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Abstract The behaviour of granular columns as soil
reinforcement under compressive axial loading is well
documented. However, the different forms of lateral soil
movements occurring in soft soil cause lateral force on
granular columns, resulting in shear deformations. Minimal
comprehensive direct laboratory research in this area forms
the motivation behind this work. This experimental study is
focused on the contribution of granular column reinforce-
ment to the shear strength of the soft ground. For this
purpose, a series of large-scale direct shear tests with
300 x 300 mm sample dimensions were performed in the
laboratory. Effect of variables like normal stress, charac-
teristics of granular column infill material, and column
configurations (single, triangular, and square) was studied.
Test results obtained from this experimental study are
presented in terms of the increase in the overall shear
resistance of the soil-column matrix and increase in the
shear strength parameters. The experimental test results
showed higher values than the values predicted from ana-
lytical equations.
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Introduction

India is on the cusp of frenetic development in infrastruc-
ture to catch up with the developed world and to achieve a
better level of living. Civil engineering projects and
development will play a vital part in transforming the look
of Indian panorama. However, this threshold and the
decreasing availability of stable construction sites have put
pressure on geotechnical engineers. Depending on the
economic feasibility and limited or constrained lead time
available, granular column techniques are considered
effective solutions. Stone column techniques are used
widely in various construction activities because of their
multipurpose behavior. The ground-column composite
possesses improved stiffness and strength with a significant
reduction in settlement by accelerating the rate of consol-
idation as the column has an efficient permeability and can
act as drains [1-7]. Many researchers have also reported
that due to installation process, the soil immediately sur-
rounding the granular column is highly remolded, leading
to the development of a smear zone [8—10]. The use of the
stone column technique also causes a reduction in the
liquefaction potential of the ground [11-14]. The potential
applications of this technique include supporting the
foundation on weak strata, supporting embankments and
retaining structures, a solution to landslide and liquefaction
problems, etc. [13, 15-18].

Various researches are available in the literature on the
engineering behavior of a stone column reinforced soil,
including laboratory studies, field experiments, analytical
and numerical analysis. Most of these studies evaluate the
behavior of the soil-column composite to vertical loading.
The failures due to the vertical loading are well docu-
mented in the literature [19-31]. However, when we talk
about the granular columns provided in soft soils or loose
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grounds, the lateral flow of ground can result in a lateral
force acting on granular inclusions [18, 32, 33]. This lateral
flow of soil may cause failures like shear and bending of
columns, especially in case of the columns present at the
toe of embankments. Earthquake-induced ground motions
or liquefaction-induced soil movements may also result in
such failures. Mohapatra [18] conducted a study to evaluate
the response of granular columns placed in dry sand sub-
jected to lateral loads by performing large-scale direct
shear tests. The study was conducted on two different
column diameters. As per their study increasing the
replacement ratio increases shear resistance, and higher
shear resistance was seen by group action of columns.
Cengiz [34, 35] highlighted in his research the lateral shear
and bending problems faced by granular columns when
subjected to lateral loadings. Rezaei-Hosseinabadi [36]
conducted direct shear test on sand reinforced with steel
slag columns and reported that the utilization of steel slag
in the form of granular column infill could improve the
lateral load capacity of the ground. However, this condition
needs to be studied, explored, and well documented. The
lack of comprehensive direct laboratory research in this
area forms the motivation behind this experimental testing.
The lateral shear resistance of soft soil reinforced by
columnar inclusions was evaluated by performing large-
scale direct shear tests in a laboratory. The contribution of
various controlling variables like granular column
arrangement, varying granular infill material, and normal
stresses on shear resistance were investigated. The exper-
imental shear parameters are compared with the analytical
equivalent shear strength parameters available in the
literature.
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Fig. 1 Soil sample location Srinagar, J&K
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Table 1 Properties of Soil
Properties Results
Colour Grayish
% Finer than 75pn 99
Silt [%] 74
Clay [%] 25
Liquid limit [%] 58
Plastic limit [%] 32
Plasticity index [%] 26
Plasticity index A line [%] 27.7
Classification MH
Optimum moisture content [%] 24
Maximum dry unit weight [kN/m’] 14.6

Description of the Experiment
Material

The soil used to simulate soft soil condition in this
experimental program was collected from the Bemina area
of Srinagar City, Jammu and Kashmir, India, with GPS
marking: N 34° 05’ 24", E 74° 45" 44" shown in Fig. 1. The
proposed site is predominantly a part of flood outwash/
alluvial deposit. The location has a recent history of being a
marshy/swampy area. The properties of the soil sample
obtained from the laboratory testing are summarized in
Table 1.

For the column infill material, two different types of
granular material used were river aggregates (RA) with a
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Table 2 Properties of Granular column material
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Properties D¢ [mm] D53y [mm] Dgo [mm] Cy Pmax [g/cm3] Pmin [g/cm3] Pgo [g/cm3] At 80% relative density
¢ [°] ¢, [kPa]

CA 2 2.84 4.39 2.19 1.68 1.4 1.62 46 17

RA 1.61 2.48 3.95 2.45 1.82 1.61 1.78 41 15

D, = effective particle size, Do = particle size corresponding to 30% finer, Dgo = particle size corresponding to 60% finer, C,, = coefficient of
uniformity, pn.x = max. dry density, p,i, = min. dry density, pgg = density at 80% relative density, ¢ = friction angle, c, = Apparent cohesion

Fig. 3 Large-scale direct shear
setup

smooth/sub-round texture and crushed aggregates (CA)
with a rough/angular texture shown in Fig. 2. The range of
the particle size distribution of granular infill material was
selected, keeping in view the size of the model sample
tested. The column diameter in this study varies from 50 to
100 mm. In this study, the ratio of column diameter to the
maximum size of column infill material was selected to be
around 6 as suggested by Nayak [37] and Fattah [38] to
reduce the particle size by appropriate scaling factor.
Therefore, the chosen granular infill material has a particle
size ranging from 8 mm (passing) to 1.18 mm (retained).
The selected particle distribution of granular materials also
satisfies the requirements for a sample to be tested by direct
shear apparatus as per ASTM standards (the maximum
particle size should be less than 1/10 of width of specimen
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or 1/6 of thickness of specimen) [39]. Table 2 summarizes
the properties of the two infill materials.

Test Setup and Experimental Procedure
Direct Shear Test

The 300 x 300 x 220 mm large-scale direct shear box,
consisting of two halves shown in Fig. 3, was used. The
bottom half slides horizontally while the top half is
restrained from movement. The setup can provide the
maximum shear displacement of 60 mm with 50 kN shear
capacity. For all the tests, the height of the sample was
maintained as 150 mm. Three series of direct shear tests
were carried out, first on soft soil alone, second on column
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Table 3 Summary of tests

Test name No. of columns Column material Column diameter (mm) Normal stress (kPa)
Soil-25 0 - - 25
Soil-50 0 - - 50
Soil-75 0 - - 75
1C-CA-25" 1 CA: Crushed aggregates 100 25
1C-CA-50 1 100 50
1C-CA-75 1 100 75
3C-CA-25 3 57.7 25
3C-CA-50 3 57.7 50
3C-CA-75 3 57.7 75
4C-CA-25 4 50 25
4C-CA-50 4 50 50
4C-CA-75 4 50 75
1C-RA-25 1 RA: River aggregates 100 25
1C-RA-50 1 100 50
1C-RA-75 1 100 75
3C-RA-25 3 57.7 25
3C-RA-50 3 57.7 50
3C-RA-75 3 57.7 75
4C-RA-25 4 50 25
4C-RA-50 4 50 50
4C-RA-75 4 50 75

1C-CA-25%(Test name abbreviation stands for: No. of columns = 1-Type of column material is crushed aggregates-Normal stress applied is 25

and so on.)

infill aggregates alone, and final on soft soil-column
composite. Normal stress levels were selected based on the
actual stress levels experienced by the granular columns (in
a typical embankment) in the field. As per previous studies,
for such tests to be conducted in the laboratory, normal
stress should be selected on the prototype granular column
to avoid the discrepancy between the prototype behavior
and scaled model response [18]. The area replacement ratio
for all the tests conducted on soil-column composites was
kept constant at 8.7%. To calculate the radius of columns
for different configurations, the equation used was:

Fig. 4 Fabricated plates used
for construction of granular
columns

_Ac><n_7r><(Dc)2><n i
br = As o 4612 ( )
where a, is area replacement ratio, n is number of
columns,A¢ is cross-sectional area of granular column, Ag
is cross-sectional area of the reinforced sample, D, is
diameter of column, a is the internal dimension of the shear
box. The description of the test series is given in Table 3.

Sample Preparation

A series of direct shear tests were conducted on the
selected soil with varying water content and densities in
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Fig. 5 a Schematic diagrams of granular columns installed in
different configurations during experimental testing, b Plan view of
large direct shear box with crushed aggregate granular columns in

accordance with compaction curve obtained from the
standard proctor test. To simulate the soft soil condition
around the stone column in the laboratory, a soil sample
with cohesion less than 12 kPa was selected. The necessary
condition of shear strength parameters was satisfied at a
water content of 35% (which was on the wet-side of
optimum) and a dry unit weight of 13.4 kN/m>. The shear

@ Springer

different configurations, ¢ Plan view of large direct shear box with
river aggregate granular columns in different configuration

strength parameters of the soil at 35% water content were
found to be ¢ = 10.6 kPa and ¢ = 2°. The soil used in the
experimental work was air-dried and the required amount
of water for the moisture content to reach 35% was added
to the sample. The sample was appropriately kneaded and
put into airtight plastic bags for about 24 h. to achieve
moisture content equilibrium. The shear box was graduated
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Fig. 6 Variation of shear stress 20

with shear displacement for
unreinforced soil
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Fig. 7 Variation of shear stress 30
with shear displacement for 1C-
CA soil-column composite ”s 1C-CA-25 1C-CA-50 1C-CA-75

Shear stress (kPa)

along the height and silicon grease was applied to the
bottom and sides of the shear box. With a moisture content
of 35%, pre-weighed amount of soil in three layers of
50 mm thickness was placed into the shear box. Each layer
was compacted to achieve the wet unit weight of
18.09 + 0.3 kKN/m>. After preparing the complete soil
sample, a cylindrical cavity was cored in the sample using
a thin, smooth hollow steel pipe with 2 mm thickness and
an outer diameter equal to the diameter of the columns.
These pipes were lubricated by applying a thin coat of oil
before insertion into the soil sample to avoid friction
effects. The custom-designed plates with collars were
fabricated to insert the pipes vertically into the soil sample.

20 30 40 50 60

Shear displacement (mm)

The picture of the fabricated plate-pipe collar set-up is
shown in Fig. 4.

The soil inside the pipes was removed with the help of
hand augers. After the soil was removed, the pipes were
pulled out in three steps during the granular column
construction. The space created by the pipes in each step
was filled with premeasured amount of granular material.
The granular material was dropped in the cavity from
250 mm height and then compacted with a tamping rod to
attain the density corresponding to the relative density of
80% in both types of granular materials. The observations
during trial testing for all configurations ensured that this
process provides the required density with no lateral
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Fig. 8 Variation of shear stress 30

with shear displacement for 3C-
CA soil-column composite

Shear stress (kPa)

25 ——3C-CA-25
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Fig. 9 Variation of shear stress 30
with shear displacement for 4C-
CA soil-column composite ——4C-CA-25 4C-CA-50 —m—4C-CA-75

Shear stress (kPa)
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spread-out of column material. Figure 5a shows the
detailed schematic diagram of granular column arrange-
ments in this experimental study. The final reinforced
samples are presented in Fig. 5b and c. All the tests were
performed in undrained condition. The normal stress for
the tests ranged from 25 to 75 kPa to develop the Mohr-
Column failure envelopes. The samples were sheared at a
horizontal displacement rate of 1% per min. All the tests
were terminated at the horizontal shear displacement of
60 mm which is 20% of sample length. Granular columns
were positioned such that minimum clear distance from
the inner face of the shear box along the direction of
shear was greater than 60 mm in all cases in order to
avoid boundary effect during shearing.

@ Springer
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Shear displacement (mm)

Results and Interpretation
Effect of the Granular Column on Shear Stress

The shear behavior of the untreated soil is shown in Fig. 6,
and that of the soil reinforced with the different configu-
rations of CA granular columns is shown in Figs. 7, 8, and
9. It is clear from the shear behavior that the shear stress
corresponding to 60 mm horizontal displacement increases
on reinforcing the soft soil with granular columns. This
behavior can be attributed to the soil-column system’s
combined stiffness, thus reflecting higher shear resistance
than untreated soft soil samples. Also, it is evident that as
the normal stress applied increases, so does the shear
resistance.
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Fig. 10 Variation of shear 30
stress with shear displacement

for 1C-RA soil-column

composite 25
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Shear stress (kPa)
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Fig. 11 Variation of shear 30
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Shear displacement (mm)

stress with shear displacement
for 3C-RA soil-column
composite

Shear stress (kPa)

—0—3C-RA-25

3C-RA-50 —®—3C-RA-75

The shear behavior of the soil reinforced with RA
granular columns is shown in Figs. 10, 11, and 12. The
difference between shear stress values using two different
granular infill materials is clear from the stress-displace-
ment plots. Comparing the response of the two types of
columns, the soil-column composite with the columns of
CA infill mobilizes higher shear stress compared to the
columns of RA infill. Based on this observation, the infill
characteristics are believed to play a key role in enhancing
the shear behaviour of the whole soft soil-column com-
posite. Thus, higher the shear strength characteristics of the
granular particles, the higher will be the shear resistance of
the soil-column composite ground.

The improvement in stiffness of the soil sample by
reinforcing with the granular columns is also evident from

20 30 40 50 60

Shear displacement (mm)

the increased slope of stress-displacement curves, with the
highest in the case of square pattern. The shear resistance is
more for smaller diameter granular columns installed in a
group as compared to that of a single large diameter
granular column, although area replacement ratio is same
for all cases. Figure 13a and b show the variation of nor-
malised shear strength ratio versus number of columns
installed. Normalised shear strength ratio is given by Eq. 2:

Normalized shear strength ratio = fe (2)
Ts

where 7. is strength of different reinforced samples, 7, is
strength of unreinforced soft soil sample.

The value of the normalised shear strength ratio
increases with increase in the number of columns. The
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Fig. 12 Variation of shear 30

stress with shear displacement
for 4C-RA soil-column
composite 25

Shear stress (kPa)

—0—4C-RA-25

4C-RA-50 —®—4C-RA-75

highest value is found in the sample with four columns of
50 mm diameter, placed in a square arrangement. This
response of the soil-column system can be attributed to the
increased lateral surface area of granular columns. Also,
the soil within the columns mobilizes high shear resistance
because of additional confinement provided by surrounding
columns.

Effect of the Granular Column Installation on Shear
Strength Parameters

Figure 14a and b illustrate the effect of the column
installation on strength parameters of the soft soil-column
composite in terms of the Mohr-Column failure envelopes
for different column arrangements.

An increasing trend was observed in the angle of
internal friction with the inclusion of the granular columns.
However, a negligible effect on the cohesion parameter
was seen. The friction angle increased by a maximum of
about 400% in the samples with CA columns. The maxi-
mum increase in friction angle is seen in soil-column
composite with square configuration columns. The mini-
mum value pertains to soil-column composite with a single
column of RA infill. Also, it is clear from Fig. 14 that CA
columns reflect higher angle of internal friction than RA
columns. The reason for such a response is the morphol-
ogy/angularity of the infill material used for the construc-
tion of columns.

The analytical approach presented in the literature for
calculating the soil-column composite characteristics are
based on the average of soil and column parameters con-
tributed by their corresponding areas [38]. Therefore, the
shear parameters of the soil-column composite are based
on the soil’s shear parameters, shear parameters of column

@ Springer

Shear displacement (mm)

infill material, and area replacement ratio. The shear
strength can be calculated by an analytical equation given
as:

T = (Tem X @) + (1, X (1 — a,)) (3)

where 7 is shear strength of composite, 7., is shear
strength of column infill, 7, is shear strength of surrounding
soil, and a, is area replacement ratio [38, 40]

Figure 15a and b illustrate the shear strength values
acquired from the experiments and those estimated using
an analytical relationship given by Eq. 3. The difference
between the experimental and analytical results is impor-
tant to be noted. The value of maximum shear stress values
from experimental study for a single column reinforced soil
are almost congruent with calculated shear stress values
from Eq. 3. However, the effect of group action is
neglected in analytical approach.

Christoulas [41] suggested equation for calculating the
equivalent friction angle using the law of mixtures (or
equivalent area method) which is

ange, = (tandey, x @) + (tang, x (1 —a,)) (4)

where ¢q = equivalent angle of internal friction, @cm-
= angle of internal friction of column infill material, a, is
area replacement ratio, ¢, - angle of internal friction of
surrounding soil. The calculated values of the friction angle
are shown in Table 4.

The above analytical approaches are based on unit cell
homogenization method (or equivalent area method) in
which the heterogeneous geometry problem of soil-column
matrix is replaced with an equivalent homogeneous soil
with improved properties. This concept of unit cell
homogenisation model is used widely in analytical and
numerical approaches. Using Eq. 4 the equivalent angle of
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internal friction, ¢4 for the soil-column composite is 7° for
crushed aggregate columns and 6° for river aggregate
columns. However, on comparing the experimental results
with the calculated values (Eq. 4), it is seen that values of
angle of internal friction from experimental results are
higher than those calculated from the analytical relation-
ship. One of the reasons for this disagreement is increased
lateral surface area as the number of columns increases for
the same area replacement ratio. The increase in the contact
surface between the surrounding soil and the granular
columns results in increased shear strength and strength
parameters [29]. The analytical equations neglect the soil-
column interaction and the effect of the group action. Thus,
using these analytical relationships is conservative.

No. of Columns

To take into account increased soil-column interaction
due to group action for different column configurations,
contact coefficient y derived from the surface area of the
columns given by Eq. 5 was applied [29].

LS, x n
=87 5
V4 LS (5)

where LS, is the lateral contact surface of one column
belonging to a group of n number of columns, and LS is the
lateral contact surface of a single column having the same
area replacement ratio as of group.

Figure 16 shows the variation of tang, / tan¢, vs contact
coefficient y given by Eq. 5. where ¢, is the angle of
internal friction of soil-column composite reinforced by a
group of columns (triangle or square), ¢, is the angle of

@ Springer
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Fig. 14 a Maximum shear 30
stress vs normal stress for CA-
columns, b Maximum shear
stress vs normal stress for RA- 25
columns
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single column of same area replacement ratio as that of a
group, coefficient y represents the variation of the contact
surface between column, and soil.

For this experimental study, the value of y varies
between 1 (for composite reinforced with the single col-
umn) to 2 (for the composite reinforced by the group of 4
columns). The value of normalized friction angle ratio
increases with an increase in contact coefficient for both
types of granular columns, with the maximum value of
1.29 for soil reinforced by four columns in a square pattern.
Therefore, when the number of granular columns is
increased despite the fixed area replacement ratio, the soil-
column interaction in terms of lateral contact surface area
increases resulting in improved strength properties of the
soil-column eco-composite.

@ Springer

This study was aimed at analyzing the lateral shear
behavior of stone column-treated soft soils by carrying out
large-scale direct shear tests. Various parameters were
changed to study their effect on the shear strength of soft
soils. The key findings of this study are:

1. The inclusion of granular column in soft soil increased
the overall stiffness of the soil-column composite and
consequently, the shear strength increased by about
70-80% due to a mere replacement of 8.72% area of
soft soil. The increase in the initial slope of the stress-
displacement curves is indicative of improved stiffness
of the soil-column eco-composite.
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Fig. 15 a Mohr—Coulomb
failure envelopes for CA-
columns, b Mohr-Coulomb
failure envelopes for RA-
columns
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Table 4 Angle of internal friction values obtained from experiments and analytical relation
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Test name

Angle of internal friction from experiment (Degrees)

Angle of internal friction using Eq. 4 (Degrees)

Soil
1C-CA-25
3C-CA-25
4C-CA-25
1C-RA-25
3C-RA-25 8
4C-RA-25

AN NN
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2. The particle morphology of column infill material was
found to play a vital role in the response of the soil-
column composite to shear loading. The normalized
shear strength ratio of the composite increased by 82%
in the case of rough angular aggregate infill, while for
smooth sub-round aggregate infill, the value increases
by only 68%.

3. While there was a negligible effect on the cohesion
property of the soft soil due to column reinforcement,
the angle of internal friction increased up to 5 times
using crushed aggregate columns and 4.5 times using
river aggregate columns in the soft soil.

4. For the same area replacement ratio, the number of
columns installed proves to be an influential factor in
defining the shear behavior of the eco-composite. In
case of both RA and CA columns, the highest shear
resistance pertains to four-column configuration of
50 mm diameter, while the lowest is in case of single
column of 100 mm diameter, although the values are
lesser for RA columns. This is because of the increased
soil-column interaction in terms of lateral contact
surface area which was taken into consideration by
introducing surface contact coefficient y. As the value
of y increased from I(single column) to 2 (four
columns), the value of normalized friction angle ratios
increased by about 30%.

5. Compared to the experimental results, the analytical
relationships available in the literature were found to
underestimate the strength parameters of the soil
column composite. The analytical equations neglect
the soil-column interaction and the effect of the group

@ Springer

action. So, it is conservative to calculate the shear
resistance of soil-column composites using such
relationships.
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