columns occurs primarily due
to radial bulging. It has been found out that the bulging

occurs near the top of the stone column which is
usually up to the depth of 1.5-2 times the diameter of
stone column (Murugesan and Rajagopal 2006).
Hence it may be redundant to encase the column fully
so as to improve its performance. Only encasing the
top portion of the column can provide the required
additional lateral confinement in the zone susceptible
to bulging, thereby improving the bearing capacity.
Stone columns of different geosynthetic encasement
lengths were investigated in this study to analyze their
influence on load-intensity versus settlement behavior.
The encasement lengths were varied as 1D, 2D, 3D,
4D, 5Dand 6D (fully encased). The purpose of this
analysis was to find the optimum length of encasement
for improving the performance of GESCsi.e. improve-
ment in the load carrying capacity. Keeping the
encasement stiffness constant as 500 kN/m, a stone
column of diameter 0.5 m, having L/D ratio of 6, was
considered for the study. The load intensity-settlement
behavior of stone columns with varying encasement
lengths is presented in Fig. 17. Increasing the encase-
ment length increases the bearing capacity of the stone
columns. However, the increase in the vertical load
carrying capacity was more prominent at smaller
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Fig. 15 Variation in lateral bulging with increasing geotextile stiffness

encasement lengths. The variation in the vertical load
intensities for various prescribed settlements is pre-
sented in Fig. 18. For the prescribed settlement of
50 mm, the increase of 160.8% in the vertical load
intensity with respect to the OSC was prominent up to
the geosynthetic encasement length of 2D (or 1 m)
beyond which the increased encasement length had no
considerable impact on the performance of the stone
column. These findings are in agreement with that of
Murugesan and Rajagopal (2006). The comparison of
improvement trends on increasing the encasement
lengths up to 1 m between the results of Murugesan
and Rajagopal (2006) and current study is presented in
Fig. 19.

For the prescribed settlement of 100 mm, the
vertical load intensity on the stone column increased
by 298.29% up to the encasement length of 3D (or
1.5 m) beyond which no considerable improvement in
load-carrying capacity could be observed. For the
settlement of 150 mm the maximum improvement in
the vertical load intensity was up to the encasement
length of 4D (or 2 m) i.e. 394.35%. Hence, it can be
concluded that the optimum length of the encasement
is directly related to the prescribed settlements or

@ Springer

vertical stresses on the stone column. For greater
vertical stresses, larger lengths of encasements are
required. These findings are consistent with the
findings of studies conducted by Khabbazian et al.
(2010). According to them the optimum length of the
geosynthetic encasement is proportional to the load on
the granular column.

3.6 Effect of the Length of Floating Column

The feasibility of using end bearing granular piles may
be restricted due to certain limitations at site like a
deep soft soil layer or a lightly loaded structure. In
such cases, floating granular piles are more effective
and economical. Very little literature is available on
the behavior of floating GESCs. Hence it becomes
important to quantify the influence of the length of
floating GESCs on the bearing capacity. To analyze
this, floating stone columns of various L/T ratios,
where ‘L’ is the length of the stone column and ‘7" is
the total thickness of soft soil taken for analysis.
A GESC of 0.5 m diameter was considered with the
geosynthetic encasement stiffness J = 500 kN/m. The
influence of length of floating column on load
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Fig. 16 Effect of geotextile encasement on vertical load intensity settlement behaviour of floating GESCs

intensity-settlement behavior was analyzed by varying
the length of the column as 0.5 m, 1.0 m, 1.5 m,
2.0 m, 2.5 m and 3 m while keeping the thickness ‘T’
of soil constant as 3 m which correspond to L/T ratios
of 0.16, 0.33, 0.5, 0.67, 0.83 and 1.0 respectively. The
vertical load-intensity settlement behavior of partially
penetrating GESC with different L/T ratios is depicted
in Fig. 20. A perusal of Fig. 20 shows that increase in
the length of floating GESCs leads to the improvement
in the bearing capacity. This can be attributed to the
fact that the larger length GESCs transfer the applied
loads to larger depths, thereby increasing the bearing
capacity (Murugesan and Rajagopal 2006). Figure 21
shows the variation of vertical load intensities for
various prescribed displacements. The load intensity
enhanced by 189.90%, 196.21% and 195.05% for the
prescribed settlements of 50 mm, 100 mm and
150 mm respectively, when the L/T ratio of the
floating column changes from 0.167 to 0.83. The
bearing capacity of the floating GESCs increases with
increasing length and is maximum for /T = 1 i.e. end
bearing case. The improvement in the bearing capacity

with increasing length of floating GESCs is more
evident for larger prescribed settlements.

3.7 Effect of Cohesion of Soil

The cohesion of soil is one of the most important
parameters to determine the suitability of soil for any
specific purpose and it is an indicator of the passive
resistance the soil can offer. Soft clays often have very
low value of cohesion and hence are very susceptible
to large deformations under external stresses. In this
study, the influence of cohesion of surrounding soil on
the load settlement behavior was carried out. A 0.5 m
GESC with geosynthetic encasement stiffness,
J =500 kN/m was considered for the analysis. The
impact of cohesion of the surrounding soil on the load
settlement behavior of GESCs was analyzed by
varying the cohesion of the surrounding soil from 5
to 100 kPa and the behavior is depicted in Fig. 22. On
increasing the cohesion of the surrounding soil, the
bearing capacity of the GESCs improves considerably.
The improvement in vertical load intensity was more
prominent up to the cohesion of 30 kPa, beyond which
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Fig. 17 Effect of geotextile encasement length on vertical load intensity settlement behaviour
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Fig. 18 Vertical load intensity for different prescribed dis-
placement of 50 mm, 100 mm and 150 mm

only marginal improvement can be seen. This can be
attributed to the fact that at the smaller values of
cohesion, the soil is soft and the geotextile encasement
provides additional confinement, thereby improving
the load carrying capacity of GESCs. However at

@ Springer

higher values of cohesion (i.e. C > 30 kPa), the soil is
strong enough to provide adequate passive resistance
to bulging, hence only marginal improvement can be
seen on increasing the stiffness of geotextile encase-
ment. The marginal improvement gets further reduced
with further increase in the cohesion.

Figure 23 shows the variation of vertical load
intensities for various prescribed settlements of the
GESC placed in soils of varying cohesion. A perusal of
this figure shows that on increasing the cohesion of
soil from 5-30 kPa, the vertical load intensity of the
GESC increased by 119.54%, 138.21% and 138.77%
for prescribed settlements of 50 mm, 100 mm and
150 mm respectively. However, on increasing the
values of cohesion further from 30- 100 kPa, the
vertical load intensity on the GESC increased only by
43.66%, 22.79% and 17.52% for prescribed settle-
ments of 50 mm, 100 mm and 150 mm respectively.
Hence the GESCs are more useful in soft soil
environments.
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Fig. 22 Effect of cohesion of soil on vertical load-intensity settlement behaviour

3.8 Effect of Friction Angle of Stone Column internal friction of the infill material. To study the

impact of friction angle of stone column infill on the
The stone column comprises of granular stone aggre- load settlement behavior of GESCs, the angle of
gates, the properties of which determine the angle of friction of the stone column was changed between 30°-
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50° keeping all other parameters as constant. The
influence of different angles of friction on the load
settlement behavior of 0.5 m diameter GESC is shown
in Fig. 24. Mild enhancement in the bearing capacity
of GESCs could be observed by increasing the friction
angle of the stone column infill. The bearing capacity
for the settlement of 50 mm, 100 mm and 150 mm
increased with increasing frictional angle is shown in
Fig. 25. The improvement in the vertical load intensity
by varying friction angle from 30° to 50° for a
prescribed displacement of 50 mm, 100 mm, and
150 mm increased by 76.32%, 83.43%, 87.72%
respectively. The improvement in the bearing capacity
is more prominent at larger prescribed displacements.
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Fig. 24 Effect of angle of friction of soil on vertical load
intensity settlement behaviour

1919

1000 ¢

900}
soo - |0
100mm

700}
¥ 150mm

600 |

Vertical load intensity (kPa)

35 43 50
Friction angle of stone column(d)

Fig. 25 Vertical load intensity for different angle of friction at
various prescribed settlements of 50 mm, 100 mm and 150 mm

Various researches have been conducted in the past
to analyze the behavior of GESCs under vertical
loading conditions. Khabbazian et al. (2010) studied
the effect of geotextile encasement on the behavior of
granular columns using a finite element software
ABAQUS. They varied various parameters to quantify
their influence on the load carrying capacity of
GESCs. Comparative graphs between the results of
current study and the research conducted by Khab-
bazian et al. (2010) are shown in Fig. 26a—c. A perusal
of these graphs show that the results of these studies
are in close agreement. Although different soil
parameters, stone column parameters, stone column
diameter etc. were used for both studies, a similar
trend of variation in vertical load intensity on varying
the encasement length, geotextile encasement stiffness
and friction angle of stone column is observed.

4 Conclusions

Numerical analysis of GESCs was carried out using
PLAXIS3D. The models developed were first validated
with the help of experimental data from the literature
and then parametric studies were conducted to study
their influence on the load settlement behavior of the
GESCs. As a result of numerical analysis conducted,
following conclusions were reached.

1. With increase in diameter of GESCs, the vertical
load intensity of the stone columns decreased
under vertical loads. This is attributed to the fact
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that in larger diameter GESCs, there is larger
scope for rearrangement of infill material. More-
over, larger diameter columns mobilize larger
hoop stresses. However, in case of OSCs, there
was no significant improvement in the bearing
capacity upon increasing the diameter of the stone
columns

2. The bearing capacity of GESCs decreased with
increasing S/D ratio. Similar trend was observed
on changing the pattern of stone column installa-
tion from triangular to rectangular. Hence it can be
concluded that as the spacing between the GESCs
increases, there is reduction in the load carrying
capacity

3. Providing geosynthetic encasement significantly
improved the bearing capacity of end bearing
GESCs. The hoop strain reduced significantly as
the geosynthetic encasement stiffness was
increased. However, in case of floating GESCs,
there was no considerable improvement when the
stiffness of encasement was increased beyond
500kN/m. This is due to the fact that the settlement
in floating GESCs at higher geosynthetic encase-
ment stiffness is due to punching rather than
bulging

4. The bearing capacity increased with increase in
the length of encasement. For the prescribed
settlement of 50 mm there was no considerable
improvement upon increasing the encasement
length beyond 2D. For larger settlements of
100 mm and 150 mm, the optimum length of the
encasement increased up to 3D and 4D respec-
tively. Hence it can be concluded that the optimum
length of encasement is directly proportional to
the external loading

5. Increasing the length of floating GESCs resulted in
considerable improvement in the bearing capacity.
This can be attributed to the fact that the longer
floating GESCs transfer the applied loads to
greater depths and thereby increase the bearing
capacity

6. Substantial improvement in the bearing capacity
of GESCs was found on increasing the cohesion of
surrounding soil from 5-100 kPa. However, the
improvement is greater for smaller values of
cohesion but at higher values, the improvement in
the bearing capacities is not as significant

7. Increase in the frictional angle of stone column
infill led to enhancement in the bearing capacity of

GESCs. This enhancement is more prominent in
case of larger prescribed settlements
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