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Abstract: Because of the smaller confinement of the neighbouring soil in very weak soils, the
carrying capacity of stone columns may not substantially increase. Geosynthetics can be used
to reinforce columns by employing vertical encasement or horizontal layers. In the present study,
large-scale laboratory investigations were carried out to evaluate the efficacy of vertical encasement
and horizontal layering geosynthetics on the performance behaviour of soft clay. A series of tests
were carried out for a horizontal layering of a geotextile with an equal distance throughout the
height of the column (the total height of the column is ‘L’); horizontal layering over only the top half
(i.e., 0.5 L from the head of the considered column); and horizontal layering over only the bottom
half of the column (0.5 L from the centre to the foot of the column). Tests were also carried out for
vertical encasement in the form of vertically encased stone columns (VESCs) that were employed
for various lengths of encasement (i.e., L, 0.75 L, 0.5 L, 0.25 L). The tests were conducted for three
different diameters of stone columns, i.e., 50 mm, 75 mm, and 100 mm. As per the findings, the
utilisation of horizontal and vertical reinforcing layers enhances the carrying capability of stone
columns. Moreover, because of their interlocking and frictional actions with the aggregates of stone
columns, the layering decreases the lateral bulging of the considered stone columns. A comparison
was performed to find the effectiveness of the horizontal and vertical types of reinforcement, and it
was observed that VESCs with full-length encasement and a geotextile with a higher tensile strength
for a 100 mm diameter of the stone column were the most desirable arrangements among all.

Keywords: stone column; soft soil; geosynthetics; horizontal and vertical reinforcement

1. Introduction

Researchers have been searching for previously undiscovered methods of soft soil
which, until recently, have been regarded as too costly to develop due to urban and
metropolitan regions’ infrastructure and economic advancements, as well as large increases
in land values. Soft soil is typically spread across large regions and has a low carrying
capacity, excessive compressibility, insufficient strength, and low permeability [1,2]. Com-
paction piles, replacement type, displacement type, prefabricated vertical drains, vacuum
pre-consolidation, and soil reinforcement are some tactics that can be used to strengthen
compressive soils [2].

Soil reinforcement using stone columns and geosynthetics has been widely used as an
important method of soil reinforcement. There have been a wide number of studies based
on analytical [3–7], experimental [8–23], and numerical [7,19,21,23–27] analyses on soil
reinforcement. There are also various state-of-the-art studies which signify the need for such
types of analyses [28–36]. Ambily and Gandhi [37] conducted a set of investigations and
experiments to analyse the characteristics of single stone columns in groups. The authors
experimented with characteristics such as stone column spacing, softer clay shear strength,
and loading conditions for the soft clays, along with varying undrained shear strengths.
Murugesan and Rajagopal [13] also performed various tests on single and grouped stone
columns that were encased in various geosynthetics with and without encasement. The
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useful influence of this encasement on the VESCs’ bearing capacity was confirmed through
load testing. Mohanty et al. [38] conducted a set of studies on tanks with weaker soft clay
and covered a somewhat strong and effective silty type of soil of varying thicknesses over
the top layer to explore the behaviour of columns of stone in the layered soils. Along with
the vertical encasement, another option of reinforcing the stone column is to use the help
of horizontal geosynthetic layers [21,39]. A comparison has also been performed between
vertically and horizontally encased stone columns [40–43].

The lateral stresses created due to the poor soil serve to limit stone columns. The lateral
tension exerted from the nearby area containing softer soil determines the efficacy of the
weight that is supported by stone columns. In particularly softer soils, extra confinement is
required, which can be attained by enclosing the column of stones in geosynthetics [20].
Even in very soft soil, this encasement enhances the carrying capacity and rigidity and
lowers the lateral swelling for the columns of stones.

In this research, the results of a set of tests using large-body experimental loading
on solitary stone columns of different diameters are described. Testing on ordinary stone
columns (OSCs), vertically encased stone columns (VESCs), and horizontally reinforced
stone columns (HRSCs) was conducted to evaluate the effect of the reinforcement type
and different reinforcement materials (two types of geosynthetics were used) on the soil’s
response. The major goal of the current study is to perform a comparison on the effi-
cacy of VESCs and HRSCs in soft soil for various stone column diameters under the
same conditions.

2. Experimental Analysis
2.1. Material Characteristics

Soft clay, crushed stones, and two varieties of geotextiles (G1 and G2) were em-
ployed as the materials in this study. The stone materials and clay were classed as GP
and CL according to the Unified Soil Classification System. Crushed stone and geotex-
tiles were chosen to improve the characteristics of the soft clay, and the materials were
selected because of their feasible availability. Similar materials have been chosen by var-
ious researchers [11,13,19,34]. The numerous different characteristics of both materials
are presented in Tables 1 and 2. To estimate the water content that is equivalent to a clay
undrained a shear strength of 20 kPa, a set of unconfined compressive strength (UCS) ex-
periments were performed on a cylindrical sample with a diameter of 38 mm and a height
of 76 mm. Moreover, the laboratory vane shear test was performed to decide the water
content that corresponded to a particular undrained shear strength, which was performed
according to Indian Standard IS2720 part 30 [44]. Various test samples were prepared
using different water contents, and the undrained shear strength was determined [44].
Figure 1 shows the variation in the undrained shear strength in response to the moisture
content from the results of the laboratory vane shear test. The clay’s moisture content was
calculated as 26.13% (Figure 1), which was maintained throughout the experiments. The
stone column material consisted of crushed stone aggregates that had diameters that varied
from 2 to 10 mm.

Table 1. Characteristics of soft clay.

Characteristics Data

Liquid Limit 50%

Plastic Limit 27%

Specific Gravity 2.56

Plasticity Limit 23%

Shrinkage Limit 10%

Optimum Moisture Content 19.23%
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Table 1. Cont.

Characteristics Data

Maximum Dry Unit Weight 17.16 kN/m3

Bulk Unit Weight at 26.13% water content 18 kN/m3

Undrained Shear Strength 20 kPa

Unified Classification System CL

Table 2. Characteristics of stone column material.

Characteristics Data

Specific Gravity 25

Maximum dry unit weight 16.4 kN/m3

Minimum dry unit weight 14.4 kN/m3

Bulk unit weight for the test at 68% relative density 15.8 kN/m3

Internal friction angle (ϕ) at 68% relative density 42◦

Uniformity coefficient (CU) 2.14

Curvature coefficient (Cc) 1.10

Unified classification system GP
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Figure 1. Clay’s undrained shear strength variation with moisture content.

With regard to the resemblance analysis concepts and the scale effect theory, selecting
reinforcement material qualities is a significant task in laboratory model tests. For both
large-scale site stone columns and small-scale model testing, the non-dimensional factors
must have the same value according to similarity analysis [20] as shown in Equation (1):(

Jm

γmD2
m

)
=

(
J f

γ f D22
f

)
, (1)

where J is the stiffness of the geotextile, D is the diameter of the column, γ is the unit weight
of the material to be used for the column of stones and the characters ‘f ’ and ‘m’ signify the
field and model conditions, respectively.
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Two varieties of polypropylene (non-woven type) geotextiles were considered as a
strengthening substance in the proposed testing. Table 3 shows the value of the tensile
strength of considered geosynthetics as measured by standard wide-width tension testing.

Table 3. Properties of Geosynthetics.

Parameters Geotextile 1 (G1) Geotextile 2 (G2)

Ultimate tensile strength (kN/m) 8 12

Strain at ultimate strength (%) 52 36

Tensile modulus (kN/m) 14 31.5

Ultimate tensile strength from tests with seam (kN/m) 7 11.4

Strain at ultimate strength (%) from tests with seam 46.5 30.8

Tensile modulus (kN/m) from seam tests 14.8 35

Figure 2 shows a diagram of the three different kinds of columns employed in this
study, which are Ordinary stone columns (OSC), Vertically reinforced stone columns
(VESC), and Horizontally reinforced stone columns (HRSC) for different lengths of rein-
forcement considered in this study.
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2.2. Test Set-Up and Procedure

The plan dimension of the test box used for the test set-up was 1.5 m × 0.9 m × 0.6 m.
The tank includes a strong loading frame and one loading system that allows soft soil
and the stone column materials to be loaded (Figure 3). The present model tests were
carried out in accordance with other researchers who carried out comparable testing. The
footing loading was imposed on a stone column installed in the middle of a clay bed
prepared in a big test tank [19,35]. The tank’s plan dimension was chosen such that the test
findings would not be influenced by the tank’s boundaries. The loading system for this test
was stress controlled, where the loading rate was established by a hydraulic jack with a
capability of 20 kN. The test steps entail implementing a vertical monotonic load to the clay
treated with a stone column and calculating the load-displacement behaviour of the softer
clay. The vertical application of load was made after the column of stones was installed,
utilising a plate placed at the centre of the column and a bed of clay.
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In the current study, single stone columns were subjected to 48 tests. A robust plate of
steel with a 200 mm diameter along with a thickness of 25 mm was utilised for the plate
used for loading in all solitary stone column testing. Table 4 summarises the outcome of
this testing. For all single stone column testing, an L/D ratio (stone column’s length to its
diameter) of the above five was employed; as a minimum, L/D = 4 is necessary to prevent
the bulging collapse mode [43]. In the case of VESCs and HRSCs, various encasement
lengths were used, as shown in Table 4 and Figure 2. Single stone column tests were
conducted on the columns with 50, 75, and 100 mm diameters using a 200 mm loading
plate. The area replacement ratio is determined as the proportion of the cross-sectional
area of stone columns to the entire area of the foundations and is indicated in the literature.
In these experiments, the percentages were 6.25, 14.06, and 25% for the columns with the
diameters of 50, 75, and 100 mm, respectively.

2.3. Clay Bed Preparation

The weak clay bed preparation was carried out in a large testing box with a plan
dimension of 1200 mm × 900 mm and a 600 mm height. The clay bed was laid out in
layers of 50 mm thickness. The inside of the face walls of the testing box was covered in
a thin layer of grease to reduce friction between the clay and the tank wall. At first, the
clay’s natural water content was assessed, and the amount of additional water needed
to generate a moisture content of 26.13 percent in a big plastic box was calculated. This
moisture content corresponds to a shear strength of 20 kPa when not drained. A nylon
cloth was used to cover the box’s exterior and secured for three days to achieve consistent
water content within the softer clayey soil mass. The clay was poured into the tank at a
precise weight to achieve a bulk unit weight of 18 kN/m3. A customised tamper unit of
200 × 200 mm in plan was used to compact clay by lowering the tamper from a distance
of 250 mm high. The clay bed’s finished surface was levelled and trimmed in all tests to
ensure adequate thickness and smoothness. All the tests followed the same approach to
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produce the desired clay bed. The water content profile was evaluated at 100 mm intervals
for all tests to confirm that the moisture level in the clay remained constant. The change in
the moisture within the clay bed was determined to be less than 1.5% in all tests.

Table 4. Outline of the various tests performed.

Test Type Test
Description Reinforcement Length

Reinforcing
Material

Diameter of the Column Total No.
of Tests50 mm 75 mm 100 mm

Single
Stone

Column
Clay 3 3 3 3

Ordinary Stone
Column (OSC)

3 3 3 3

Vertically
Encased Stone

Column
(VESC)

Lr = L
G1 3 3 3 3

G2 3 3 3 3

Lr = 0.75 L
G1 3 3 3 3

G2 3 3 3 3

Lr = 0.5 L
G1 3 3 3 3

G2 3 3 3 3

Lr = 0.25 L
G1 3 3 3 3

G2 3 3 3 3

Horizontally
Reinforced

Stone Column
(HRSC)

Equal intervals
throughout the depth

G1 3 3 3 3

G2 3 3 3 3

The top half (0.5 L from
column head)

G1 3 3 3 3

G2 3 3 3 3

The bottom half (0.5 L
from the centre to the foot)

G1 3 3 3 3

G2 3 3 3 3

2.4. Construction and Installation Method of Stone Columns

The replacement approach was employed for building stone columns with diameters
of 50, 75, and 100 mm in all the tests (OSC, VESC, and HRSC), including the creation of stone
columns at the centre of a huge testing box. The tank’s plan size was chosen in a way that
the tank’s boundarieank’s boundaries would hardly influence the test findings. A similar
approach was adopted by previous researchers [20]. Stone columns were constructed of
slender, smooth pipes made up of steel with inner diameters of 50, 75, and 100 mm and a
wall width of 2 mm. Both the inner and exterior sides of the steel pipes were treated with a
thin coating of grease to allow for penetration and extraction without causing substantial
disruption to the nearby soil, and then these steel pipes were then driven into the softer clay
to reach the bottom. Different helical steel augers were built and employed to withdraw the
clay from inside the pipe. To make clay removal easier and avoid a suction effect, extraction
of the weak clay within the pipe was allowed to a maximum thickness of 50 mm at a single
period. After removal of the clay from the pipe, the steel pipe was slightly pulled out. As
a result, care was ensured so that the pipe and the hole’s skin did not come into contact.
The quantity of stone aggregates equivalent to a bulk unit weight value of 15.8 kN/m3

was estimated and filled inside the hole in three equal layers to build the stone column.
A unique circular tamper with a 1.5 kg weight and 20 mm of diameter was utilised to
compact this stone material by releasing the tamper from about a distance of 100 mm height
with 25 blows for every layer to achieve a homogeneous density. A tube with a diameter
slightly smaller than the diameter of the dug hole was used to place vertical encasing
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reinforcement at the place of the excavated hole for VESC tests. HRSC followed the same
design procedure as OSC. Horizontal geotextile sheets were installed at specific depths
inside the column length in HRSC tests.

3. Results and Discussions
3.1. Failure Mode and Deformation

In several OSC and VESC tests, the distorted shape of the stone columns was captured
by filling the stone column and the region of the loading plate with plaster of Paris paste. In
HRSC experiments, however, filling with plaster of Paris paste was not possible due to the
presence of horizontal sheets. As a result, after the test, the soft soil surrounding the column
was meticulously sliced vertically to detect failure and deformation. The bulging failure
mode was dominant in all the single stone column testing. Bulging failure happened at a
depth of D to 2.5 D from the top of the stone column according to the findings in the case of
OSC, which can be seen in Figure 4a. The result of this study is comparable to those made by
Murugesan and Rajagopal [13] and Pandey et al. [34]. The rigidity of a stone column rises
when it is enclosed because it provides greater protection from bulging by mobilising hoop
stresses within the geosynthetic material. In the case of VESCs, just beneath the encasement
length, bulging is readily discernible for Lr = 0.25 L, as shown in Figure 4b(iv). This
bulging depth and the position of the bulge can be found as similar to that of the OSC case
(Figure 4a). Bulging was minimal for the column with a 50% encasement length (Lr = 0.5 L).
Only a minor lateral distortion was seen underneath the encased zone (Figure 4b(iii)). A
similar observation was noticed for a 75% encasement length, i.e., Lr = 0.75 L (Figure 4b(ii)).
The 100% encased column (Lr = L) failed the punching test because there was no bulging
along its whole length (Figure 4b(i)). A similar deformation pattern was observed by
previous researchers [11,13].

In the case of HRSCs, when horizontal strips were provided throughout the length of
the column at equal intervals (i.e.,100 mm), the column collapsed due to localised swelling
at around 1.5 D to 2.5 D, which was similar to that of OSC (Figure 4c(i)). This indicates the
inadequacy of the spacing between the horizontal layers of geotextiles. Figure 4b(ii) shows
subtle bulging after the reinforcement was conducted for the top half of the column (0.5 L
from column head) at the intersection of the reinforced and unreinforced sections of the
column length. When the reinforcement was performed for the bottom half (0.5 L from
centre to foot), the bulging failure was similar to that of an unreinforced case.

3.2. Load-Settlement Analysis

Figure 4a–c shows the load-settlement behaviour of unreinforced and reinforced soft
clay with columns made up of stone with diameters of 50, 75, and 100 mm and various
methods of column reinforcement for VESCs and Figure 5a–c for HRSCs. OSCs, HRSCs,
and VESCs were found to boost the soft soil’s ultimate load-carrying capability. The
ultimate carrying capacities of the three types of columns (OSCs, HRSCs, and VESCs) were
raised by raising the as from 6.25 to 25%. Furthermore, their ultimate capacity rose when
stone columns were strengthened by the geosynthetic material for vertical encasement
or horizontal reinforcement. The vertical encasement for VESCs was studied for various
lengths of reinforcement, i.e., Lr = L, Lr = 0.75 L, Lr = 0.5 L and Lr = 0.25 L. VESC data
for two different geotextile materials with varying strengths are also displayed. Vertical
encasement of the stone columns increases capacity and rigidity. Also, it was evident that
the full length of the encasement, i.e., Lr = L, provides a higher capacity and stiffness than
the other three Lr used. Furthermore, compared to OSCs, the ultimate carrying capacity of
VESCs improves as the ultimate tensile strength of the encasement material increases. Prior
researchers noticed a similar tendency [11,13,15,17].
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Figure 5. Load-Settlement variation of VESC for various Lr on single stone column with diameters
(a) 50 mm, (b) 75 mm, and (c) 100 mm.

In comparison to OSC, certain tests were conducted to see how effective horizontal
reinforcement is at enhancing the ultimate carrying capacity of HRSC. The outcome of
experiments on HRSC with diameters of 50, 75, and 100 mm are shown in Figure 5a–c. The
HRSCs were used at equal intervals throughout the length of the column (4 strips @ 0.1 m
spacing), also at half of the column from the column head (2 strips @ 0.1 m spacing till 0.5 L
from column head) and the bottom half of the column (2 strips @ 0.1 m spacing starting from
the centre of the column along its length till the end). Because the horizontal reinforcement
sheets constrain the materials of columns between the horizontal reinforcement layers
and offer extra radial confinement due to the shear stresses generated between reinforcing
sheets and granular materials of stone, the ultimate bearing capacity of columns improves
as indicated. Also, it was found that providing HRSC throughout the column length was
more effective [21] than the other two methods. However, the HRSC at the top half was
more effective than it was when providing it at the bottom half as the initial load can
be controlled effectively. As a result, the lateral bulging was reduced at an early stage.
Furthermore, when the ultimate tensile strength of the horizontal reinforcement sheets is
raised, the ultimate carrying capacity of HRSCs improves compared to OSCs.
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3.3. Improved Load Ratio

The load ratio (LR) parameter can be used to analyse and estimate the efficiency of
stone columns in terms of ultimate bearing capacity. It is the ratio of the ultimate load
sustained by a stone-column-reinforced soil to the ultimate load carried by soft soil without
a stone column.Figures 6a–c and 7a–c show the LR variation with settlement for stone
columns with diameters of 5,7.5, 10 cm, and various reinforcing forms. As can be seen from
the graphs, the LR for stone columns with diameters of 5, 7.5, and 10 cm for VESCs varies
between 1.07 and 1.41, 1.20 and 1.64, as well as 1.41 and 1.8. The maximum LR is found for
a full-length encasement (Lr = L) of VESCs with stronger geotextiles with a value of 1.8,
and the minimum LR is for OSCs with a value of 1.07 in the present experimental study.
The value of LR for various reinforcement lengths, along with the increasing diameter,
progressively increases in the case of VESCs.
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Figure 6. Load-Settlement variation of HRSC for various arrangements on single stone columns with
diameters (a) 50 mm, (b) 75 mm, and (c) 100 mm.
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Figure 7. Load Ratio-Settlement variation of VESC for various Lr on single stone column with
diameters (a) 50 mm, (b) 75 mm, and (c) 100 mm.

In the case of HRSC, the value of LR for stone columns with diameters 5, 7.5 and
10 cm varies between 1.07 and 1.33, 1.20 and 1.54 as well as 1.41 and 1.72, respectively.
As explained earlier, the maximum LR was found for the full length of reinforcement at
equal spacing, which was found to be 1.72 compared to the other two methods of HRSC
installation. The LR value increases with the tensile strength of the reinforcing material in
VESCs and HRSCs, as shown in Figures 6a–c and 7a–c. Because the reinforcement material
offered lateral confinement on the columns, the degree of bulging was minimised.

4. Comparison between VESC and HRSC

For the comparison between VESC and HRSC, a full-length encasement in the case of
VESC and horizontal reinforcement at equal intervals throughout the depth of the column
was studied for both types of geotextiles taken for the study. A graph was plotted for the
diameters of 50, 75 and 100 mm, as shown in Figures 8a–c and 9a–c. As it can be seen from
the graph, VESC for the full-length encasement with the G2 type of the geotextile for a
100 mm diameter of stone column was most desirable among all. The maximum value of
load ratio was found to be 1.80 for the 100 mm diameter of the stone column for the G2
textile for full-length VESC, whereas it was 1.72 for the HRSC for the same specification.
The values of load ratio for 50 mm and 75 mm diameter columns for the G2 type of textile
for VESC were 1.41 and 1.64, and those for HRSC were 1.33 and 1.54, respectively, as
observed from Figure 10a–c.

Vertical encasing reinforcement, in contrast to horizontal reinforcement sheets, ne-
cessitates using specialised equipment. In comparison to VESCs, HRSCs do not require
improvement initiatives. In this study, the amount of geosynthetic used in HRSCs is much
lesser than that used in VRSCs. As a result, compared to VESCs, HRSCs save more than half
of the reinforcing material. HRSCs may be one of the cost-effective alternatives, particularly
in big projects, due to the ease of constructing horizontal sheets as a reinforcing element
in HRSCs. They are also a good approach for reinforcing stone columns, enhancing the
ultimate capacity of columns, and decreasing ground settling.
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Figure 8. Load Ratio-Settlement variation of HRSC for various arrangements on single stone columns
with diameters (a) 50 mm, (b) 75 mm, and (c) 100 mm.
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Figure 9. Comparison of Load-Settlement behaviour between VESC and HRSC for Lr = L on single
stone column with diameters (a) 50 mm, (b) 75 mm, and (c) 100 mm.
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Figure 10. Comparison of Load Ratio-Settlement behaviour between VESC and HRSC for Lr = L on
single stone column with diameters (a) 50 mm, (b) 75 mm, and (c) 100 mm.

5. Conclusions

Laboratory tests on single stone columns with diameters of 50, 75, and 100 mm were
conducted as part of this study effort. In testing, different lengths of encasement for
VESCs and HRSCs were employed, along with two different reinforcing materials, and
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the findings were compared to those obtained from OSC experiments and also compared
among themselves. The following conclusions can be drawn based on the findings of the
experimental programme:

1. The governing failure mechanism in all tests was bulging. The bulging failure occurred
at a depth of D to 2 D from the stone column head. Limited bulging occurs in the
column materials between the reinforcing layers in single HRSCs. Limited bulging
occurs when the vertical space between the reinforcing layers is reduced to about the
same length as the overall length of the HRSCs.

2. Due to the enhanced lateral constraint given by the considered geosynthetics material,
the degree of lateral bulging in VESCs and HRSCs is reduced compared to that
of OSCs.

3. When OSCs are employed to reinforce the softer clay, the foundation’s ultimate
bearing capacity rises. Using vertical (VESCs) or horizontal (HRSCs) reinforcing
material enhanced the ultimate load even more. The same can be comprehended
with the increasing load ratio value obtained as the maximum value of load ratio was
found as 1.80 for the 100 mm diameter of the stone column.

4. The ultimate capacity of VESC and HRSC grows as the reinforcing geotextiles’ tensile
strength increases. The ultimate capacity and stiffness of stone columns are increased
in VESCs and HRSCs by raising the stiffness of horizontal and vertical reinforcing
sheets, increasing the length of the reinforced part of the columns (i.e., length of
encasement), and lowering the interval gaps between reinforcement layers in case of
HRSC. It was visible with the G2 type of geotextile used in the current study.

5. The best HRSCs were found most effective when the reinforcement sheets were
provided at equally spaced interval throughout the length compared to partial rein-
forcements. In the case of VESCs, the total length of encasement (Lr = L) was found to
be most effective compared to partial reinforcement.

6. The VESC for full-length encasement with G2 type of geotextile for a 100 mm stone
column diameter was most desirable among the various tests conducted.

Author Contributions: Conceptualisation, S.P. and A.K.G.; methodology, S.P. and A.K.G.; software,
S.P.; validation, S.P. and A.K.G.; formal analysis, S.P. and A.K.G.; investigation, S.P. and A.K.G.;
resources, S.P. and A.K.G.; data curation, S.P.; writing—original draft preparation, S.P.; writing—
review and editing, S.P. and A.K.G.; visualisation, S.P. and A.K.G.; supervision, A.K.G.; project
administration, A.K.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All the data are provided in the current article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Choobbasti, A.J.; Zahmatkesh, A.; Noorzad, R. Performance of Stone Columns in Soft Clay: Numerical Evaluation. Geotech.

Geol. Eng. 2011, 29, 675–684. [CrossRef]
2. Srijan; Gupta, A.K. A Review article on Construction, Parametric Study and Settlement Behavior of Stone Column. IOP Conf. Ser.

Earth Environ. Sci. 2021, 796, 012021. [CrossRef]
3. Han, J.; Ye, S.L. Simplified method for consolidation rate of stone column reinforced foundations. J. Geomech. Geoenviron. Eng.

2001, 127, 597–603. [CrossRef]
4. Castro, J.; Sagaseta, C. Deformation and consolidation around encased stone columns. Geotext. Geomembr. 2011, 29, 268–276.

[CrossRef]
5. Wu, C.S.; Hong, Y.S. A simplified approach for evaluating the bearing performance of encased granular columns. Geotext.

Geomembr. 2014, 42, 339–347. [CrossRef]
6. Deb, K.; Basudhar, P.K.; Chandra, S. Generalized Model for Geosynthetic-Reinforced Granular Fill-Soft Soil with Stone Columns.

Int. J. Geomech. 2007, 7, 266–276. [CrossRef]
7. Almeida, M.S.S.; Hosseinpour, I.; Riccio, M. Performance of a geosynthetic-encased column (GEC) in soft ground: Numerical and

analytical studies. Geosynth. Int. 2013, 20, 252–262. [CrossRef]

https://doi.org/10.1007/s10706-011-9409-x
https://doi.org/10.1088/1755-1315/796/1/012021
https://doi.org/10.1061/(ASCE)1090-0241(2001)127:7(597)
https://doi.org/10.1016/j.geotexmem.2010.12.001
https://doi.org/10.1016/j.geotexmem.2014.05.006
https://doi.org/10.1061/(ASCE)1532-3641(2007)7:4(266)
https://doi.org/10.1680/gein.13.00015


Appl. Sci. 2023, 13, 8660 17 of 18

8. Deb, K.; Samadhiya, N.K.; Namdeo, J.B. Laboratory model studies on unreinforced and geogrid-reinforced sand bed over stone
column-improved soft clay. Geotext. Geomembr. 2011, 29, 190–196. [CrossRef]

9. Murugesan, S.; Rajagopal, K. Shear Load Tests on Stone Columns with and Without Geosynthetic Encasement. Geotech. Test. J.
2009, 32, 76–85. [CrossRef]

10. Mohapatra, S.R.; Rajagopal, K.; Sharma, J. Direct shear tests on geosynthetic-encased granular columns. Geotext. Geomembr. 2016,
44, 396–405. [CrossRef]

11. Miranda, M.; Costa, A.D.; Castro, J.; Sagaseta, C. Influence of geotextile encasement on the behaviour of stone columns: Laboratory
study. Geotext. Geomembr. 2017, 45, 14–22. [CrossRef]

12. Hong, Y.S.; Wu, C.S.; Yu, Y.S. Model tests on geotextile-encased granular columns under 1-g and undrained conditions. Geotext.
Geomembr. 2016, 44, 13–27. [CrossRef]

13. Murugesan, S.; Rajagopal, K. Studies on the Behavior of Single and Group of Geosynthetic Encased Stone Columns. J. Geotech.
Geoenviron. Eng. 2010, 136, 129–139. [CrossRef]

14. Fattah, M.Y.; Zabar, B.S.; Hassan, H.A. Experimental Analysis of Embankment on Ordinary and Encased Stone Columns. Int. J.
Geomech. 2016, 16, 04015102. [CrossRef]

15. Miranda, M.; Costa, A.D. Laboratory analysis of encased stone columns. Geotext. Geomembr. 2016, 44, 269–277. [CrossRef]
16. Das, M.; Dey, A.K. Use of Soil–Cement Bed to Improve Bearing Capacity of Stone Columns. Int. J. Geomech. 2020, 20, 06020008.

[CrossRef]
17. Black, J.A.; Sivakumar, V.; Madhav, M.R.; Hamill, G.A. Reinforced Stone Columns in Weak Deposits: Laboratory Model Study.

J. Geotech. Geoenviron. Eng. 2009, 133, 1154–1161. [CrossRef]
18. Gu, M.; Zhao, M.; Zhang, L.; Han, J. Effects of geogrid encasement on lateral and vertical deformations of stone columns in model

tests. Geosynth. Int. 2016, 23, 100–112. [CrossRef]
19. Debnath, P.; Dey, A.K. Bearing capacity of reinforced and unreinforced sand beds over stone columns in soft clay. Geosynth. Int.

2017, 24, 575–589. [CrossRef]
20. Afshar, J.N.; Ghazavi, M. Experimental studies on bearing capacity of geosynthetic reinforced stone columns. Arab. J. Sci. Eng.

2012, 39, 1559–1571. [CrossRef]
21. Ghazavi, M.; Yamchi, A.E.; Afshar, J.N. Bearing capacity of horizontally layered geosynthetic reinforced stone columns. Geotext.

Geomembr. 2018, 46, 312–318. [CrossRef]
22. Mohanty, M.; Shahu, J.T. Laboratory Investigation on Performance of Soil–Cement Columns Under Axisymmetric Condition.

Int. J. Civ. Eng. 2021, 19, 957–971. [CrossRef]
23. Liu, S.; Zhang, D.; Song, T.; Zhang, G.; Fan, L. A Method of Settlement Calculation of Ground Improved by Floating Deep Mixed

Columns Based on Laboratory Model Tests and Finite Element Analysis. Int. J. Civ. Eng. 2022, 20, 207–222. [CrossRef]
24. Elsawy, M.; Lesny, K.; Richwien, W. Behavior of ordinary and encased stone columns studied by FEM analysis. In Proceedings of

the 17th International Conference on Soil Mechanics and Geotechnical Engineering: The Academia and Practice of Geotechnical
Engineering, Alexandria, Egypt, 5–9 October 2009; Volume 3, pp. 2350–2353. [CrossRef]

25. Murugesan, S.; Rajagopal, K. Geosynthetic-encased stone columns: Numerical evaluation. Geotext. Geomembr. 2006, 24, 349–358.
[CrossRef]

26. Geng, L.; Tang, L.; Cong, S.Y.; Ling, X.Z.; Lu, J. Three-dimensional analysis of geosynthetic-encased granular columns for
liquefaction mitigation. Geosynth. Int. 2017, 24, 45–59. [CrossRef]

27. Castro, J. Groups of encased stone columns: Influence of column length and arrangement. Geotext. Geomembr. 2017, 45, 68–80.
[CrossRef]

28. Pandey, B.K.; Rajesh, S.; Chandra, S. Performance of soft clay reinforced with encased stone column: A systematic review. Int. J.
Geosynth. Ground Eng. 2022, 8, 40. [CrossRef]

29. Abdelhamid, M.; Ali, N.; Abdelaziz, T. A literature review of factors affecting the behaviour of encased stone column. Geotech.
Geol. Eng. 2023, 41, 3253–3288. [CrossRef]

30. Idrus, J.; Shien, N.K.; Nujid, N.N.; Abdullah, N.N.H. A Review of Stone Columns Performance in Soft Soils. AIP Conf. Proc. 2023,
2688, 040003.

31. Rashid, A.S.A.; Shirazi, M.G.; Mohamad, H.; Sahdi, F. Bearing capacity of sandy soil treated by Kenaf fibre geotextile. Environ.
Earth Sci. 2017, 76, 431. [CrossRef]

32. Jusoh, S.N.; Mohamad, H.; Marto, A.; Yunus, N.M.; Kasim, F. Segment’s joint in precast tunnel lining design. J. Teknol. 2015,
77, 91–98. [CrossRef]

33. Namazi, E.; Mohamad, H.; Jorat, M.E.; Hajihassani, M. Investigation on the effects of twin tunnel excavations beneath a road
underpass. Electron. J. Geotech. Eng. 2011, 16, 1–8.

34. Pandey, B.K.; Rajesh, S.; Chandra, S. Time-Dependent Behavior of Embankment Resting on Soft clay Reinforced with Encased
Stone Columns. Transp. Geotech. 2022, 36, 100809. [CrossRef]

35. Srijan; Gupta, A.K. Effectiveness of triangular and square pattern of stone column with varying s/d ratio on consolidation
behaviour of soil. Second ASCE India Conf. CRISIDE 2020, 1, 1648–1654.

36. Srijan; Gupta, A.K. The effect of using a sand column on the expansive soil’s swelling characteristics. J. Curr. Res. Eng. Sci. 2022,
5, 1–6.

https://doi.org/10.1016/j.geotexmem.2010.06.004
https://doi.org/10.1520/GTJ101219
https://doi.org/10.1016/j.geotexmem.2016.01.002
https://doi.org/10.1016/j.geotexmem.2016.08.004
https://doi.org/10.1016/j.geotexmem.2015.06.006
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000187
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000579
https://doi.org/10.1016/j.geotexmem.2015.12.001
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001655
https://doi.org/10.1061/(ASCE)1090-0241(2007)133:9(1154)
https://doi.org/10.1680/jgein.15.00035
https://doi.org/10.1680/jgein.17.00024
https://doi.org/10.1007/s13369-013-0709-8
https://doi.org/10.1016/j.geotexmem.2018.01.002
https://doi.org/10.1007/s40999-021-00612-0
https://doi.org/10.1007/s40999-021-00662-4
https://doi.org/10.3233/978-1-60750-031-5-2350
https://doi.org/10.1016/j.geotexmem.2006.05.001
https://doi.org/10.1680/jgein.16.00014
https://doi.org/10.1016/j.geotexmem.2016.12.001
https://doi.org/10.1007/s40891-022-00387-x
https://doi.org/10.1007/s10706-023-02492-8
https://doi.org/10.1007/s12665-017-6762-y
https://doi.org/10.11113/jt.v77.6426
https://doi.org/10.1016/j.trgeo.2022.100809


Appl. Sci. 2023, 13, 8660 18 of 18

37. Ambily, A.P.; Gandhi, S.R. Behavior of Stone Columns Based on Experimental and FEM Analysis. J. Geotech. Geoenviron. Eng.
2007, 133, 405–415. [CrossRef]

38. Mohanty, P.; Samanta, M. Experimental and Numerical Studies on Response of the Stone Column in Layered Soil. Int. J. Geosynth.
Ground Eng. 2015, 1, 27. [CrossRef]

39. Thakur, A.; Rawat, S.; Gupta, A.K. Experimental and numerical modelling of group of geosynthetic-encased stone columns.
Innov. Infrastruct. Solut. 2021, 6, 12. [CrossRef]

40. Ali, K.; Shahu, J.T.; Sharma, K.G. Model tests on geosynthetic-reinforced stone columns: A comparative study. Geosynth. Int. 2012,
19, 292–305. [CrossRef]

41. Hosseinpour, I.; Riccio, M.; Almeida, M.S.S. Numerical evaluation of a granular column reinforced by geosynthetics using
encasement and laminated disks. Geotext. Geomembr. 2014, 42, 363–373. [CrossRef]

42. Ali, K.; Shahu, J.T.; Sharma, K.G. Model tests on single and groups of stone columns with different geosynthetic reinforcement
arrangement. Geosynth. Int. 2014, 21, 103–118. [CrossRef]

43. Barksdale, R.D.; Bachus, R.C. Design and Construction of Stone Column; Report No. FHWA/R 83/026; National Technical
Information Service: Springfield, VA, USA, 1983.

44. Indian Standard (IS) 2720; Method of Test for Soils. Part 30: Laboratory Vane Shear Test. Bureau of Indian Standards: New Delhi,
India, 2007.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1061/(ASCE)1090-0241(2007)133:4(405)
https://doi.org/10.1007/s40891-015-0029-z
https://doi.org/10.1007/s41062-020-00379-8
https://doi.org/10.1680/gein.12.00016
https://doi.org/10.1016/j.geotexmem.2014.06.002
https://doi.org/10.1680/gein.14.00002

	Introduction 
	Experimental Analysis 
	Material Characteristics 
	Test Set-Up and Procedure 
	Clay Bed Preparation 
	Construction and Installation Method of Stone Columns 

	Results and Discussions 
	Failure Mode and Deformation 
	Load-Settlement Analysis 
	Improved Load Ratio 

	Comparison between VESC and HRSC 
	Conclusions 
	References

