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Influence of dual layer confinement on lateral load capacity of stone columns:

An experimental investigation
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Abstract.  Enhanced vertical load capacity of the ground reinforced with the stone columns drew great attention by the
researchers as it deals with many of the geotechnical difficulties associated with the weak ground. Recently, it has been found
that the stone columns are also prone to fail under the shear load when employed beneath the embankments or the foundations
susceptible to lateral loads. In this study, the effect of various encasement conditions on the lateral deflection of stone columns is
investigated. A method of dual layers of encasement has been introduced and its the effect on lateral load capacity of the stone
columns has been compared with those of the single encased stone column and the un-encased stone columns. Large shear box
tests were utilised to generate the shear deformation on the soil system under various normal pressure conditions. The stiffness
of the soil-stone column combined system has been compared for various cases of encasement conditions with different
diameters. When subjected to lateral deformation, the encased columns outperformed the un-encased stone columns installed in
loose sand. Shear stress resistance is up to 1.7 times greater in dual-layered, encased columns than in unencased columns.
Similarly, the secant modulus increases as the condition changes from an unencased stone column to single-layer encasement

and then to dual-layer encasement, indicating an improvement in the overall soil-stone column system.
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1. Introduction

Weak soil deposits cause high settlement in
embankments, due to possible bearing failure, excessive
settlement, building structures on such soil is difficult for
geotechnical engineers. Many ground improvement
techniques have been studied and utilised by the engineers,
such as using admixtures include cohesive non-swelling
soils (Murty and Praveen 2008), fly ash (Phanikumar and
Sharma 2004), lime (Shirohammadi et al. 2021), lime-
zeolite (Khajeh 2022), cement stabilisation (Kowalski et al.
2007) and geopolymers (Khaksar Najafi et al. 2021a, b) for
modification of the mechanical or engineering properties of
the soil. Numerous unconventional soil stabilisers have also
been used (Khajeh 2020). The use of soil-Expanded
Polystyrene in the form of beads and blocks has been
researched and proposed in a variety of combinations
(Khajeh et al. 2020, Khajeh et al. 2021). Similarly, electro-
osmosis (Martin, L. ef al. 2019), geosynthetic reinforcement
(Dash et al. 2004, Guo et al 2020) and stone
column/granular pile (Abhishek et al. 2016) are extremely
well known to engineers when confronting weak or unstable
soil.

For strengthening weak soil under the embankments,
compacted granular columns are one of the most prevalent
and convenient approaches because of their significant
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improvement in load bearing capacity by the soil arching
phenomenon (Terzaghi 1944, Hewlett 1988, Low et al.
1994, Deb and Mohapatra 2013, Han and Gabr 2002, Yun-
min et al. 2008, Han and Ye 2001), acceleration in
consolidation, post-construction settlement, short-term
stability, and liquefaction mitigation (Mitchell and Huber
1985, Priebe 1995, Poorooshasbh and Meyerhof 1996, Gniel
and Bouazza 2009, Deb and Dhar 2011, Ali et al. 2014,
Buddhima et al. 2013, Ng and Tan 2014, Hosseinpour et al.
2016, Das and Deb 2017, Bhattacharya and Kumar 2017,
Elsawy 2013, Ghazavi and Afshar 2013, Dash and Bora
2013, Lima et al. 2019, Sadr and Hataf 2021, Gao et al.
2021).

In very weak soil, the intervening soil is unable to
support and resist the bulging of the stone column and soft
clay penetrates into aggregate voids (McKenna et al. 1975),
the behaviour of stone column can be improved by the
lateral confinement (Van Impe 1989, Katti et al. 1993). In
the recent decade of the twenty first century the research
related to use of encasement as wrapping material to the
stone column has been extensively studied by conducting
the laboratory model test (Murugesan and Rajagopal 2006,
Yoo and Lee 2012, Black et al. 2007a , Malarvizhi and
Ilamparuthi 2007, Gneil and Bouazza 2009, Murugesan and
Rajagopal 2010, Wu and Hong 2014) followed by the
theoretical or numerical analysis (Raithel and Kempfert
2000, Raithel et al. 2005, Murugesan and Rajagopal 2007,
Almeida et al. 2013, Chen 2009, Castro et al. 2013, Yoo
2010, Castro and Sagaseta 2011).

Geosynthetic (including geotextile, geogrid, and geonet)
encased stone columns have been utilised to address the
inadequacies without lateral confinement. This encasement
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increases the overall stiffness as a higher vertical load will
be transferred to the surrounding soil by the bulging
phenomenon. (Alkhorshid ef al. 2019, Murugesan and
Rajagopal 2010, Pulko et al. 2011, Kong et al. 2018, Gniel
and Bouazza 2010, Gholaminejad et al. 2020, Xu et al.
2021, Xue et al. 2019, Basack et al. 2017, Gu et al. 2020,
Ou-Yang et al. 2017, Almeida et al. 2015, Chen et al. 2015,
Li et al. 2020, Zhang et al. 2012, Elsawy 2013, Alexiew et
al. 2005, Brokemper et al. 2006, Maheshwari and Chauhan
2013, McCabe et al. 2013, Shahu and Reddy 2014, Ali et al.
2014, Zhou and kong, 2019a, b).

In an effort to increase the vertical load-bearing capacity
of the column, attention was focused on the bulging failure
of the column; however, failures due to the deep-seated
failure of the column group were identified. External and
internal stabilities are highlighted by Kitazume and
Maruyama (2006, 2007) in the design technique as
important failure patterns, they state the Probability of
combined stone column and surrounding soil slide failure in
external stability without column rearrangement. In
addition, the numerical study conducted by Han et al
(2005) Under the embankments, this rotational failure for
the deep mixed column may be the dominant one. The
plane of the slip circle traversing the stone column
functions as the shear failure plane for the column body,
which is the most common mode of failure for compacted
sand or gravel (Abusharar and Han 2011). Bending moment
and shear force diagrams from the study of Chen et al.
2015, demonstrated that failure initiates in the columns at
the edge of the slope because of the lower amount of lateral
resistance. Granular columns under the embankment edge
have an increased risk of failure, as Khabbazian et al.
(2015) found through numerical analysis. Many of the
researchers studied and analysed the behaviour of stone
columns under lateral load.

Mohapatra et al. (2016) investigated the shear behaviour
of conventional and geosynthetic-encased granular columns
under lateral strain in a sand bed created in a large shear
box setup. When the geosynthetic-encased granular column
was compared to a conventional granular column, the shear
resistance of the geosynthetic-encased granular column was
found to be significantly greater. Geosynthetic encasement
improves granular column lateral load capability by
mobilising tensile forces. Two types of failure have been
defined: OGC failure in shear along the shear plane and
bending type deformation in the case of an encased stone
column influenced by the flexibility of geosynthetic
encasement.

Naeini and Gholampoor (2019), investigated the shear
strength of the clay bed reinforced by ordinary and encased
stone columns under various conditions of stone column
and encasement. The results reveal that the overall friction
angle of the clay and stone column system increases,
although there is little effect on the apparent cohesiveness.
As the amount of clay that is being replaced or the normal
pressure is raised, the shear capacity increases.

Nazariafshar and Aslani (2020) conducted an
experimental study on different arrangements of stone
columns installed in the clay bed. They concluded that a
group of stone columns mobilises higher strength than a

single column. The installation pattern does not affect the
shear capacity of the stone column much if the area
replacement is kept constant, whereas with the change of
area replacement, the square pattern of arrangement shows
the highest resistance to lateral load. They also compared
the results of the experiments to the results of the analysis
and found that the analytical results were more
conservative.

Aghili et al. (2021) studied the influence of granular
columns on treated clay with respect to cyclic shear
characteristics. Various properties of clay, columns granular
column and cyclic load parameters were modified to
analyse treated clay behaviour. Experiments indicated that
granular columns enhanced maximum cyclic shear
resistance by 30% relative to untreated clay, especially in
the beginning loading cycles. Increasing loading cycles
reduces the damping ratio, increasing column diameter and
aggregate density reduce the value. With more loading
cycles, shear stiffness decreased.

Cengiz et al. (2019) studied unit cells, including OSCs
and GECs, under static and cyclic lateral stresses, A unit
cell shear device was utilized to simulate the unit cells near
the toe of an embankment, where the column is liable to fail
under shear. Under static and cyclic lateral stress, the failure
envelope and strength characteristics of a granular-encased
column with different reinforcing stiffnesses are quantified.
Under static shear, the internal friction of the column-
unicell composite was observed to increase as the stiffness
of the reinforcement provided in the granular- encased
column increased.

It is evident from the literature that the shear failure of
the stone column is just as essential as the bulging when
analysing and designing the failure of the body. Numerous
studies have been conducted to examine and comprehend
the behaviour of stone columns under lateral loads, which
requires further development. As the stiffness of the
encasement impacts the shear capacity of the column
(Cengiz et al. 2019) and the column does not rupture
completely when it is encased (Mohapatra et al. 2016), this
provides the direction for the new concept that the two
layers of the encasement could be used in the column body.
In the present study, an attempt was made to comprehend
the behaviour of stone columns installed in loose sand in
dry state under lateral load for wvarious encasement
circumstances, namely dual layer encasement (DLE) and
single-layer encasement (SLE). The alteration of the
diameter of the stone column and the normal pressures have
been investigated experimentally for three configurations of
the stone column body, namely the single column test,
group column tests, and the triangular and square
arrangements. The stress-strain response of the combined
system has been analysed using the shear modulus of
elasticity.

2. Laboratory model
2.1 Material used

The sand bed was created in the same way that the
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Fig. 1 Particle size distribution for sand and aggregate
samples

Table 1 Properties of Sand and Aggregate

Parameters Sand Aggregate-1 Aggregate-2
Wor](‘lfl‘\%n?f)“s‘ty 15.1 17.9 17.7
C. 1.30 0.973 0.966
Cu 1.77 1.18 1.27
Dio 0.21 4.90 6.60
D3o 0.31 5.20 7.31
Dso (Avg. Si
(Pa rtgl.clsé)ze of 035 5.57 8.04
Dso 0.37 5.75 8.40
Cohesion (kN/m?) 4 1 1
Friction Angle (°) 27 46 48

minimum density on the relative density test apparatus was
obtained using the pouring device. The amount of dry sand
to be used for the fixed volume in the test setup for a height
of 150 mm was calculated prior to the filling process, and
efforts have been made to use the exact amount for the
required height of the sample. The obtained minimum
density of the sand was 15.1 kN/m? for the sand bed. Fig. 1
represents the gradation curve for the sand and represents
the characteristics used for the classification. Various
aggregate class were used for creation of different size of
the stone column to maintain the column to aggregate ratio
near to 6-7 as suggested by (Fox 2011, Stoeber 2012). The
average size (Dso) of the aggregate particles used in the
stone column of size 50 mm was 5.2 mm, named
Aggregate-1, whereas in the case of the 75 mm diameter
stone column, this was maintained at 7.9 mm, named
Aggregate-2. The maximum particle size recommendations
made by Nayak (1983), according to which the size of the
particle utilized within the stone column body should be
smaller than 1/5 of the diameter of the stone column, are

(b)
Fig. 2 Aggregate samples prepared for infill material of (a)
50 mm and (b) 75 mm diameter

also satisfied. Various properties of the aggregates are
indicated in the Table 1. The prepared sample of stone
column infill is shown in the Fig. 2 for various stone
column diameters. In the case of encased stone column,
material of the column was wrapped by the use of Geonets,
the secant modulus of the geonets used were 150 kN/m.

2.2 Large scale shear device

The large direct shear box setup, consisting of the upper
and lower units, was used for the experimental program.
The lower unit travels horizontally on rollers, and the upper
unit is entirely resistant to lateral motion. The plan area of
the box was 93,025 mm?, and after accommodating the
adjustment of the loading plate and grid, the actual sample
height within the shear box was maintained at 150 mm. The
normal load is applied by resting the loading frame on a
load pad, and the lever arm is adjusted by using balancing
equipment as the spirit level. The maximum permitted shear
displacement in the available configuration was 50 mm, and
the shear displacement was measured using an LVDT
attached to the bottom box. The soil samples were sheared
at a constant strain rate of 1 mm/min. The horizontal and
vertical displacements with shear stress are displayed on the
touch screen and display.

2.3 Sample preparation

In the experimental programme, three types of samples
were prepared: an un-encased stone column, a single-
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Table 2 Variations Considered for experimental study

Diameter Arrangement Type of Nomenclature
(mm) Encasement
) USC 50SU
Single Column

SLE 50 SSL

(Grouped) USC 50 GTU
50 Triangular SLE 50 GT SL
(Grouped) USC 50GSU
Square SLE 50 GS SL

UsC 75SU

Single Column SLE 75 S SL

DLE 75 S DL

USC 75 GTU
(Grouped) SLE 75 GTSL

Triangular
75 DLE 75 GT DL
USC 75GSU
(Grouped) SLE 75 GS SL
quare
DLE 75 GS DL
Sand Bed

(Each Case is considered for 3 different Normal Pressures)

layered encased (SLE) stone column, and a dual-layered
encased (DLE) stone column. For testing the un-encased
stone column, open-ended steel tubes with inner diameters
equal to 50 and 75 mm were kept in the desired location at
the base of the lower half of the large shear box set up to
build the triangle or square arrangement of the stone
column as well as the single stone column. For each
experiment, a known amount of dry sand was put in the
shear box around the steel tubes, the entire box was filled
till the require height of 150 mm without compaction,
resulting in the lowest density sand bed that provided the
relative density of 41%. A sieved sample of the aggregate
required based on the stone column diameter to particle size
ratio was taken for a specific column size, and the measured
quantity was compacted in three equal layers inside the
steel tubes. A steel tamping rod with an 8-mm diameter was
dropped from a fixed height to densify the aggregates in
five layers. Tampering falls from a predetermined height
were used to tamper with each layer. The same process was
used in different setups to check out the relative density of
the created stone column, which came out to be 69% for
Aggregate-1 and 67% for Aggregate-2. After the aggregate
was poured and packed to the full height of the shear box,
the steel tubes were slowly pulled up and away from the
sand bed. By utilising steel tubes with smooth interior and
exterior surfaces, the granular column and surrounding sand
disturbance were reduced.

Encased stone columns were also erected in a similar
manner with the geonet pasted temporarily on the steel tube,
after completing the material filling procedure, the steel
tube was taken out of the bed, leaving the geonet layer in
place. In case of dual-layered stone column two steel tubes
were used instead of one, with the geonet layer positioned
at the inner location of the column body so that both layers
could be generated, as shown in Fig. 3(a).

. R SRS
Inner Layer of Encasement

(c) 50GTSL
Fig. 3 Installed Stone columns for experimental Study

The 50 mm and 75 mm diameter single columns and gro
uped columns (triangular and square arrengements) were
tested for cases of un-encased columns and single-layer.
Double layered stone column was not feasible to create in
the small diameter of the 50 mm, only tested for the 75 mm
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Fig. 4 Consideration of soil element under the shear load

diameter stone columns. The spacing between the stone
column in the study is twice the of stone column diameter
for all the cases where group of stone column is installed.
Figs. 3(b) and 3(c) illustrates a single-layered stone column
with a square pattern for columns with a 75 mm diameter
and a triangular pattern for columns with a 50 mm diameter.
The lateral deformation of 25% has been generated under
various normal pressures of 100, 150, and 200 kPa. In total
48 tests were performed to compare the different types of
stone column conditions, all the cases considered are listed
in Table 2.

3. Results of experimental program
3.1 General

The soil bed and soil-stone column combined were
tested using the large shear box test apparatus to create the
horizontal movement, and graphs of shear stress vs. shear
strain were produced. The values of shear stresses for the
25% strain, or 37.5 mm of horizontal displacement, may be
seen in Figs. 5-22 to be larger in the case of USC than that
of a sand bed. The inclusion of USC in the sand bed
improves shear resistance, demonstrating that the stiffness
of the combined soil-stone column system is increased
when a material with a greater elastic modulus is employed
to replace loose soil. Under various circumstances of
normal pressure, it was shown that the shear stress in cases
of USC was 6-10% greater in cases of single columns and
up to 15% higher in cases of groups of stone columns as
compared to the sand bed alone. This demonstrates
unequivocally that the stronger material present in the shear
path has enhanced resistance to the external lateral load at
the plane of failure. Shear stress values for the sand bed
case at maximum displacement are 76, 106 and 134 kPa
under normal pressures of 100, 150 and 200 kPa,
respectively. The shear stress values at equal levels of
displacement were found to be 81, 112, and 141 kPa in the
case of USC. This indicates that a roughly similar amount
of shear resistance increases in the USC as well as the sand
bed when the normal pressure rises by the same amount. In
the present investigation, it is observed that the amount of
shear resistance achieved for a sand bed deformed by 25%
under lateral load, is reached in the initial 10-15%
deformation stage when USC is utilised.

This improves further in confinement situations, where
equivalent shear stress resistance is observed between 5 and
10% of deformation. Previous numerical (Jaiswal and
Kumar 2022) and experimental (Mohapatra 2016) studies
have also found that clear shear of the un-encased stone
column body has been observed under lateral load, whereas
in the case of encased stone columns, the body showed only
a deformed shape at the junction, which can be referred to
as the bending of the encased body. As the confined column
exhibits the same strength at a lower degree of deformation
compared to that of the later-stage sand bed, this change in
the soil-stone column combined system could be quite
helpful to design the foundation of the structures within the
permitted deformation limits.

3.2 Shear modulus/stiffness

The material response of the soil to the shear
deformation is represented by the shear modulus. This
important feature provides us with an indication of the
resistance offered by the material to the shearing-induced
deformation. It is measured as the ratio of the shear stress to
the shear strain in the material, which is valid for the
element A shown in Fig. 4, where the shape of the element
transformed. The strain can be defined as Ax/X whereas
shear stress is measured as the ratio of the shear force to the
area over which the shear is generated. In the case of a large
shear box test setup, as the lower box reaches its final
position, the element B presented at the shear plane behaves
exactly in the same manner as the element A, due to the
shear that occurs at the plane due to the movement of the
lower box. Element-B can be considered the equivalent to
Element-A; hence, the shear modulus can be used to
compare different soil samples or the soil-stone column
system as a whole within the large shear box setup.

The initial length of the area is 150 mm, and a 25%
(37.5 mm) deformation was generated for the sample for
which shear stress-strain graphs have been generated. In the
current study, the secant shear modulus for 10%
deformation is plotted on shear stress-shear strain graphs for
various cases of normal pressure, stone column diameter,
and the arrangement. It has been the general observation
that the initial tangent modulus of elasticity for all the cases
of sand bed, un-encased column and encased column are
nearly the same, but as the strain induced in the body
increases, the secant modulus at various displacement
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percentages starts to show the variation between the
different samples. For a better comparison, the secant
modulus of shear has been plotted in all the shear stress-
strain curves for the 10% of the deformation through the
equation of the slope of the line connecting the origin to the
correspondent point of stress indicated by Ejo. A secant
modulus (Ejo) of 6.4 kN/m? was obtained for the case of a
sand bed only when tested under the normal pressure of 100
kPa and 6.78, 7.30 kN/m? for the case of an un-encased and
single-layer encased stone column, respectively, when the
single column is installed at the centre. The same is true for
other normal pressure conditions (Figs. 5-22). A higher
value of Ejo was observed for combined soil-stone column
system when compared to the sand bed only.

The percentage increase in Ejp from a sand bed to a
single-layer encased stone column of 50 mm diameter is
14 % when the test is done for the single column, whereas it
increases to 23% and 26% in the grouped stone column test
for a triangular and square arrangement, respectively. When
the area of replacement is increased and the 75-mm stone
column is used, the change in Eo for the single column test,
the triangular pattern, and the square pattern of a grouped
column is 22%, 42%, and 52%, respectively. Which shows
that higher shear resistance mobilizes due to the increases in
the replacement area because more rigid and compacted
material is available at the plane of shear.

3.3 Arrangement of stone column

At normal pressures of 100, 150, and 200 kPa, the shear
resistance provided by loose sand is 76,106, and 134 kPa
for 25% shear deformation, respectively. This maximum
shear resistance shifts to 83,114 and 142 kPa. When a group
of 50 mm diameter stone columns is installed in a triangular
pattern, and nearly 2-4 kPa higher than the triangular
arrangement if a square arrangement is considered, this
increment is typically between 6% and 15% higher than the
sand bed. When the diameter of the grouped stone column
employed is 75 mm, the change in maximum shear stress
due to the loose sand bed case increases by 25-30% and 16-
18% for square and triangular patterns under various normal
pressure circumstances. This increased shear stress
mobilisation caused by the stone column group is observed
because the predominant area of high strength is available
at the plane of shear due to the aggregate or granular
material present in the system. Mohapatra et al. (2016)
further stated that the neighbouring columns generate a
confinement effect with each other and the underlying soil,
which increases the overall composite body's resilience.

The shear modulus for 10% displacement is plotted
against the normal pressure in Figs. 23 and 24 which
demonstrates that the shear modulus increases as the normal
pressure increases. Due to a higher vertical load or normal
pressure, the friction between two surfaces or particles rises,
which enhances the shear resistance at the shear plane and
the overall rigidity of the body. The fluctuation of the secant
shear modulus with normal pressure for various
combinations and arrangements of stone columns is
depicted in Figs. 23 and 24. The stiffness of the single
column sand bed systems is less than that of the grouped
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Table 3 Peak shear stress for various cases

Conditions of Sample

Shear stress (kPa) in different encasement conditions

Diameter of Stone Normal Pressure

column (kPa) Arrangement USC SLE DLE
Single 141 149 -
50 Triangular 142 171 -
Square 143 175 -
200 Single 144 156 165
75 Triangular 159 198 220
Square 168 218 234
Single 112 118 -
50 Triangular 114 139 -
Square 116 146 -
150 Single 113 127 132
75 Triangular 127 161 184
Square 135 186 213
Single 81 87 -
50 Triangular 83 101 -
Square 86 106 -
100 Single 84 94 100
75 Triangular 89 125 142
Square 99 151 164
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Fig. 23 Variation of Secant Modulus Eio for different
cases of 50 mm Diameter column

stone column systems. When sand is tested under 100 kPa,
the secant shear modulus is 6.4 kN/m?; this value increases
to 6.77, 6.9, and 7.1 kN/m? for a single, triangular, and
square arrangement, respectively. For un-encased column
examples, the biggest shift in system stiffness occurred in
the case of a 75 mm stone column with a square pattern,
where the secant modulus is 8.02 kN/m?.

3.4 Effect of encasement conditions

In order to study the effect of the encasement, the
encasement is provided for the stone column body. The
shear resistance increases at all normal pressure values for
encased stone columns, which shows encasing the stone

Normal Pressure (kPa)
Fig. 24 Variation of Secant Modulus Eio for different
cases of 75 mm Diameter column

column improves the confinement phenomenon. The slope
of the shear stress-strain graphs steepens as the column
material is constrained, as shown in Figs. 5-22. It is also
noticed that by providing a single-layer of encasement, the
change in shear resistance over USC is greater than the
change found when USC is provided over a sand bed.

The percentage improvement from USC to SLE is
lowest for single column testing, which is 5-12%, this
reaches 20-22% for a triangular pattern, and it reaches a
maximum of 23-52.5% when a square pattern of
arrangement is employed inside the sand sample. The
results of the overall composite samples can be seen in
Table 3. This shows that the soil between the stone columns
acts like stronger soil, so it can be used under structures to
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give a firm place for the load to be transferred to the
surrounding strata.

For the experimental study, 75 mm-diameter stone
columns were used to see how the double-layered stone
column worked. It has been observed that the DLE stone
columns are more effective than the SLE stone columns
when subjected to shear. From Figs. 5-22 it is clear that at
the later stage of displacements, a significant increase in
shear stresses has been observed related to the sand bed.
The DLE shows 14-20% enhancement in the shear stresses
when compared to an un-encased stone column when a
single column has been subjected to lateral displacement
under various normal pressures. Similar to the SLE, the
addition of shear strength has been observed more in the
case of grouped stone columns. For the normal pressure
case of 150 kPa, the ratio of shear strength in DLE to an un-
encased stone column is 1.45 and 1.58 times for triangular
and square patterns of arrangement, respectively.

This improvement is greater in the case of a lower
normal pressure of 100 kPa. The shear resistance of DLE is
between 1.6 and 1.65 times higher than that of USC.

To test the shear characteristics of the soil-stone column
system, the Mohr-Coulomb failure envelopes for a 75 mm
group of stone column were produced. Compared to the
OGC and SLE stone column installed soil column
combined system, the change in angle of internal friction is
negligible for DLE cases. However, the value of cohesion
for a combined system varies greatly. Cohesion values for a
combined system are 30.5 kN/m?, 84.5 kN/m?, and 98.6
kN/m? for OGC, SLE, and DLE, respectively. Which
indicates that the use of DLE stone columns results in 3.2
times greater cohesion in the soil system than the case of
unencased stone columns. This improvement in cohesion
value is the explanation for the higher resistance offered by
the system and is directly visible in the shear strength of a
stone column.

Under normal pressure of 100 kPa, the Ejo obtained for
the DLE case in square and triangular patterns is 9.91
kN/m? and 10.98 kN/m?, which are 1.55 and 1.71 times the
sand bed, respectively. It is clear how the dual encasing
improved the soil-stone column combined system. While
the improvement is still considerable when a higher
overburden pressure is used, it is 1.48, 1.62, 1.39 and 1.45
times greater in square and triangular patterns when 150
and 200 kPa overburden pressures are used. Square pattern
arrangements provide stronger resistance to shear stress,
and this resistance rises to its highest level in dual-layered
encasements. The field where embankments require the
stronger base of stone columns and where the edge lines of
stone columns are susceptible to shear force due to the soil's
propensity to form a slip circle can be considered an
application for the improvement in shear resistance.

4. Conclusions

The effects of conventional stone columns on soil shear
strength, as well as the effects of different stone column
encasement conditions, were experimentally investigated.
The soil bed and soil-stone column combined body were
tested using a large shear box to simulate 25% horizontal

movement. When loose sand is replaced with a soil-stone

column combination system, that often performs better

under shear deformation. Some of the main findings are: -

e Observations indicate that the amount of shear
resistance achieved for a deformed sand bed under
lateral load is identical to the degree of resistance
attained at the initial deformation stage when USC or
confinement is being used. Un-encased stone column
sections shear under lateral force, whereas encased
bodies just bend at the shear plane.

e Within the sand sample, the percentage change in
shear resistance from USC to SLE ranges from 5 to
53%, with single column shear resistance
improvements being the lowest and square
arrangement improvements being the highest.

e The ratio of shear strength in DLE to an un-encased
stone column for considering normal pressures in the
study is 1.4 to 1.7 for triangular and square patterns of
arrangement. Lower normal pressures resulted in
greater improvement and better shear resistance for
DLE when compared to USC.

e The stiffness of the system depends on the area of the
bed that stone columns replace. A greater diameter
stone column inserted into the system shows a higher
secant modulus at the 10% shear strain.

e A dual-layer enclosed column exhibits a greater Eio
value than a loose sand bed, with the highest level of
improvement of up to 1.7 times in the case of a square
arrangement.
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